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FOREWORD

Electric slag welding is a fundamentally new method of permanently joining
metals. Tt has been developed and put to practical use by the Paton Electric
Welding Institute of the Ukrainian Academy of Sciences in collaboration with
the Engineering Works at Novo-Kramatorsk and the Krasny Kotelshchik Boiler-
Making Factory at Taganrog, both of which are leading plants in the ficld.

As distinct from other fusion welding methods, the clectric slag process
depends on the heat generated by the passage of an electric current from the weld-
ing rod (electrode) to the workpiece through the molten pool of a high-resistance
conductive flux, or slag. Hence its name—electric slag process.

Submerged arc welding has proved less efficient on thicknesses over 50 or
60 mm than on lighter sections. This is because of the difficulty and, at limes,
impossibility of making well-shaped welds with strong arcs in the downhand po-
sition in a single pass. Therefore, heavy-gauge plate has to be bevelled prior to
welding and welded in many passes—which is out of pace with modern heavy
engineering practice.

Electric slag welding is a big step forward, as this process, coupled with weld
monlding, has rendered possible the single-pass welding of plate of practically
unlimited thickness.

The electric slag process will inevitably bring about sweeping changes in the
fabrication of large-size structures, unique machines, heavy presses, large shafts,
ete. With electric slag welding, all-cast and forged parts may be replaced with
cast-welded, forged-welded, and rolled-welded parts, thus reducing the burden
on the foundries and forging shops of engineering works and stepping up produc-
tion without having to expand floor space.

Flectric slag welding has opened up new possibilities for the manufacture
of composite and compound metals, automatic hard-facing and repair.

In recent years, further headway has been made in the science and art of elec-
tric slag welding, which has found many applications in heavy engineering and
many other industries.

With Soviet help, the electric slag process is now being employed in Czecho-
slovakia, the German Democratic Republic, Poland and People’s China.

Equipment for electric slag welding evoked keen interest at the World
Fair in Brussels in 1958, where the elcctric slag process won a Grand Prix, and
at Soviet exbibitions in New York, Marseille and Helsinki in 1959. Licences for
the process and equipment have been bought by the ESAB of Sweden.

The obvious advantages, both technical and economic, that the electric
slag process possesses in comparison with other methods and processes of fusion
welding of heavy sections have appealed to welding people in some Western
countries. In 1959, equipment for electric slag welding went into production in
Britain and West Germany.

Recently, new modifications of the process have been developed—welding
with large-size electrodes, welding with consumable electrode guides, and resist-
ance slag welding. Electric slag processes have found applications in metal mak-
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ing—for resmelting alloy steels and alloys, burning off risers and gates from odd-
shaped castings, and repair of ingots.

urthermore, new data have been obtained as to the heat and metallurgical
phenomena accompanying electric slag welding, primary crystallisation in the
weld pool, and the strength of electric slag welds. Welding procedures have been
developed for high-alloy steels and alloys, titanium alloys, non-ferrous metals,
and cast iron, and put to commercial use. Electric slag welding techniques have
been perfected to include straight butt-weld seams in sections up to two metres
thick and circumferential seams on vessels and shafts with a wall thickness of
ap to 400 mm.

In 1957 the clectric slag process earned its inventors—people working at the
Electric Welding Institute and in industry—a Lenin Prize.

In this book, the authors have sought to cover all the latest achievements in
the science and art of electric slag we%ding.

The contributors are:

G. Z. Voloshkevich, M. Sc. (Tech.), Lenin Prize winner—Chapter I; Sections
1-6 of Chapter TV; and Section 3 of Chapter I1 with S. A. Ostrovskaya as co-
author,

S. A. Ostrovskaya, M. Sc. (Tech.)—Sections 1, 2 and 4 of Chapter 11; Sec-
tion 9 of Chapter 1V; and Sections 3 and 9 of Chapter VIII.

D. A. Dudko, M. Sc. (Tech.)—Chapter III.

I. K. Pokhodnya, M. Sc. (Tech.)—Section 7 of Chapter 1V; and Secction 8 of
Chapter VIII.

Y. A. Sterenbogen, M. Sc. (Tech.)—Section 8 of Chapter 1V; Section 7 of Chap-
ter VIII; and Seclions 1-4 of Chapter X.

[. N. Rublevsky, engineer—Section 10 of Chapter I'V; and Sections 1 and 2 of
Chapter VIII. .

. V. Zhemchuzhnikov, M. Sc (Tech.)—Sections 1, 2, 3 and 5 of Chapter V.

0. 0. Rosenberg, engincer—Scction 4 of Chapter V and Chapler IX with D. M.
Rabkin, M. Sc. (Tech.) as co-author.

P. I. Sevbo, M. Sc. (Tech.)—Chapter Vi

B. Y. Paton, D. Sc. (Tech.), Lenin Prize winner—Chapter VII.

1. V. Novikov, engincer—Section 4 of Chapter VIII.

B. I. Medovar, M. Sc. (Tech.)—Section 5 of Chapter VIII.

V P. Didkovsky, engineer—Seclion 6 of Chapter VIII.

D. M. Rabkin, M. Sc. (Tech.)—Chapter IX (in co-authorship with 0. 0. Ro-
senberg).

G. S. Tyagun-Byelous, engineer—Section & of Chapter X.



Chapter 1
ELECTRIC SLAG WELDING

1. Definitions

Electric slag welding is a process in which welding heat is pro-
duced by the passage of an electric current through a pool of molten
flux, or slag. The process is shown schematically in Fig. 1. The
pool of molten slag & is formed between the edges of the parts to be
welded 7 and the travelling moulding shoes 2. The metal welding
rod or electrode £ is dipped into the molten slag. Traversing the dis-
tance between the electrode and the parent metal, the current heats

the molten slag, thus maintaining its elevated temper-
ature and electric conductivity. The temperature of
the slag pool should be above the melting point of
both the parent and electrode metal. The slag melts
the electrode and the edges. The molten parent metal

and the electrode metal settle on the bottom of the B

slag pool to form a metal pool 5 which solidifies to give
a weld 6. The electrode is fed into the welding zone
as it melts.

The best conditions for the parent metal to melt

and for a deep slag pool to be obtained exist when

the joint runs vertically. For this reason, the weld

pool has to be retained by moulding shoes. In the
downhand position the electric slag process is less
convenient and has not found any appreciable use.
The moulding of the weld consists in cooling the sur-
face of the metal pool. Fig. 2 shows how the direction
of heat abstraction affects the shape of the pool. Fig.
2a shows a hypothetical case with no heat transmitted
through the unrestricted surface of thic metal pool. In
Fig. 2b, the metal pool is heated by molten slag, as in
the submerged arc process. If the direction of heat

Fig 1. Dia-

gram of elec-

tric slag
welding.

abstraction is reversed, as in Fig. 2¢, the pool will be dish-shaped.
In this case the electric slag process can be applied to vertical joints.
The heat is usually abstracted by copper travelling shoes or sta-
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tionary back-up strips, which in turn are cooled by running wa-
ter.

The main purpose of the slag in the electric slag process is to con-
vert electric energy into heat. Accordingly, the principal properties
of a slag are its electric conductivity and temperature coefficient
of resistance.

Presuming we had a slag that would not change its conductivity
with temperature, we would have no problems to tackle when em-
ploying it for welding purposes. After all, it is always possible to
adjust the voltage impressed across a constant resistance so that the
required amount of power is dissipated in the resistance and the de-
sired temperature maintained. In practice, however, the conductivity
of molten slag rises sharply with temperature, while below a certain
point slag is non-conducting for all practical purposes. This com-
plicates the stahilisation of welding.

b

Fig. 2. Effect of heat abstraction on the shape of the weld pool

Some slags containing titanium dioxide arc good conductors cven
when in a solid state at room temperature. Such slags show electron
conductivity rather than the ion conductivity of molten slags.

As distinct from submerged arc weclding, ncarly all the clectric
power in the electric slag process is imparted to the slag pool which
transfers it to the clectrode and the parent metal. Therefore, if weld-
ing is to proceccd steadily, the temperature of the slag pool must
be constant, i. e., it must give as much heat as it receives.

Fig. 3 shows the heat input and heat abstraction plotted against
the average temperature of the slag pool. At low temperatures, the
curve of heat abstraction is always above the curve of heat input.
The reason is that heat abstraction takes place at any temperature,
provided it is above the ambient, while the slag begins to reccive
hcat only at approximately 1,000° C.

The shape of the heat abstraction curve depends on the geomet-
rical dimensions of the space in which welding takes place, notably
on the surface area of the slag pool; rate of heat abstraction from the
slag to the parent metal and to the moulding shoes; depth of the slag
pool; melting of the parent metal; heat loss due to the evaporation
of volatile components in the slag; amount of filler metal fed into
the welding zone; and some other factors.

The factors affecting the shape of the heat input curve are the tem-
perature coefficient of resistance of the slag; volt-ampere character-
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istic of the power source; depth of immersion of the electrodo in the
slag; and depth of the slag pool. If the two curves do not intersect,
the electric slag process is not applicable at all (curve a). If the
curves intersect at one point (curve b), welding will not be steady;
the temperature and power will decrease continuously to the left
of the point of intersection (point A4), meanwhile they will be con-
stantly increasing to the right of the point. In case the two curves
intersect at one more point (point B on the curve ¢), welding will
be steady.

Let us see what happens when the conditions represented by the
curves b and ¢ are attainable. The curve b will take place when the
power source has a straight-line volt-ampere characteristic and the
electrode spacing varies little or slowly with the temperature of the
slag pool. This may happen when the clectrode has a large cross sec-
tion, cspecially one comparable '
with the cross scction of the result-
ant weld.

If curve ¢ is to be obtained, ci-
ther the volt-ampere characteristic
of the power source should be morc
drooping, or the conductivity
temperature relation of the slag
pool should be changed. As the Heat input
temperature rises, the resistivity of oo Heat abstraction
the slag increascs, but the depth
to which the clectrode must beim- ~ F8- 3. Power vs. lemperature.
mersed decreases. The net result
will be an increasc in the resistance of the slag pool. This factor be-
comes more pronounced with the decrease in the cross section of the
consumable clectrode. The reason is that with the same change in
the amount of metal to be melted, the lincar dimensions of an elce-
trode change morc when the cross section is small than when it is
farge. With slender electrodes, the temperature of the slag pool can
simply be stabilised by changing the shape of the interelectrode space.
Welding will be steady, even if the power source has a straight-line
volt-ampere characteristic and the composition of the slag pool vary
within broad limits.

The slags employed in the electric slag process should have a high
boiling point and cvolve no gas at elevated temperatures. Some
slags boil quietly, without any violent evolution of gas. If not too
strong, this gassing is a good temperature regulator for the slag pool,
as it absorbs excess energy when the temperature rises.

The electric slag process may be impeded by the arc which may
strike between the electrode and the open surface of the slag pool or,
which occurs more often, between the electrode and the molten
metal. The arc is unstable and may spoil the weld. To prevent this,
the conditions of electric slag welding should be such as to suppress

P, xw
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the arc. In other words, the slag pool should be deep; the open-
circuit a.c. voltage should be low; and the slags employed should
have poor stabilising properties.

However, it is not advisable to go to extremes in preventing a
steady arc. In some cases an inadvertent runout of the slag pool
may upset the welding process. To re-establish the welding process,
the arc should be sufficiently steady when the slag pool is shallow,
but should grow unstable as soon as the slag pool becomes deep. This
may be achiecved by employing slender electrodes, thus increasing
the gap between the edges, or by varying the open-circuit voltage
of the welding transformer. It should be noted, however, that an -
increased gap is not attractive economically.

The transition from the initial arc to slag welding condition can
be expedited by using calcium fluoride slags, as they have a high
electric conductivity.

For the electrode metal to form a reliable union with the parent
metal, the surface of the parent metal should be first raised close to
the melting point; further, the surface of the metal should be pro-
tected from oxidation. In flat joints welded by the arc process the
edges melt and the groove is filled with molten metal at different
times. The metal from the cavity formed by the arc is thrown back.
and the cavity is filled only after the arc is withdrawn. This is still
more pronounced in vertical joints: the metal of the edges flashed
by the arc or slag flows down to merge with the electrode metal. As
a result, there will always be an unfilled cavity above the mectal
pool (Fig. 4).

If the edges of the parent metal are flashed much above the metal
pool, the edges right above the pool may be cooled to below melting
point. This may result in what is known as poor fusion, which should
not be mistaken for poor heat penetration, when the edges are not
melted at all. In poor fusion the edges are melted, but they do not
fuse with the weld metal. (Fig, 5.)

Poor fusion is likely to occur when the welding voltage is too high,
when the slag pool is too deep, or when the slags employed hardly
change their clectric conductivity and viscosity with temperature
(so-called long slags). When the slag employed is chosen properly,
as are the voltage and the other welding variables, poor fusion will
not occur as a heat- and current-insulating layer of slag will wrap
the cold edges of the work thus preventing their premature melting.
This is because now the current will flow from the electrode to the
metal pool in a kind of insulating tube, and the edges will be heated
only at the very surface of the molten metal, even if the electrodes
are spaced wide -apart.

The greater proportion of the heat liberated in the slag is trans-
ferred to the metal pool by the electrode metal, and nearly all the ther-
mal cnergy is transmitted to the parent metal through the surface
of the molten metal.
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If the welding voltage is too high, the excess heat in the slag pool
will increase edge penetration. If increased penetration is not re-
quired, the heat may be utilised to melt the filler metal. The hiler
metal may be fed either as a wire, like an electrode, or in small
picces.

The heat balance of the clectric slag process is discussed in Chap-
ter II.

Fig. 4. Mclted edges in electric slag Fig. 5. DPoor fusion.
welding.

When slender electrodes are used, their spacing may also be re-
duced and poor fusion will be less likely to occur. The melting of the
parent metal may be further improved by manipulating the elec-
trodes in a weaving pattern in a horizontal plane and thusreducing,
as it were, the interelectrode distance.

As has been shown by X-ray and oscillographic examinations
of electric slag welds made under various conditions, the electrode
metal is transferred to the metal pool in drops. The sizc of the drops
varies inversely with the welding current, and directly with the volt-
age between the electrode and the metal pool, and the depth of the
slag pool. Converscly, thesize of drops decrcase as the welding volt-
age is reduced, the slag pool grows shallow, and the welding current
becomes heavy (for greater detail sce Chapter I1I).
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When the electrode is fed into the welding zone at a high rate,
as is the case with low-carbon steels, or when the voltage is low, or
the slag pool is shallow, the drops of metal may combine with the
metal pool before they separate from the electrode. This union
between the clectrode and the metal pool will be broken up almost
immediately by the electrodynamic forces present in the conductor,
that increase with the current density. However, the current may
flow through the metal for alarge portion of the total weld time, as
the circuit is completed at a high repetition rate. But this is no
short-circuiting, as the overall conductivity of the welding zone at
this moment increases only from 1.5 to 1.7 times. The power varies
insignificantly or rises, depending on the power source employed.

" The horizontal motion of the elcctrode in the slag has a similar
effect on electric slag welding. On coming in contact with the cooler
portion of the slag, the clectrode has to go deeper before it can melt.
Under certain conditions the drops of metal will touch the metal
pool before they separate from the tip of the clectrode.

The electric slag process may usec either direct or alternating cur-
rent. However, the type of current has an appreciable effect on the
metallurgical phenomena occurring in the slag pool. Among other
things, direct current gives rise to clectrolysis (for greater detail
see Chapter III).

As will he recalled, a steady arc in arc welding is only possible
when the current density is relatively high. In manual arc welding
the applicable current density varies within a narrow range, while
in submerged arc welding it may vary from 20 to 200 a/sq mm.
Elcctric slag welding, on the other hand, proceeds steadily with the
current density varying over a very wide range from 0.2 or 0.3 a/sq
mm (when clectrodes of large cross section are employed) to 200 or
250 a/sq mm (when wire 3 mm in dia is‘used). In other words, the
clectric slag process is stable at current densities by a factor of 100
to 200 lower than in the case of arc welding.

2. Classification

Fig. 6 classifies applications of the clectric slag process. They
may be divided broadly into two basic systems: (1) applications with
an unrestrained weld pool; (2) applications with a weld pool retained
by moulding shoes. It is also possible to classify the electric slag
process by current, power source characteristics, mechanisation, etc.

Moulded electric slag welding can be carried out in a variety of
ways, depending on the type of electrode, the manner in which it
is fed into the groove, and how the welding current is supplied.
Commonly employed processes are welding with a wire, welding
with large-size electrodes, welding with a consumable electrode guide,
and electric slag butt-welding (which may more appropriately be
called the resistance slag process).

12
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Fig. 6. Llectric slag welding classification.
The electric slag process shown schematically in Fig. 1 is appli-

cable to metal parts up to 50 or 60 mm thick. When the workpiece
is very thick, the electrode should be moved to and fro across the

thickness of the metal, or the number of electrodes should be increased,

l||.
"
[ 1
B
]
{
\]:
il

b
Fig. 7. Diagram of electric slag welding on heavy sections:
a—three electrodes weaving in the groove, z—x)nultlelectrode welding (without weaving
motion).
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or their cross section should be changed, or a combination of
these three methods employed. Fig. 7a shows welding with three
weaving electrodes, and Fig. 76, with several fixed electrodes.

As a rule, not more than three weavingelectrodes are employed,
for otherwise welding equipment would be prohibitively complicated.
When joints are relatively short (1 to 1.5 m), the electrode guides
may be fed into the groove from above (as shown in Fig. 7b) rather

than from the side. In such a case, there

1 . 3 may be more than three electrodes. In both

cases, the electrode guides and the wire-

feed mechanism together should move up
at the rate of weld formation.

Besides solid electrodes, use can be made
of sintered wire or tubular electrodes, thus
adding alloying elements to the weld
metal.

When, as in Fig. 7a, the electrode guides
are made of a material similar to that
of the electrodes, and the wire-feed mech-
anism is not lifted during welding, the
guides will be melted by the oncoming slag
pool, and will go into the weld metal. This
method is known as welding with con-
sumable electrode guides (Fig. 8).

Fig. 9 shows, schematically, welding
with three large-size plate electrodes. In
this case, no electrode guides are employed,
and the vertical motion mechanism car-
Fig. 8 Diagram of elec- rying a fixed electrode moves down to-
tric slag welding with con-  wards the joint.
sumable olectrode guide: Large-size electrodes may vary widely in

1—consumable electrode . N
guide; g—electrode  wire; shape, l_)emg rectangular (plates), annular
Somoulding _stris: sr (for cylindrical parts), or odd-shaped. For

s —weld. ingot repair, casting, resmelting and other

jobs in which large amounts of metal have
to be melted, electrodes may be of briquetted cuttings or other
wastes. In some cases, when it is essential to control penetration,
hollow electrodes filled with metal grit may be used.

Electric slag butt-welding, or the resistance slag process, differs
in that it uses no filler metal, asthe current is passed between the
parts to be welded. It is shown schematically in Fig. 10. In a way,
it resembles flash butt-welding. By this method, the parts to be welded
are lined up horizontally, and the slag pool is formed between the
top and bottom parts. When a current is passed through the slag,
the surfaces to be joined are melted, and a pool of molten metal is
formed above the bottom surface. Then the parts are forced together
to expel the slag, the molten metal solidifies, and the joint is complet-
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Fig. 9. Diagram ofl electric slag welding with threc
plate electrodes.

Fig. 10. Diagram of clec-
tric slag butt-welding (re-
sistance slag welding).

Fig. 11. Electric slag weld:
a—cross section, b—surfacc view.

15



ed. Sometimes, the current may be switched off before the parts
are upsel.

Wire welding has of late found a broad field of industrial appli-
cation. Its advantage is that jrints may he obtained of any shape

Fig. 12. Odd-shaped article welded by the clectne
slag process with a consumable electrode gnide

and with uniform penetration across the desived width, The plate
may be from 20 to 500 or 600 mm thick, and the joint of any length,
Fig. 11 shows a joint obtained by the electric slag process, while
Fig. 11a gives ils macrograph.

Plate electrodes arc applicable to relatively short (1-1.5 m) straight
joints in metal of any thickness. In such cases, plate electrodes are
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more convenient than weaving wire electrodes, as the requisite
equipment is simpler and more reliable, and there is no need for
room in front of the joint. A major advantage offered is that clec-
trodes may be of cast iron or other metals which cannot be made
into wire.

Welding with consumable electrode guides is applicable to any
metal thicknesses and joints up to 3 m long. But, when necessary,
it may also be applied to longer joints. As in the case of plate clec-
trode welding, no room is required alongside the joint, while head-
room above the joint may also be reduced. The technique is remark-
able for its applicability to complex curvilinear joints. The only
piece of equipment required is a portable wire-feed mechanism which,
as arule, is mounted right on the workpiece. This makes welding with
consumable electrode guide very convenient where small joints
are involved an also where other methods are unsuitable. Fig. 12
shows an odd-shaped weldment made by this technique.

3. Features

Moulded electric slag welding differs from both manual and au-
tomatic arc welding in a number of points which should be kept in
mind and properly utilised.

When electric current passes in the slag, evolution of gas and slag
sputtering are not so violent as in arc welding, and there is no slag
sputtering at all when a steady state condition is achieved. There-
fore, the surface of the slag pool may be left open. Flux is fed into
the pool in small amounts so as to make up for the slag crust 1 or
1.5 mm thick lodging on the surface of the weld. This is approxi-
mately 0.2 to 0.3 kg of flux per running metre of weld, irrespective
of metal thickness.

As the amount of flux to be melted is small, most of the electric
energy consumed goes to melt the electrode and the parent metal.

The slag is mixed thoroughly in melting, and the edges of the work
arc melted farther away from the electrode than is possible in arc
welding.

The practical advantages thus derived are small flux consumption
averaging 5 per cent by weight of the deposit, including losses
to spilling (which is one-twentieth of what is consumed in submerged
arc welding), and low power consumption per kilogram of the
deposit (a third to a half less than in submerged arc welding and a
quarter of what is used in open-arc welding). Still more important
in practice is the possibility of welding plate 150 to 200 mm thick
per electrode in a single pass. When several electrodes are employed,
there is no limit to metal thickness weldable by this method. This
is why the electric slag process has been finding ever more applica-
tions in industry, especially in heavy engineering. '
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Mention should also be made of the following advantages of the
electric slag process.

Little flux is consumed in electric slag welding, and only small
amounts of fresh flux are added to the slag pool at a time. As a
result, the chemical analysis of the weld metal remains more con-
stant than in arc welding.

As slag-welded joints run vertically, it is much easier for gas bub-
bles to float up and slag particles to be removed from the metal. At
the same time, grain-boundary voids fill better with metal. Should
a gas bubble or non-metallic inclusion be entrapped on the bound-
ary betweon the metal and the slag, they will travel with this bound-
ary, meanwhile in arc-welded downhand joints they would be em-
bedded in the solidifying metal. That is why cavities and other de-
fects occur less often in electric slag welds than in arc-welded down-
hand joints. Besides, the moisture content of the slag, and rust and
dirt on the edges of the work have a lesser effect on the weld.

Vertical electric slag welds are favourable for grain growth. There-
fore, they are free from what is known as the weakness zone which
is usually observed in heavy-gauge joints made in the downbhand
position. For the same reason, an electric slag weld is less susceptible
to hot cracks. The temperature conditions in the weld-affected area
are also favourable due to a larger heat input per unit length of weld,
compared with individual layers in multipass welding, and to the
preheating action of the slag pool. The heating of the edges begins
when they are level with the surface of the slag pool, while their
melting starts in close proximity to the molten metal. Preheating
and melting are thus spaced 2 to 3 minutes apart or more. As a re-
:sult, the rate of heating and of subsequent cooling is slowed down.

In electric slag welding, joints are completed in a single pass.
‘Therefore, the linear speed of welding in heavy sections has to be
much lower than in multipass arc welding. Hence, the rate of heat-
ing and subsequent cooling in the weld-affected area is very low, and
self-hardening steels show a negligible tendency to cracking in that
area during welding (for greater detail see Chapter VIII).

For the same reason, slag-welded joints are free from microscopic
inclusions—a very common defect in multipass arc welding. The
inclusions may only appear in the case of a wide departure from the
prescribed welding procedure.

No bevelling of edges is required for electric slag welding, no
matter how thick the work may be. Instead, the parts to be welded
are fitted up so that a gap is left between them. This saves much in
both labour and money.

The groove thus obtained is of symmetrical shape and the electrode
in it is equi-distant from the edges. Therefore, as a rule, no angular
distortion takes place, though it may occur in some special joints.

When the work is less than 40 or 50 mm thick, electric slag weld-
ing takes more labour and money than submerged arc welding.
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However, the production rate and economics of the electric slag
process improve rapidly with increasing metal thickness and are many
times greater than in arc welding for thickness over 100 mm.

4. Applications

Originally, electric slag welding was applied to vertical joints
in field work, where they could not be welded in the downhand po-
sition convenient for the arc process.

Its high efficiency soon made the electric slag process a basic meth-
od for welding heavy sections, and it found many uses outside the
welding field proper. Electric slag welding is now employed to make
welds in both production and repair work, for the building-up of
worn surfaces, the repair of ingots and castings, and for special
purpose casting.

The electric slag process has completely ousted multipass arc
welding in the fabrication of boilers and other high-pressure vessels.
[t is uscful in the production of frames for heavy mechanical presses;
frames, crossheads, heads and cylinders for hydraulic presses; shafts
for large hydraulic turbines and turbo-alternators; rolling mill
frames, ship hulls, stern frames and stems; frames for large electric
machines, locomotive frames, buckstays for open-hearth furnaces,
crankshafts, large flanges and many other weldments. Currently,
work is under way to adapt the electric slag process to the fabrica-
tion of runners for hydraulic turbines, parts for turbo-alternators,
ctc. Wide use is made of ‘electric slag welding in joining reinforcing
rods and bars for ferro-concrete structures (by the so-called slag-
bath method). Though electric slag welds are relatively small in
cross section, this method has proved far more efficient than any other
method.

In some cases welded structurcs mean a saving of metal. By
way of example, the welded shafts for the Varvarino Hydropower
Station were made from ingots weighing 59 tons, instead of 100 tons
for all-forged shafts. The welded frame of a 4,000 ton forging press
is 24 tons lighter than a cast one. The same applies to the buckstays
for the open-hearth furnaces made at the Dnepropetrovsk Works,
where much heavy-gauge rolled metal was saved through a cut-down
in wastes.

However, the advantages of electric slag welding are not only of
a purely economical order. Its use has radically changed the trend
of development in heavy engineering. In recent years, the require-
ments of various industries have been running ahead of what heavy
engineering was able to offer in terms of size and weight of large
machines and structures. In most cases, the size of machine elements
is limited by the maximum weight of molten metal that can be cast
a time. This weight may be much larger than that of the finished
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product due to the waste of metal in risers and gates and in machin-
ing. In turn, the maximum weight of a casting is limited by the
lifting capacity of the cranes available, the capacity of melting fur-
naces, and by the fact that the quality of metal is impaired as the
size of a casting increases.

Other limiting factors may be the capacity of forging equipment,
the size of soaking pits and heat-trcatment furnaces, and the size
of metal-working machines. Special mention should be made of the
limitations imposed by the difficulties of carrying bulky parts to
erection sites.

The size and weight of machine elements could be increased, if
the above listed production capacities were expanded in proportion.
Electric slag welding, however, offers an entirely different approach.

For one thing, therc is no need for bigger cranes, moulds, or
presses, as structures can be designed in several sections rather than
in onec casting or forging, and can then be assembled by electric
slag welding into a composite unit.

Heat-treatment furnaces scem a more difficult bottleneck to clear,
especially when parts have to be machined to close tolerances. When
heat trcatment is employed only to improve the quality of a weld,
it may be replaced with local heat treatment or entirely dispensed
with. Currently, local hcat treatment is applicable only to simple
shapes. In the necar future, however, its ficld of application will
undoubtedly widen to include intricate designs.

When it is essential to preserve the initial shape and size of the
work, local heat treatment will not do, as it cannot relieve all weld-
ing stresses. Instead, the design of the work has to be changed.

For some time past, an ever wider use has been made of machine
moulding. Unfortunately, the moulding machines available can only
handle relatively small parts. However, their uscfulness can be en-
hanced by what may be called the cast-and-weld technique. This
technique is attractive even if manual welding is employed. Electric
slag welding will certainly widen the range of cast-welded structures,
and manual moulding will be on its way out. .

Until quite recently, electric slag welding was employed in heavy
engineering sporadically. In effect, the products made with it could
have well been made without it.

The picture will change when large products are designed with an
eye to the electric slag process. Even with existing equipment,
electric slag welding will enable structures to be made that are now
out of reach forlarge factories. A proportion of orders will be shifted
from large to small manufacturers, and time requirements will be
cut appreciably.

Electric slag welding has already made it possible to manufacture
blanks of any size on low-power machine-tools and forging presses.
But further increase in the size of jobs is limited by transportation
facilities. One way out is to adapt electric slag welding to field work.
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In some cases, the quality of slag-welded joints made right on the
site will be determined by the reliability of local heat treatment.

The electric slag process holds out special promise as a hard-
facing technique. Using large-section electrodes, it may be employed
for the fabrication of composite and compound metal products,
for the lining of thick-walled vessels, etc. In most applications,
when the surfaces are vertical or inclined, the process can be carried
on as in welding proper. On horizontal surfaces travelling moulding
shoes can be dispensed with, and slender wire electrodes used, as
they do not require a deep slag pool.

Electric slag welding is applicable to a wide range of steels, in-
cluding low- and medium-carbon steels, ferritic stainless steels,
austenitic chrome-nickel steels, refractory nickel-base steels, etec.
More recently, great hcadway has been made in the slag-welding of
cast iron, titanium and titanium alloys, and also of some steels
of incrcased hardness, which tend to self-harden in the air.

Besides long straight and circumferential joints, short joints in
thick plate can be slag-welded.

As has been noted, electric slag welding is best applicable to metal
thicknesses upward of 40 or 50 mm. However, it can be employed to
advantage on lighter sections, if it is essential to avoid angular dis-
tortion or the steel is hard to weld by any other process; should a
perfect surface finish be needed on both sides of the joint; or where
it is hard to move the work into a more convenient position. For
example, one boiler-making factory in the Soviet Union prefers to
weld boiler barrels 20 mm thick by the electric slag process so as
to avoid root-weld removal and repositioning.

In the case of vertical ercction joints, electric slag welding is
preferable to manual welding already on sections as light as 16 or
20 mm.

Whether to give prefercnce to electric slag welding or not, depends
largely on the number of joints that need to be made. The limiting
thickness will be the less, the larger the number of joints.



Chapter 11
WELD FORMATION IN ELECTRIC SLAG WELDING

1. Heat Input and Distribution

In electric slag welding the heat input Q in the slag pool can be
determined by the equation

Q=0.24 VI cal/sec,

where V—welding voltage, in volts;
I—current, in amperes.
The heat generated in the slag pool is the main source of the total
heat input in clectric slag welding. Other sources of heat, such as
chemical reactions between the

metal and slag, are insignificant AN
and may be ignored. 8 W/
Most of the eclectric power is S |8 b
converted into heat by the super- &2 %i >
heated slag adjoining the elec- § | s R
. N 7 ¢
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§
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Jepth of slag pool, mm

Fig. 14. Electrical conductiv-
ity of molten slag and cur-
rent flowing through the side

Fig. 13. Slag pool as surface of an electrode plot-
source of welding heat in ted as a function of the
electric slag process. depth of the slag pool.

trode tip rather than by the slag pool as a whole (Fig. 13). The point
is that, according to B. Paton, the greater proportion of current
flows through the electrode tip.
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Fig. 14 relates the conductivity of the slag and the current flowing
through the side surface of the electrode to the depth of the slag pool.
The resistance of the slag decreases as the slag pool becomes deeper.
The share of the current flowing through the side surface of the elec-
trode remains insignificant, however.

The position of the electrode tip in the slag pool determines the
location of the heat centre, but depends, in turn, on the welding
conditions (Fig. 15). As the welding current increases, the electrode

Low valtage Hegh voltage AH-8 flux AHPL flux
y 4 4 4 Low cltctercal cgn- h electrical con,
auctivity(abotm’ o) auctivityZohms am')

Fig. 15. Position of the electrode tip in the slag pool and the shape of the weld
pool as a function of welding current (at a), welding voltage (at &) and electrical
conductivity of flux (at c).

tip has to go deeper into the slag pool. If the current is heavy enough,
the electrode tip may even be dipped into the molten metal for a
short time. Conversely, the electrode tip may be immersed in the
slag pool not so deeply, if the welding voltage grows high.

The other welding conditions, as well as the properties of slags
(above all their electrical conductivity), also bear upon the position
of the electrode tip in the slag pool. Fig. 80 presents the electrical
conductivity of the fluxes employed in electric slag welding. The
stability of electric slag welding improves as the electrical conduc-
tivity of the slag increases, but to a certain point only. If the
flux offers too low a resistance to current, the amount of energy dis-
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sipated in the slag pool may be insufficient to sustain the welding

process.

The total heat input is spent to melt the electrode, the parent met-
al and the flux, is abstracted from the slag pool by the moulding
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Fig. 16. Heat balance ol electric sltig weld-
ing (steel 90 mm thick):

1—heat consumed to melt electrode; 2-—heat
abstraction by parent metal; 3—heat radiated by
slag pool to edges;, ¢4—heat lost by slag pool to
moulding shoes; &5-—radiation losses; 6—heat
consumed to melt parent metal, 7 — heat lost to
moulding shoes by metal pool;, 8—total heat lost
by edges to moulding shoes; 9—heat consumed
to superheat metal pool.

shoes, and is lost through
radiation from the surface
of the slag pool, and through
conduction to the body of
the parent mectal.

The pattern of heat dis-
tribution in electric slag
welding varies with weld-
ing conditions. The chart
in Fig. 16 gives somec idea
of the heat balance for me-
dium welding current and
voltage and a plate 90 mm
thick. As will be seen from
Fig. 16, most of the heat is
abstracted by the body of
the parent metal. The in-
creased heat abstraction, as
compared with submerged
arc welding, is due to the
diminished concentration
of heat in this case. Never-
theless, electric slag weld-
ing consumes lesselectric
energy per running metre
of joint than submerged arc
welding. The reason is that
less metal has to be added
to the weld, as the edges of
the parts to be welded are
not bevelled, but are fitted
up for welding with a gap.
It should also be kept in
mind that the heat abstract-
ed by the bulk of the metal
is notat all wasted, as it per-
forms a kind of preheating.

The eclectrode wire in
electric slag welding is
preheated both by the cur-

rent flowing in it (as in arc welding) and by the slag pool
(Fig. 17). The end of the electrode dipped into the slag pool is heated
most. Usually, electrodes in electric slag welding are dipped 65 to
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75 mm into the slag pool, and the current density is anywhere from
50 to 100 a/sq mm. Therefore, the melting rate is 18 to 22 g/a-hr,
instead of 12 to 15 g/a-hr in submerged arc welding.

Fig. 18 shows the melting rate for clectrode wire 3 mm dia plotted
against the welding current in both electric slag and submerged arc
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Fig. 17. Heating of dry length of electrode in arc and
slag welding:
a—slag welding; b—arc welding.

welding. As can be seen, the power spent to melt the electrode wire
was utilised more efficiently in electric slag welding. The flux was
Grade AH-8, and the eclectrode wire, Grade Cb-10I'2, 3 mm dia.
The welding voltage was 44 to 48 v, and the electrode was immersed
70 mm into the slag pool. Submerged arc welding used Grade AH-
348-A flux and Grade Cb-10I'2 wire 3 mm dia. The arc voltage was
34 to 38 v, and the electrode was dipped to a depth of 25 to 30 mm.
The curves in Fig. 18 may serve as a rough guide to the relation
between the welding current and the rate of electrode feed. This
relation may vary widely, depending on the length of electrode
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Fig. 18. Speed of wire feed plotted against welding current in
submerged arc and electric slag welding:
a—electric slag welding; b—submerged arc welding.

outside the slag pool, the electrode diameter, the contact be-
tween the electrode guide and electrode, and the chemical analysis

of olectrode wire.

2. Propagation of Heat in the Parent Metal

The thermal cycle of the metal in the weld-affected region in elec-
tric slag welding determines to a great extent the structure of the
metal and the quality of the resultant weld. The heat from the mol-
ten slag and metal is dissipated rather quickly because of intensive
convection. As a result, the heat source is spread all over the inter-
face between the liquid and the solid phases.

As has already been mentioned, the heat that melts the edges of
the work comes from two sources: the molten slag and the molten
metal. In the first case, the heat is applied to the edges throughout
the depth of the slag pool and across the thickness of the work. In
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the second case, the heat is effective throughout the depth and width
of the metal pool. The amount of heat supplied by the molten metal
can be found from the melting rate and the heat capacity of the metal
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Fig. 19. Thermal cycle:

a—electric arc and electric slag welding of steel 100 mm thick with

one electrode; b—electric slag welding of steel 100 mm thick with two

electrodes (solid lines) and electric slag welding of the same steel with
plate electrode (dotted lines).

at the temperature of molten slag. The amount of heat available from
the slag pool is the difference between the effective heat input and
the heat of the molten metal.

Only initial attempts have been made to date to establish analytic
relations between heat generation and the temperature field in elec-
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tric slag welding. The equations derived are too complicated for
practical use and have not been checked over asufficiently wide range
of welding conditions. Therefore, our knowledge about the thermal
cycle in the weld-affected region depends mainly on direct meas-
urements. The thermal cycle in the weld-affected region varies with
welding conditions and procedures. Table 1 and Figs. 19 a, b illus-
trate the thermal cycle in the middle of the joint welded with one
or two electrodes 3 mm in dia and a plate electrode. For the sake of
comparison, Fig. 19a shows the thermal cycle of multipass submerged
arc welding, in which the workpiece was allowed to cool to room tem-
perature after cach pass. The thermal cycle was determined to include
the last layer.

Tables 1 and 2 give some basic data on the thermal cycle in the
weld-affected region heated to over 1,000° C. As will be scen from
Figs. 19a and b, and Table 2, electric slag welding shows a lower
heating rate, a longer time at over 1,000°C (i.c., overheating), and
a slow cooling rate. Because of all these factors, the weld-affected
region is wider in electric slag welding than in arc welding.

Table 1
Multipass
Electric slag welding | submerged arc
welding
§ g g
Welding conditions 8 3 $ #
E ,3 T g Motde MC:)dc
L9 YO~ “
£8 | £ 58X
- «wm | BES
Metal thickness, mm . . . . . .. .. .. 100 100 [ 110 | 100 ] 100
Current in each electrode, a . . ... .. 450 450 | 950 | 500 | 500
Welding voltage, v . . . . . . . ... .. 38-40 | 44-46 | 30-32 | 32-34 | 32-34
d . c.la. c |a ¢
Rate of weaving motion, mfhr . . ., . .| 40| 40 | — | — —
Welding speed, m/he . . . . . . . .. .. 0.7 1 0.8 40 40
Electrode length above slag pool (dry length),
MM ¢ v v v e e v e e e e e e e 50| 70 — 40 40
Depth of slag pool, mm . ... ... .. 40| 55 |25-30) — —

The thermal cycle of the weld-affected region is practically the
same in all the welding conditions mentioned above. The two-
electrode technique differs from the single-clectrode method in that
the parent metal in the weld-affected region is raised to the maximum
temperature more quickly, while the metal remains in the superheated
state for tho same length of time, and the rate of cooling in the pear-
litic and martensitic field is slower.

In welding with a plate electrode, the metal is raised to the maxi-
mum temperaturec more quickly than with two electrodes, and is
cooled much more slowly.
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From the foregoing it follows that in electric slag welding the
heat in the parent metal is less concentrated. As a result, the metal
in the weld-affected region is raised in temperature and cooled more
slowly than in arc welding. This is why cracks in the weld-affected
region occur less often when self-hardening steels are welded by the
clectric slag process. The explanation is that the predominant mi-
crostructure in this region is troostite plus pearlite, resistant to
quench-cracks. The brittle and stressed martensitic structure which
accounts for cracks in the weld-affected region does not appear at
all or is insignificant and less stressed. On the other hand, in welding
structural carbon stecls superheating and grain growth in the weld-
affected region may have cither to be limited or prevented entircly.

Table 2
Electric slag sul?g(!:‘igg:éls;ro
welding welding

Thermal cycle variables

1 elee-| 2 clec-
trode, | trodes, M(:de Mode

3mm| 3 mm

ITeating time to max. {emperature, sec, . . . . . 640 | 470 3 5
Time at over 1,000°C causing overheat, sec. . . . 95| 100 2.5 17
Cooling ime from 700 to 350°C (range of . pear-

litic-troostitic structures), sec. . . . . . . . . 630 {1,020} 12 55
Cooling time from 350 to 200°C (upper interval

of marfensitic field),sec. . . . . ... . ... 1,62012,460] 20 | 225
Width of weld-affecled region, mm . ... .. . 16 181 2 5

3. Welding Procedures and Their Effect
on Weld Shape and Dimensions

By a welding procedure is meant the set of variables determining
the course and results of the welding process. The variables themselves
will be referred to as welding conditions.

In electric slag welding, the conditions are: speed of electrode feed
v,; current I; voltage between the electrode and the work, or simply
welding voltage v,; depth of the slag pool ks p; electrode length
above the slag pool, or dry length /,,; rate of weaving motion of the
electrode v,,,,; cross section of the electrode F,; number of electrodes
r; gap between the cdges b, and some other variables.

The primary variables or conditions of a welding procedure are:
speed of electrode feed; depth of the slag pool; dry length of the elec-
trode (or the distance from the lower contact point of the electrode
guide to the surface of the slag pool); rate of weaving motion; cross
section of the electrode; and number of electrodes. These variables
are independent of a given welding procedure and are determined
solely by the setting of the welding machine and the shape of the work.
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The width of the groove may also be regarded as an independent
variable. (In actual welding, as will be seen elsewhere, the width of
the groove may vary to suit the adopted welding procedure.)

The secondary or dependent variables of welding conditions are,
primarily, the welding speed and the welding current which are
determined mainly by the speed of electrode feed and, to a degree,
by the conductivity of the slag pool. '

Normally, alternating current and welding transformers with a
straight-line volt-ampere characteristic are used in clectric slag
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Fig. 20. Welding current vs. welding voltage in electric slag weld-
ing with a constant-voltage transformer.

welding. In this case, the welding voltage depends but little on
welding current. If the welding transformer has a drooping charact-
eristic, the welding voltage is a dependent variable of the welding
procedure, varying with the welding current.

Fig. 20 shows the characteristics of the TIIC-1000 welding trans-
former. Each curve corresponds to a certain magnitude of open-
circuit voltage. The chart also shows welding voltage plotted against
welding current for three electrode speeds. The welding voltage var-
ies by approximately the same amount as the open-circuit voltage
of the transformer, while the current changes to a very small degree.

In free welding, the welding speed is an independent variable of
a welding procedure. Welding speed v,, electrode speed v,, cross
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section of the weld metal F,, and cross section of the electrode F,
are related by the equation:
vy F,
ve  Fo’

This equation is valid for any welding technique. In free welding,
however, the welding speed, electrode speed and electrode cross
section are independent variables. The cross section of the weld"
reinforcement may vary; it absorbs inaccuracies in the other varia-
bles and in groove cross section.

In welding with travelling moulding shoes, the cross section of
the weld metal is determined by the thickness of the work and the
gap between the edges; it is independent of the amount of metal fed
into the welding zone. In the existing clectric slag welding systems,
it is conventional to cover all inaccuracies in the gap and other varia-
bles by the welding speed. Thcerefore, it is a secondary or dependent
variable of a welding procedure and can be found by the following
equation:

Uy = Ue;:}.

By the welding speed in this particular case is meant the rate at
which the weld is formed or, in other words, the rate of motion of
the metal pool. The welding machine must travel on the average with
a speed comparable to this rate. When the machine moves at a slower
rate than that at which the weld is formed, the dry length of the
electrode decreases, the slag pool flows over the edge of the moulding
shoe (should it be employed), and the welding process becomes un-
stable. When conversely, the machine travels more quickly, the proc-
ess will first be upset and then the slag pool may run out from be-
neath the moulding shoe. This is discussed in greater detail clse-
where in this book.

Of the other dependent variables of a welding procedure the most
significant one is the difference between electrode spacing and the
swing of the electrodes. In practice, the quantity A, is often called
“lack of coverage”. It is independent of metal thickness. For a more
detailed discussion the reader is referred to page 46.

Basic to a weld in electric slag welding is its width & (Fig. 21).
As applied to electric slag welding the term “depth of fusion” is
misleading, as welds usually run vertically. Instead, it is more
appsopriate to speak of the width of fusion and the depth of the
metal pool. :

Another important variable determining to a great extent the
resistance of a weld to crystallisation cracks is the aspect ratio,
Y, or the ratio of weld width b to the depth of the metal pool H
(Fig. 22). This is why a good deal of attention will be devoted to
the effect the individual variables of a welding procedure have on
the width of the weld and the depth of the metal pool.
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The aspect ratio may be anywhere from 0.8 to 10, the average
value being 1.5 to 4.

It should be borne in mind that the width of fusion and the depth
of the metal pool may vary across the thickness of the work. How-
¢ver, these variations can be minimised by choosing the proper
welding procedure. Supplementary to the shape of a weld is the height
of reinforcement which is determined by the depth of the grooves in
the moulding shoes or back-up strips. As a rule, the reinforcement is
of the order of 2 to 4 mm in welding with wire, and of 8 to 10 mm in
welding with plate electrodes.

2 /: = | =) ]
W) =T
NT
Fig. 21. Weld width i elee- Fig. 22. Shape of the metal
tric slag welding. pool in electric slag welding.

Elcctrode speed and other variables indirectly bear on the width
of fusion, and the depth of the metal pool, as they change the weld-
ing current and voltage, or power, and the rate of travel of the heat
source, or the distribution of heat in the slag pool and the parent
metal. Therefore, it would be more appropriate to examine the effect
of the welding variables on these factors and then to trace the cffect
of the latter on the width of the weld, the depth of the metal pool,
and the composition and properties of the weld. This would make it
possible to trace the general mechanism of weld formation and to
calculate the shape and composition of the weld with an accuracy
sufficient for practical purposes. Our knowledge of the relevant fact-
ors, however, is yet scanty, and we have to limit ourselves to eval-
uating the immediate effect of a welding procedure on penetration,
i. e., on the width of the weld and the depth of the metal pool.

The effect of current on the weld has been studied, as well as the
effect of voltage, but for practical purposes it is more convenient to
approach the shape of a weld as a function of electrode speed rather
than of current, since electrode speed can be controlled more accu-
rately than current.
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Fig. 23 relates welding current and the width of the weld to elec-
trode speed at constant welding voltage. Referring to the curves,
current varies almost linearly with electrode speed, but lags behind
it appreciably.

The relation between welding current and clectrode cross section
is about the same. If, however, electrode speed were varied inverse-
ly as the cross section so that welding speed remained constant,
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Fig. 23. Welding current and weld width plotted against speed of
wire feed, with variations in welding vollage compensated by varying
no-load voltage of transformer.

current would grow somewhat with the increase in the cross section
of the clectrode

The changes brought about in the width of the weld by variations
in electrode specd are illustrated in Figs. 24 and 25. In the case of
heavy currents, penetration decreascs as electrode speed increases.
The reason is that there is no proportionality between welding cur-
rent and electrode speed, and cnergy per unit length decreases with
the increase in electrode specd. Were current to change in proportion
to electrode speed, the energy per unit length (g, ,) would not change
at all. However, current increases more slowly than electrode speed,
and the energy per unit length decreases as the current increases.

For example, when an electrode 3 mm in diameter is fed at 200
m/hr, the current (according to Fig. 23) will be 460 a, and the energy
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per unit length at 50 v and a groove of 24 sq mm in cross section

will be
P _VIFg _ 50x460 K24 44 5 | ohim

But = 5 = 5 ¥, = 900 % 0.07 < 1.000

When clectrode speed is increased to 400 m/hr, the current will
only go up to 680 a. Then,

50 X 680 X 24 29.1 kwh/m,

8u.t = 500 0.07 X 1,000

or nearly 30 per cent less.
Conversely, at low electrode speeds, the width of the weld decreases
with the decrcase in the curient. The reason is that at low weld-
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Fig. 24. Weld width vs. speed of wire feed on various thicknesses

of melal per electrode :—:—:

[ ) [
1—7- 150 mm; ¢ —-—;:-100 mm; 3 — -;-50 min (electrode 3 mm in
diameter)

ing spceds, the width of isotherms in the temperature field decreases
as the power and the speed of travel of the heat source decrease.

Even when the diameter of the electrode remains unchanged, its
speed may vary within broad limits. For a wire 3 mm in diameter,
electrode speed may be anywhere from 60 to 500 m/hr. The lower
limit of electrode speed is in most cases governed by considerations
of production rate and, sometimes, by the fact that penetration will
decrease. The upper speed is limited by the danger of crystallisa-
tion cracks developing in the work. The effect of electrode speed on
the depth of the metal pool is illustrated in Figs. 26 and 27.
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The spced of weaving motion of the
electrode V,,,, has practically no effect
on the depth of the metal pool, but
affects considerably the thickness of
metal which will not be remelted in
the subsequent pass of the electrode.

Changes in the welding voltage affect
the size and shape of the weld because
they entail changes in the power of the
welding transformer, provided the
welding speed remains constant.

Changes in the width of the weld
bring about changes in the amount of
electrode and parent metal that goes
into the weld metal, which fact affects
the chemical composition of the weld
metal. The proportion of the parent
metal in the weld mctal y is

by —0

€% 100 %,
by
where 0, is the width of the weld in
mm, determined as an arithmetical
mean of the width measured at the ends
and in the middle of the weld; and b,
is the joint gap in mm.

Fig. 28 relates the width of the weld
and the welding voltage which is con-
trolled by varying the open-circuit volt-
age of the welding transformer. Re-
ferring to Fig. 28, it will be seen that
the increase in the width of the weld
is greatest at medium voltages, and it
is more moderate as the welding voltage
is further increased.

If the welding voltage is decrecased
past a certain point, poor fusion may
result and the stability of the welding
process may be upset, as the electrode
tip will closc with the metal pool, and
as a result the molten metal will
sputter. Welding voltage may likewise
be raised only to a certain point past
which the welding process grows un-
stable, and there is sputtering from
the surface of the pool. At very high
voltages, an arc may strike between

3" 35

Fig. 25. Longitudinal sections
of welds made at various speeds
of wire feed:

a—broad weld, welding speed ot

100 m/hr; b—Dbroader weld, welding

speed of 200 m/hir, c—narrow weld,

welding speed of 500 m/hr (the other

welding variables being the same in

the three cases, and electrodes 3 mm
in dia).



the electrodes and the surface of the slag pool, and poor fusion may

result.
Fig. 29 relates the width of the weld and welding voltage at var-

inus clectrode speeds (from 200 to 500 m/hr) and various thicknesses

of metal per clectrode (—3—)
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As the welding voltage is increased, the metal pool grows deeper
(sce Fig. 26). The picture in arc welding is different: any increase
in the welding voltage results in poorer penetration as the arc be-
comes more mobile. Fig. 26 shows that any increase in electrode speed
entails a proportional increase in the depth of the metal pool. This
seems to be duc to the increase in the heat input.
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Fig. 29. Weld width plotted against welding voltage at various welding speeds.

In welding with fluxes of high electric conductivity, such as AH®-1
based on fluorspar, and at high electrode specd, pieces of electrode
wire may get into the weld before it can be melted in the slag pool.

As has been noted elsewhere, the aspect ratio ¢ is the ratio of
the width to the depth of the metal pool. Therefore, all the welding
variables that increase the width of the weld and decrease the depth
of the metal pool will incréase the aspect ratio, and vice versa.
Fig. 30 shows that the aspect ratio is directly proportional to the
welding voltage and metal thickness per electrode and inversely
proportional to electrode speed. Any increase in the rate of weaving
motion of the electrode reduces the aspect ratio.

Fig. 31 shows the effect of the dry length of the electrode on the
welding current and the width of fusion. Its effect is determined by
the fact that the welding current heats the electrode. The temper-
ature of the electrode before it goes into the slag pool rises quickly
with the dry length, for heating increases the electrical resistance
of the electrode metal and its rate of temperature rises (see Fig. 6).
In fact, the resistance of the dry end of the electrode grows much more
quickly than its length, as its temperature is rising and the electrode
metal has a high thermal coefficient of resistance. When the electrode
is of austenitic wire, the resistance of the dry end rises almost pro-
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portionally to its length. As will be seen from Fig. 31, the increase
in the dry length is accompanied by a marked decrcase in the welding
current. If the transformer has a straight-line volt-ampere character-
istic, the welding voltage will change but little. If changes in the
voltage are compensated by reducing the open-circuit voltage so
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Fig. 30. Aspect ratio plotted as a function of welding speed and
welding veltage at various values of % :

1 —i=50 mm; 2—-—6—=100 mm.
n n

that the welding voltage remains constant, the decrease in the weld-
ing current will be still more pronounced.

The dry length of the electrode affects the width of the weld in
much the same way. More specifically, the width of the weld de-
creases as the dry length increases. With a welding transformer of the
constant-voltage type, variations in the dry length will cause the
watts in the welding zone to vary almost in proportion to the weld-
ing current, and the welding speed will remain constant, as the
amount of metal deposited per unit time will also be constant. There-
fore, the depth of fusion will be increased with the welding current.
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At first, anincrease in the dry length of the electrode improves the
stability of the welding. However, it is impaired when the dry length
becomes great, as the electrode will be melted near the very surface
of the slag pool, and the slag will sputter. If the dry end is short,
the electrode guide will be heated, and if it is long, the electrode
cannot be positioned accurately in the groove.

The optimal “dry” length is somewhat greater at higher clectrode
speeds. However, it may be taken as being constant so as not to
complicate control of the welding machine and selection of a welding
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Fig. 31. Welding current and weld width plotted against dry length of electrode.

procedure. For ferritic electrode wire 3 mm in diameter it is 70 mm,
and for austenitic wire, 50 mm.

The depth of the slag pool has little effect on the welding proce-
dure, but strongly affects the width of the weld. The influence on
the welding procedure is due to two factors which cancel out each
other. For one thing, the depth to which the clectrode has to be im-
mersed increases with the depth of the pool, as does the total length
of the electrode. This and an increase in the dry length of the clectrode
reduce the welding current. The increased surface area of the sub-
merged electrode, however, makes the current rise. Within the prac-
tical range of welding conditions, the two factors almost completely
cancel out each other (Fig. 32).

The depth of the slag pool affects heat penetration in that it changes
the distribution of heat. As the pool grows decper, a larger pro-
portion of heat is spent to preheat the parent metal above the fusion
zone. Out of this heat, only part is added to the heat applied imme-
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diately to the fusion zone, while the balance is dissipated in the
parent metal, without affecting heat penctration.

The depth of the slag pool encountered in welding practice varies
from 30 to 70 mm. If, however, the other variables remain constant,
the depth range is much narrower. The depth of the slag pool is
affected most by electrode speed and metal thickness per electrode.
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Fig. 32. Welding current and weia widih plotted against depth of
slag pool. :

The optimal depth of the pool will vary directly with clectrode speed
v, and inversely with metal thickness per electrode, -% Table 3
gives the recommended depth of the slag pool as a function of the

ratio %ﬁ for a dry length of 70 mm, a joint gap of 24 mm and a
weaving-motion rate of 40 m/hr.

Table 3

Vot
: m hr,mm 1 1.6 2 3 4

Depth of slag pool, mm 35 40 45 50 55 60

As the depth of the slag pool is increased, the metal pool grows
narrower but deeper, which fact adversely affects the direction of
crystallisation in the weld metal and the resistance of the metal to
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crystallisation cracks. Therefore, if the shape of the weld is to be
improved, the depth of the slag pool should be kept at a minimum.
For a given plate thickness, changes in the number of electrodes
equally affect both the power and the rate of travel of the heat source.
On the other hand, the power will change more slowly than electrode
speed when the latter is varied. That is why the proportional change
of power and speed, characteristic of low-speed heat sources, results
in wider isothermal surfaces and a smaller amount of heat lost to
the moulding shoes. The net result is that the width of the weld
sharply incrcases with

600760 J/ the number of electrodes
- (Fig. 33).
3 bw)/ R Table 4 presents data
‘%‘5”0 0 s Z on steel 100 mm thick
DO S 4 — welded by the electric
= 3 ve =207m/nr slag process with one
< w0)e0 {3 -
N B lgy= 70 mm and two electrodes.
N S h = 50 mm .
3 > 8% nomm As to the reciprocal
ot {3 quantity, metal thick-
ness per electrode, its
increase to a certain val-
y 2 3 ue reduces the width of
Number of electrodes fusion to a point where

it becomes less than the
Fig. 33. Welding current and weld width plot- joint gap, and there will
ted against number of electrodes. _ be poor penetration. This
is the limit to the metal
thickness which may be welded by the electric slag process.
When oscillating electrodes are employed, the limit of metal
thickness per electrode somewhat increases with the number of elec-
trodes, as relatively less heat is lost to the moulding blocks.

Table 4

Metal thickness, [Welding voltage, Electrode Number of .
mm v speed,m hr electrodes Weld width, mm

44-46 200 2 5
400 1 <30 (poor fusion)
100 48-50 200 2 63
400 1 37
52-54 200 2 T 70
400 1 50

The width of the joint gap affects the welding procedure little,
if at all. As it is increased, the welding current somewhat decreases
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(Fig. 34). But 1t has a more pronounced effect on the width of the
weld: the latter varies directly with the joint gap (Fig. 34). As in
the case of welding voltage, this should be attributed to variations
in energy per unit length due to an increase or decrease in welding
speed at the constant power.

For electrode metal and electric power to be consumed sparingly,
the least joint gap is most advantageous. However, its width must
be sufficient for the electrode guide to be introduced into the gap.
Besides. it is more difficult to fit up the parts for welding and to
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Fig. 34. Welding current and weld width vs. joint gap.

position the electrode in the groove when the joint gap is small.
In most cases where electric slag welding is applicable, the gap var-
ies between 25 and 30 mm. Such variations have no appreciable
effect on the shape of the welded joint.

It should be noted that in welding steels containing more than
0.22 to 0.25 per cent carbon, the narrower joint gap does not practi-
cally result ina higher productionrate. The explanation is that, with
everything being equal, a narrower gap reduces the aspect ratio (as
the width of the weld is decreased because of the higher welding speed),
and vice versa. As will be seen later, a reduced aspect ratio has a
decisive effect on the susceptibility of the weld metal to crystalli-
sation cracks. If the resistance towards crystallisation cracks is
to be retained, both the width of the joint gap and the electrode speed
should be reduced or increased simultaneously. Fig. 1136 shows
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the width of the joint gap plotted against the critical electrode speed.
(By critical speed is meant the maximum electrode speed at which
cracks do not yct appear.) As the chart shows, variations in the joint
‘ gap do not practically affect
the welding specd.

The rate of weaving motion.
When oscillating electrodes
are employed, a few more var-
iables are added to a welding
procedure. These are weaving-
motion rate, the swing, and
the dwell of electrodes at the
moulding shoes. When several
oscillating electrodes are used,
account should also be taken of
Fig. 35. Arrangement of electrodes in the electrode spacing and the

welding with weaving motion. quantity A, which is its de-
rivative (Fig. 35).

The variables related to electrode oscillations have little effect
on the welding procedure. When the welding transformer has a
straight-linc volt-ampere characteristic, the variations in weaving mo-
tion rate from zero to 130 m/iir cause the current to rise by an av-
crage of 5 per cent. The
power will rise by the
samc¢ amount, but the ot : i
average width of the 0 \\J —_ ]
weld will be reduced N
rather than increased for . - \\7\ T 1
reasons which will be 40 S U I
explained later.

Fig. 36 shows thc
width of the weld plot- 4 i

. . oW R WS R

ted against the weaving 7 Tk

. won .y
motionrate of clectrodes kil s i
at various electrode
speeds. With other con- Fig.36. Woldwidth olotted agal .
ditions being equal, the inzg. o eld width plotted against rate ot weav-
weaving motion ratemay 118 JEUOR 0 welding speed of 20 e (1
be increased with elec- 46 v and a metal thickness of 50 mm per
trode speed without caus- electrode.
ing poor fusion.

The effect of the weaving motion rate is most pronounced on the
weld shape in the transverse direction.

Theoretically, when the power is uniformly distributed across
the thickness of the workpiece and there is no heat abstraction
through the surfaces, heat penetration will be uniform throughout
the cross section. The abstraction of heat through the surfaces, mainly

60 ' l T T T T

Wela weatn, mm
4
/

20 i0 40
Weaving motian rate V ,,, m/hr

70
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through the moulding shocs, reduces the width of penetration near
ithe surface.

As the molten metal is intimately mixed, it can be regarded in
first approximation as a uniformly distributed heat of source, and
the weld reinforcement, as an externally placed source of heat. This
approach plausibly explains the wider penetration usually observed
near the very surface, even if the electrode is stationary and posi-
tioned in the centre of the groove (Fig. 37).

Non-uniform penctration near the surface of the workpicce can
be caused by (1) loss of heat to the moulding shoes which reuuces the
width of penetration (heat dissipa-
tion through the surfaces of the
workpicce has practically no cffect
on the pattern of penetration); and
(2) the weld reinforcement which
increases the width of penetration.

When conventional moulding
shoes with grooves 2 to 3 mm deep
are uscd, the weld rcinforcement
docs not make up for the cooling
action of the moulding shoes.

Even if the supplementary heat
of the weld reinforcement werc
cqual to the heat lost to the mould-
ing shoes, penetration would nev-
crtheless not become uniform.
Indeed, macrographs show that the 4.4 7. Electric slag weld  ob-
weld reinforcement improves pen- tained without weaving motion of
ctration only near the very sur- electrodes.
face of the workpiece, while the
action of the moulding shoes and heat abstraction through the
surfaces affect it more deeply.

One way to maintain the desired width of penetration ncar the
surface is to make the electrodes dwell in the extreme positions for
a few scconds.

Non-uniform penetration in the depth of the weld may be attrib-
uted to the different time the electrode takes to move forward and
backward. This effect is more marked when the swing of the electrode
is large and the weaving motion rate low. Fig. 38 gives a typical
macrograph of a butt weld cut out of a plate 150 mm thick, welded
with a single oscillating clectrode. The expansion (at I) is brought
about by the weld reinforcement; the contraction (at 2), by the heat
lost to. the moulding shoes; and the expansion (at 8) as well as the
contraction (at 4) in the centre of the welded joint, by the different
time of forward and backward travel.

The use of several oscillating electrodes introduces another cause
of non-uniform penetration. As the clectrodes are usually connected
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rigidly to one another, their dwell at the surface entails undesired
stops inside the groove, thus expanding penetration. To minimise

Fig. 38. Electric slag weld made with
one weaving electrode.

this effect, the swing should
be shorter than the electrode
spacing.

For a given plate thickness
& the electrode spacing d can
be obtained from the equation

g S8 —28,

n ’

where n is the number of elec-
trodes. The other quantities
are shown in Fig. 35.

For moulding shoes with
grooves from 2 to 3 mm deep,
the quantity A, is 4 to 7 mm.
For grooves 10 mm deep, the
quantity A, will be anywhere
from zero to 2 mm; and the
clectrode will extend outside
the workpiece.

The quantity A, and, con-
sequently, d have a most marked
effect on the cross section
of the weld. If A, is properly
chosen and maintained in weld-
ing, the edges will be well
penetrated without unduly in-
creasing the average width of
fusion which so often impairs
the soundness of welded joints.

The value of A, at which
penctration is most uniform
does not depend on the thick-
ness of the workpiece. It is gov-
erned by the weaving motion
rate of the electrodes v, , and
the time of dwell v at the
moulding shoes:

A= v, ,v— 20 mm.

As an additional guarantee against bridging, wider penetration
is sometimes allowed between the stops of the electrodes, in which

case it is assumed that

8,=04.n%t — (25 to 30) mm,
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Wider penetration at reduced rates of weaving motion is due to
the ununiform heating of the parent metal. Heat input is usually
much above the average in the wake of the electrodes, and the edges
are melted more deeply than if the heat were distributed uniformly
across the thickness. After the electrode is withdrawn, the heating
drops to below the average. Because of the intimate mixing of the
slag pool coupled with the uniform distribution of temperature in
1he etal pool, however, this heat is usually sufficient for the down-
flowing metal to fuse with the
cdges that were melted before.

The total power and the weld-
ing spced do not change with

500: i 772 3

A

/

Y
L Poor Efvef L——/ - ’/" the rate of weaving motion. The
NE a'i/"anr“? ”7’ “F 1”771 expansion of the weld is due to
ST Yy a4 ',/”‘ “|7] an increase in the width and a
f T TVAY "] decreasein the effective length of
g ] Eompﬁ{ﬂ ) the heat source. As a result, the
w penetration average value of the heat flux
s / _/' |1 becomes progressively smaller,
s _1 | receding from the bottom of the
S 00 —| metal pool towards the parent

metal and is increased where the
\\ edges are melted. Unfortunately,
\ this does not improve the shape
of the metal pool, as its depth
increases rather than deccreases
in the wake of the clectrode.

100

42 44 46 48 5D 52 54

Mimmum welding voltage V,, volts

Fig. 39. Ratio of least welding voltage
to welding speed giving full penetra-
tion and fusion at various thick-

If the weld is to be sound, the
optimum variables should be chos-
cn for a given procedure, with
due account taken of their in-

nesses per clectrode:

fluence upon onc another. Table
1—50 mm; 2—100 mm; 3—150 mm.

5 shows the influence of the basic
variables on the shape and size
of the welded joint. The table may serve as a guide in choosing the
optimal welding procedure. The cifect of each variable is cxamined
on the assumption that the other variables remain constant.

In selecting variables such as electrode speed v,. and welding volt-
age V,,, it should be borne in mind that for each value of v, there
is a minimum welding voltage at which poor fusion is unlikely to
occur. The appropriate curves are given in Fig. 39.

4. Structurc of Weld Metal in Electric Slag Welding

The structure of weld metal has a decisive effect on its mechanical
properties, its susceptibility to crystallisation cracks, its resistance
to corrosion, and some other properties. The structure of weld metal
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is in turn governed by the chemical analysis and the conditions of
the primary crystallisation of the weld pool. In electric slag welding,
the primary crystallisation of the weld pool is characterised by (a)
a considerable volume and a slow cooling rate of the molten metal,
which results in oversized grains; (b) uniform abstraction of heat
throughout the periphery of the welded joint, which results in the
radial-axial grain growth (away from the edges towards the middle
of the welded joint); and (c) presence of a considerable volume of
molten metal and slag above the growing grains, which fact im-
proves the degassing of the pool.

Crystallisation in the weld pool starts with the partially fused
grains of the parent metal and the underlying portions of the weld
metal. Grains grow at right angles to the cooling surface, which is
a curvilinear interface between the liquid and the solid phases.

"I/ //A\\\\\\\\‘

e

Fig. 40. Schematic dia- Fig. 41, Schemalic dia-

gram of metal pool in gram of metal pool in

welding with one moving welding with one fixed
clectrode. electrode.

The outline of the interface changes with the shape of the metal
pool. Fig. 40 shows schematically the shape of the metal pool for
welding with one moving electrode, and Fig. 41, for welding with onc
stationary or plate electrode. It should be stressed that these are gen-
cral cases, and the shape of the metal pool may be entirely diffe-
rent, depending on the actual welding conditions.

As is the case with the other processes of fusion welding, crystal-
lisation in electric slag welding goes on intermittently, and the
weld metal has a laminated structure. As will be seen from the mac-
rographs in Fig. 42a, when welding is done with a stationary or
a plate electrode, the crystallisation layers are distributed uniformly
throughout the section of the weld, following the outline of the weld
pool. In welding with a moving electrode (Fig. 42b), the layers are
also distributed uniformly across the section of the weld, however
supplemented by clearly defined layers built up by the weaving
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motion of the clectrode. In all cases, eolumnar grains grow through
the erystallisation layers without changing cither their direction
or shape.

The grain size and microstrueture of the eleetrie slag weld depend
above all on the conditions in which the metal olidifies. Thess are
(a) the temperature of the weld pool and the time atl this tempera-
ture; (b) the direetion and rate of heat abstraction; (¢) the nuaing
of the molten metal by conveetion, eleetromagnetic forees, and the
travel of the heat sonree; (d) the chemical analysis of the weld metal
and the presence of impurities and insolubles in it, ele. The faclors

Fig 42. Crystalhisalion layers:

a — In welding wilh Lxed electiode, b — i welding with
moving electrode.

alfecting primary crystallisation and, consequently, the structure
and grain size of the solidifying metal are too many, aud it is hard
to trace Lheir effect on the results obtained. At present, there is no
crystallisation theory—even for ingots and steel castings—which
would make it possible to predict the type of microstructure and grain
size of the solidifying metal. In default of an adequate erystallisation
theory, the stencture of clectrie slag welds and, for that matter. of
ingols can only be evaluated on the basis of a macroscopic exami-
nation of welds made under various conditions.

The electrie slag process, as applied to struetural carbon and low-
alloy steels, produces a wide range ol weld structures.

Four types of weld structures may be singled out in slag welding
the above steels.

One whose macrographs are shown in Figs. 43a and 4, and sche-
matically illustrated in Fig. 1%, has two areas of crystallisation. The
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first area, which henceforth will be referred to as the area of coarse
columnar grains (at / in Fig. 44), is to be found on the periphery of
the welded joint. In this arca the grains grow predominantly in the
direction of heat abstraction. As the area of coarse columnar grains
forms, the rate of heat abstraction slows down and at some distance

Fig. 43. Macrostructure of Type I weld:
a—section along weld; b—section across weld.

from the linc of fusion coarse columnar grains change into the finer
grains of the sccond arca (at 2 in Fig. 44), which heneeforth will be
referred to as the area of fine columnar grains.

The width of the first and the second areas varies within broad
limits with the analysis of the weld, the temperature of the weld
pool, the rate and direction of heat abstraction, and the shape of
the weld pool. :

The increased content of carbon and manganese in the weld metal
vesults in a wider region of coarsc columnar grains, while higher
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values of welding current seem to
“ raise the temperature of the weld pool
10 a point where the metal is overheat-
ed, and the area of coarse columnar
grains is parrower.

When the rate of heat abstraction is
reduced (which is done in the case of
welding with limited heat abstrac-
tion, with preheating, etc.), the zone
of coarse columnar grains will also be
reduced.

Both coarse and fine columnar
grains grow at right angles to the sur-
face, and are slightly inclined towards
theheat centre of the weld pool. The

Flg. 44. Schematic structure of contour of the cooling surface is gov-
Typo I weld. erned by the shape of the metal pool
which also determines the direction

AN I\ B
4 a :
Fig. 45. Effect of metal pool shape on the growth of columnar crystals:

a—crystalline grains meeting with end faces on (0.8 aspect ratio); b—crystalline grains meet-
ing at an oblique angle (1.5 aspect ratio); c—crystalline grains meeting at a gharp angle
(2.0 aspeoct ratio); d—crystalline grains meeting with side taces on (3.0 aspec®ratio).




of growth for columnar grains and the encounter of the grains grow-
ing away from the opposite edges. Grains growing in a radial
direction will meet with their end faces on (Fig. 45a) either at an
obtuse angle (Fig. 450) or at an acute angle (Fig. 45¢), depending on
the aspect ratio of the metal pool. Grains may grow in an axial
direction, turning about the axis of the weld so that their side
faces meet (Fig. 45d).

With other factors (chemical analysis, joint type) being cqual,
small aspect ratio welds in which grains meet with their ends
or at obtuse angles show a decreased resistance to crystallisation
cracks. The cracks will develop along the axis of the weld (Figs.
46a and b) or between adjacent fine grains (Figs. 47a and b). Speci-
mens cut out along the joint will show cracks running as in Fig. 47c.

Fig. 46. Cracks between end faces of crystalline grains;
a—section along weld; b—seotion across weld.
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The cracks run along the boundarics of dendrites; their direction
does not coincide, as a rule, with the boundaries of secondary
grains. Welds in which grains meet at an acute angle or. due to
the supplementary turning towards the heat centre of the weld pool,
with their sideson, offer a higher resistance to crystallisation cracks.

Fig 47. Cracks between adjacent columnar grains:
a- section along weld; b—section across weld; c—section along gap.

This pattern of grain growth is characteristic of welds with
medium aspect ratios.

The greatest resistance to crystallisation cracks is offered by welds
in which columnar grains grow in an axial or near axial direction
(Fig. 48). This pattern of growth is characteristic of welds with a dish-
shaped metal pool (a large aspect ratio). From the foregoing it follows
that the resistance of the weld metal to crystallisation cracks can be
controlled by varying the shape of the weld pool. However, the mech-
anism by virtue of which the <hape of the weld pool affects the
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pattern of columnar grain growth is not yet fully understood. It
may be supposed, however, that the direction of growth of primary
grains affects the amount and properties of the eutectic and its po-
sition relative to the tensile stresses which set in during crystalli-
sation in the weld, and the possibility of “healing” cracks which
may develop. When the electric slag process is applied to structural
carbon and low-alloy steels, cracks will not, as a rule, extend to the
surface of the weld (Figs. 46 and 47), and are difficult to detect. In
welding austenitic steels, cracks, as often as not, appear on the surface.

The metal in the area of coarse columnar grains is dense and uni-
form. This is borne out by the absence of cracks and cavities and by
fewer non-metallic inclusions in
this region. The difference in the
structure of the two areas tells also
on the mechanical properties of
the metal. Referring to Table 6
(which tabulates data on welding
structural carbon steels), it will be
noted that the metal of the coarse-
grain area is tougher at both room
and low temperatures, and shows,
a greater strength and reduced
ductility. The difference in strength
across the section of the weld met-
al grows more pronounced as the
carbon content increases.

Welding with a plate electrode
produces welds with the first type )
of structure. They are characterised i€- 0. Diagram of structure ol
by somewhat smaller fine colum- Type 11 weld.
nar grains. This seems to be due to
the fact that the electrode metal is less overheated.

The sccond type of structure illustrated by the macrographsin
Figs. 49a and b and by a chart in Fig. 50, has three areas of crystal-
lisation. Apart from a coarse-grain and a fine-grain area (at 7 and 2.
respectively), there is a region of equi-axial grains (at 8 in the chart)
in the middle of the weld, from 4 to 8 mm wide and not extending to
the surface of the plates. The third arca is evidence that the cooling
of the middle portion of the weld pool is slowed down consid-
crably. This pattern is usually observed in welding structural carbon
steels containing over 0.35 per cent carbon with heavy current.
Crystallisation cracks in this type of weld develop in the fine-grain
area, without extending into the equi-axial-grain region. The re-
sistance to crystallisation cracks in this case also depends on the di-
rection of growth of fine grains. The mechanical properties of the weld
metal also vary from area to area. as is the case with the first type
of structure.
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The thivd tepe of structure, as will be seen from the macrographs
in Figs. Jla and b, has only an arca of coarse columnar grains growing
in an axial dieection. which determines the high resistance of this

Fug. 51 Diagram ol stracture of Type 111 weld:

a  sechon atong weld b seehian across weld

1ype of weld tocrystallisation ergeks, and the uniformity of mechan-
ical properties across the entire section. This type of weld is ob-
served inwelding various steels with low values of current and
voltage and a Large metal thickness per electrode.

The fourth type of structure has only an area of fine columnar
grains growing away from the line of fusion towards the axis of the
weld (Figs. 52q and h). Asis the case with (he first and second types of
welds, the direction of growth and the vattern of encounter of col-

Fig. 52. Macrostructure of Type 1V weld:
a——section along weld; b—section across weld.
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umnar grainsgovern the resistance
of the weld metal to crystalli-
sation cracks and are. in turn, de-
termined by the shape of the metal
pool. The mechanical properties of
the weld are uniform throughout
the section. This type of weld is
produced when penetration into the
parent metal is low, or when weld-
ing light sections, or when the weld-
ing process is intermittent. There-
duced content of carbon and man-
ganese in the weld metal promotes
the formation of this type of weld.

Studies of the primary structure
of welds have shown that the
coarse columnar grains in all the
types of welds are colonies of poorly
ramified dendrites, extending in
the direction of predominant heat
abstraction and having only
trunks and rudimentary first-order
axes (Fig. 53a). The fine colum-
nar grains arc also dendrites. The
dendrites of this arca are bigger
than those of the first arca and have
well-developed second-order axes
(Fig. 53b). The dendrites of the
cqui-axial-grain region (at 3 in
Fig. 50) are much more ramificd
than the columnar grains (Fig. 53¢).

The columnar grains and the
grains of the parent mctal differ
in size (Fig. 54a). Thc¢ columnar
grains are thicker and separate from
one another by a ferrite network.
In structural carbon steels, the
metal of this area, in the first and
second type of weld, has a Wid-
manstatten ferrite plus pearlite
structure (Fig. 55a). The third type
of weld in carbon steels has areas
of fine lamellar pearlite (Fig. 55b).
At some distance from the line of
fusion, the coarse columnar grains
in the first and second type of weld
change into fine grains (Fig. 54).
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Fig. 53. Primary structure of weld
metal (magnification)60):

a—coarse columnar grains; b—fine
columnar grains; c—equi-axial grains.



Fig. 54. Secondary structure of weld melal (magnification)<60):

a growth of coarse columnar grains away from line of fusion; b—coarse colum-
nat civstalhine grain, « - change from coarse to fine columnar crystalline grain,
« fine columnpar crystalline grains; e—equi-axial crystalline grains.

In the fourth type of weld, the fine grains grow immediately away
from the line of fusion. The grains in this zone are finer than the
coarse columunar grains (Fig. 54). In the first and the second type
of weld, the metal in the fine-grain area has a coarser Widman-
stallen structure than in the coarse-grain zone (Fig. 55¢).

The fourth type of weld has both ferrite and pearlite structure,
with the ferrite forming a network on the grain boundaries, while the
pearlite shows fairly fine lamellae (Fig. 55). The indifferently
oriented equi-axial grains (at & in Fig. 50) are coarse crystals
bounded by aferrite network (Fig. 54). The weld metal in this zone
has ferrite plus pearlite areas.

From the foregoing it follows that the crystalline grains in
eleetrie slag welds are relatively large.

The primary structure of electric slag welds in carbon and low-
alloy steels is refined by subsequent heat treatment. The most com-
monly cmployed method is normalising followed by high temper-
ing. lHeat teeatment  improves the ductility of the weld metal
and while redueing its strength, increases its impact toughness.

Another procedure is to introduce modifiers into the molten met-
al. These are minute amounts of aluminium, titanium, vanadium,
etc., which considerably refine the original structure of the weld
metal. They cither provide more nodules of crystallisation or slow
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Fig. 55. Secondary structure of weld metal (magnificationX150):

a—coarse_columnar grains in Type I and I1 weld; b—coarse columnar grains
in Type II1 weld; c—Iine columnar grains in Type I and II welds; d—fine
columnpar grains in Type IV weld; e—equi-axial grains.
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down the rate of grain growth by forming a surface-active film
enveloping the growing crystals. This technique, however, has
not yet found wide commercial use, the reason being that it is
difficult to mecter out accurately and introduce into the weld
pool the desired amount of the modifying agent. Besides, the
refinement of the weld structure is not accompanied in this case
by improvement in the ductility of the whole welded joint, as the
weld-affected region retains a coarse-grained structure which can-
not be eliminated by any other method except heat treat-
ment.

Other techniques of grain refinement involve the use of ultrasonics,
mechanical vibration of the weld pool, etc.



Chapter 111
META LLURGY OF ELECTRIC SLAG WELDING

In electric slag welding, the final chemical analysis and propertics
of the weld metal are determined by the source materials and the
mctallurgical reactions during welding, i. e., the interaction of molten
metal, slag and the gascous phase.

The nature and direction of these reactions may greatly change
the design composition of the weld metal as calculated by the rule
of mixing.

The design composition of the weld metal is determined by the
well-known equation:

(M, =y IM],4-(1 — ) IM],, (1)

where [M],— design concentration of a given element in the weld
metal in per cent;
[M], — concentration of the same clement in the parent metal
in per cent;

[M], — same for the electrode metal in per cent;
y— proportion of the parent metal in the weld metal in
per cent.

The difference between the actual composition of the weld metal,
as determined by chemical analysis, and the design composition

AM=[M], — M, )

shows how much of a given element has gone into the weld metal
during welding, which, in turn, indicates the direction and rate of
the metallurgical reactions. This is the basis on which the metallur-
gical reactions can be controlled by properly choosing additions and
welding procedures so as to obtain a weld with the desired chemical
analysis and properties.

In electric slag welding the melting metal of the electrode, the
surface of the molten metal, and the melted edges of the parent
metal are constantly washed by molten flux or slag.

The fluxes employed in clectric slag welding are composite sili-
cates which are formed by fusing the ingredicnts containing SiO,,
MnO, CaO, MgO and AlLO,. Calcium fluoride (CaF,) is also intro-
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duced so as to reduce the viscosity of the slag and to improve its
electrical conductivity.

When clectric slag welding is applied to carbon and low-alloy steels,
the most important reactions between the slag and the metal are those
involving manganese, silicon and carbon as well as sulphur and
phosphorus, which are harmful impuritics.

The content of the above-mentioned elements in the weld metal
determines to a great extent the strength of the weld metal and the
possibility of obtaining a sound welded joint free from cracks and
voids. For many high-alloy steels, the reactions involving chromium,
titanium, aluminium and some other elements are very important.

The rate and direction of the reactions in structural carbon steels
are determined by a variety of factors, principal among which arc
the concentration of these elements in the molten metal and of their
oxides in the slag, the temperature in the reaction zone, and the area
and time of contact between the metal and slag taking part in the
reaction.

In turn, the concentration of the elements in the metal and slag
depends on the source materials employed, on the composition of
the clectrode wire and flux, and on the rate of feed of flux into the
slag pool.

The temperature and conditions of contact vary with welding
procedures.

We shall now turn to the metallurgical reactions taking place in
welding structural carbon steels by the electric slag process.

1. Reaclions of Manganesc and Silicon

For slags containing MnO and SiO,, the reactions between metal
and slag can be written as follows:

[Fe]+(MnO) = [Mn] + (FcO); 6))
2[Fe]+(Si0,) = Si]+2 (FeO). (4)

From these reactions it follows that if the content of manganese
and silicon oxides increases, while the content of FeO remains con-
stant, the concentration of these elements in the weld metal should
increase in proportion. Table 7 presents experimental data on the
electric slag welding of boiler steel 22K with Cs-08'A wire and
fluxes containing various amounts of MnO, using 600a.

Table 7
MnO content in flux, per cent . . . 52 58 61 67
Mn content in weld, per cent . ., . 1.00 1.04 1.28 1.51
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The accumulation of FeO in the slag retards the reduction of Mn
and Si. especially in welding long joints or in chill-casting when. no
fresh flux is added to the slag pool.

Reactions (3) and (4) result in the accumulation of FeO in the slag
pool; the oxidising effect of the slag increases, and the oxidation of
manganese and silicon is in-
tensified. Fig. 56 shows the t8

concentration of manganese 12 ‘\

and silicon plotted against the i

length of the weld madein ;‘; N a

killed steel Cr.3, 120 mm thick pos R 2

with two electrodes (Cs-10I'C & ;) . wn

wire; AH-8 flux; 400-420 a at & pep| 0060

46-48 v a.c.; with no fresh =g A\ 0%

flux added to the slag pool 00—y %S'f a0

during welding). 03— — 003
In electric slag welding the 0z * 0020

most convenient method of 00 oo

tracing the transfer (or recov- 0 2072675080 0020 70 160 10 200 220 240 260 260

ery) of clements in the weld Lengtn of weld from beginning,mm

metal is to usc a water-cooled
copper chill, as this excludes
the mistakes otherwise made
in calculating the proportion
of the parent metal in the weld.
Fig. 57 shows the recovery of mangancse and silicon plotted against
the length of ingots welded with CB-08A wire. The welding was-done
in a chill 40 X120 mm in cross section without replenishing theslag

pool. The welding conditions

Fig. 56. Variations in conlent of impu-
rities along a weld made in killed low-
carbon steel with C-10I'C wire.

040 were: wire 3 mm dia; current400-
PR \\ 420 a; voltage 406-48 v; depth of
S o N the slag pool 45-50 mm; dry
i 010 —I-2T length of the electrode 80 mm;
g F < weaving motion rate 20 m/hr;

= od ]
”:E- : 20 dwell of the clectrode in the ex-
| treme positions 5 sec. If not spec-
ney ified otherwise, these conditions
M, = =« =4S \ PR ; _
&= One electrode o-Iwo electrodes wer'(, mamtglned in all the ex
periments discussed below. When

\Length of casting,
-0 i

-020

{3

Fig. 57, Variations in recovery of

manganese and silicon with length of
ingots welded with one or two elec-
trodes, Grade Cs-08A, and AH-8 flux.

two electrodes were employed,
they were spaced 60 mm apart.
The current and voltage were
measured for each electrode sepa-

rately and in all the experiments were as indicated above. In weld-

ing with two electrodes, the aggregate current was 800 to 850 a.
Referring to Fig. 57, it will be seen that the recovery of manganese

and silicon went on at an increased rate at the beginning, but slowed
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down as the ingot was built up. At 80 to 150 mm from the beginning,
the rate of recovery levelled off and remained practically unchanged

till the end.

A steady rate of recovery was observed in normal slag welding
of long joints with fresh batches of flux added to the slag pool. With
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Fig. 58. Varialions in recovery of

manganese and silicon with length of

ingots welded with AH-8 flux and one
or two Cp-10I'C wire electrodes.
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Fig. 59. Variatiens in recovery of

manganese and silicon with length of

ingots welded with AH-8 flux and
CB-10I'2 wire.

the same concentrations of MnO
and FeO, an increase in the tem-
perature of the reaction zonein-
tensified the reduction of man-
gancse from the slag. This, in-
cidentally, was observed when
welding with two electrodes.

If the electrode wire contains
silicon, account must be taken
of the reaction between silicon
and MnO,

[Si]4+2 (MnO) =2 [Mn]+ (Si0,).(5)

The reduction of the manga-
nese is intensified as the temper-
ature of the reaction zone de-
creases. Thisis why the content
of manganese is higher in weld-
ing with one Cs-10I'C clec-
trode than in welding with two
clectrodes (see Fig. 58).

If sound welded joints are to be
made, itisessential that thechem-
ical analysis of the weld met-
al be constant throughout its
length. To date the best results
have been obtained with
CB-10I'2 wire used in conjunc-
tion with AH-8 flux, in which
case the recovery of elements
changes little, if at all, although
the slag composition may vary
within broad limits (Fig. 59).

Table 8 shows the initial
chemical composition of AH-8
flux and the final composition

of the slag after an ingot 250 mm long was remelted by the elec-
tric slag process using CB-10I'2 electrode wire and alternating

current.

As is seen from Table 8, the content of MnO in the slag increases
due to the oxidation of the manganese of the electrode metal. On
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Table 8

Per cent SiQy [ Al.O; | Ca0O | MgO | MnO FeO | CaF, P
AH-8 flux .. .. [32.62| 9.4| 7.6|7.02|25.3| 1.6 15.9]0.038
Slag . ... ... 29.0 7.0 7.8155 [30.6] 7.7 12.50.0074

the other hand, the content of silica decreases due to the reduction
and recovery of the silicon by the weld metal. However, the increase
in silicon content in the metal does not make up for the loss of silicon
in the slag pool. A greater

proportion of silicon goes 020 WiFEIT BT
into the gascous phase in  ppf- N Flux 448
the form of volatile com- \ I
pounds, such as silicon tet- ¢ 0 \\ 100 " , 200
rafluoride. This is also borne §-00 N Length 07 LOSRg. M
out by the considerable <_gx N
decrease in calcium fluoride N
. =030
in the slag.

Mention should be made % Kegr
of the intensive accumula- o Air
tion of iron oxides in the :ertyr:/fm

slag pool. This fivefold in-
crease cannot be attributed  Fig. 60. Effect of gas shiclding on manga-
solely to the reduction of nese content in ingot (Ce-15I' wire and
silicon and mangancse. As AR-8 flux).
has been found, atmospher-
ic oxygen is also responsible for the phenomenon. When the
surface of the slag pool is shielded by, say, argon or nitrogen,
the impurities will be oxidised less, and the content of iron oxides
in the slag will be sharply reduced (Fig. 60). In some cases this pur-
pose can be served by the “self-shielding” action of the slag pool
when it evolves volatile compounds or gases, such as fluorides or
carbon monoxide.

The oxygen carriers in the slag pool are the higher oxides of iron
forming on its surface and giving up their oxygen in the bottom layers
of the slag in contact with the molten mctal as shown by the equation

(Fe,0,)+[Fe] * 3 (FeO). 6)

This reaction results in a higher content of lower oxides of iron in
the slag.

Oxides of manganese and titanium can also be active carriers of
atmospheric oxygen in the metal pool.

It should be noted that the use of what are known as oxygen-free
or haloid fluxes may result in the oxidation of the constituent ele-
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ments by the oxygen of the air andin the formation of higher oxides
of iron, titanium or other elements.

For atmospheric oxygen to be carried by a haloid flux into the
metal pool, a small amount of these oxides in the slag will
suffice.

Fig. 61 shows changes in the concentration of manganese and
silicon in an ingot cast by the electric slag method. The electrode

was Cp-10I'C wire

w0 00 200 ! 3 mm in diameter,
S.onw s ”M—‘!ﬁﬂﬁ,’”—:’— and the flux was
ST Tm® == 9* 1= 1F | Grade AH®-1 of
- commercially pure

N-0.30 calcium  fluoride
-040 . - containing up to

o AMn;Ke{'-x--ASi three per cent SiO,.

The electrode speed
was 300 m/hr, and
the weld was car-
ried out with 600 a
at 25 v a.c.

As will be seen later, hydrogen can also be carried through the
slag pool into the molten metal. Thus, complete protection of the
metal pool from atmospheric oxygen and hydrogen during electric
slag welding or casting calls for

Fig. 61. Oxidation of manganese and silicon in weld-
ing with C-10rC wire and BK®-1 oxygen-free flux
(fluorspar).

the additional shiclding of the 020
slag pool. . Lo S

The course of reactions (3), (4) ¢ = o v g R N N IR 1
and (5) depends also on the con- 3 ONgS \\’0 15 [%Mn
centration of mangancse and sili- v\‘”’a : R
con in the electrode metal. The §-02 SN
currently employed fluxes bring  9_,3 NG
about an increascd oxidation of .

e -040

manganese and silicon as the \\
content of these two elementsin  -0% xe
the metal pool increases. In turn, AMN n- One electroge
the oxidation of the silicon serves e—= 251 o~ Iwo electroaes

to step up the reduction of Fig. 62. Recovery of manganese and

the manganese of the slag. Figs.
62 and 63 give relevant data on
electric slag welding with AH-8

silicon from AH-8 flux by deposited
metal as a function of manganese con-
tent in electrode wire.

flux. The clectrode wire was chos-

en so as to obtain an increasing concentration of manganese in
the absence of silicon (Ce-10I'2, Cp-08A, and Cs-08T'A) and an
increasing concentration of silicon with the constant manganese
content (CB-08T'A, special experimental wire, and Cs-10I'C). Weld-
ing was done with alternating current under the conditions speci-
fied above (Fig. 57).
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Referring to Fig. 62, the oxidation of mangancse grows in pro-
portion to its content in the wire, but decreases when two electrodes
are employed.

The oxidation of 050 <
silicon and the reduc- 040
tion of manganese at
the expense of silicon 0%
(Fig. 63) also becomes _, 020 v
more pronounced as ‘¢ ppl_ L _1 1/
the concentration of 5 - T =1 Z1_1
silicon in thewire goes 0 ‘~~_[)2/,/ 044~ | 06 037..9
up. This is true of -0 STl
welding with bothone 7|1~ i o G
and two electrodes. 1
The parent metal 050 o
reacts little with the —— A Mn %= gne electroge
slag, as the interface —-———=a o- Iwo eleciroges

area 1Shm,lted' There- Fig. 63. Recovery of manganese and silicon from
fore, reactions that do  AH-8 flux by deposited metal as a function of sili-
take pla(;e may be con content in electrode wire.
ignored.

The quoted quanti-
tative data on the re-

o 070
covery of silicon and I !
mangancse due to the 060 g ——
reactions of the elec- s S il a5 S .
trode metal for differ- 3 040
ent grades of elec- 3 |8 8 8 g
trode wire and AH-8 § 0% Ty T i mn
flux may serve as a ¥ 020 TR ST e e e
basis on which to ;.1 | . e
calculate the chemi- )
cal analysis of the 7 W e 0 &0 200 %0
weld metal for differ- Length of weld from beginning, om
ent grades of stecl. ' )
Such, calculation also B —— lt:{:ayl‘ weld composition
requires a knowledge — = — = Design weld composition

of the composition of

the arentpand elec- Fig. 64. Comparison of actual and design contents of
P impurities in weld metal in electric slag welding with

trode metal and of CB-08A wire.

their proportion in
the weld metal.
The concentration of an element in the weld metal can be found
by the equation
(Ml,=Y M, +(1 —y) (M, +AM,], (M)
where AM, is the recovered amount of the element as found from
the charts in Figs. 51-65 for a given electrode metal.
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Figs. 64 and 65 show the actual and calculated manganese and
silicon contents of weld metals as found by equation (7).

Good agreement of the empirical and calculated figures proves
that the chemical analysis of the weld metal in clectric slag welding
can be predicted with sufficient accuracy.

030

100 qs.\\\~
0% T
%Mn| I g -t-a--F -t-d—t—+--
060
0.70
0.60
S ™ I~
ey 050 "\\ o\\ - - be-F b od -4 od - - k- --1
§ ouwf— ‘125’ - .
b
S

HRARERE 3
020 i W 0 X "
> >o o >af >o
010
0 « 60 120 160 200 240 260
Length of weld from beginning, mm
Key:
Actval weld composition
= = =~ =~ Design weld composition

Fig. 65. Comparison of actual and design conteuts of impurities in weld metal
in electric slag welding with CB-10I'C wire.

Referring to the curves in Figs. 61-63, the chemical composition
of the weld metal changes most sharply at the beginning of welds
100 to 150 mm long, where the molten metal reacts with fresh slag.

Table 9
R a t,
“Wang T | onegiasioaeyver | Two sieetiodes per
thickness thickness
Wire
grade
AMn 281 sMn | st
CB-08 . . ........ * . +0.1 *
Ce-08I', Cs-15I" . . . . . ... .. —0.2 * —0.1 A
Ce10I'2 . . . ... v v v —0.5 . —0.4 A
Ce-10C . . . . . ... ... 40.5 | —0.2 | 40.2 *

* The actual content of this element is practically equal to the design
one, i.e., AMn and ASi are zero.
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As the weld progresses, the amount of elements recovered by the
weld metal becomes constant under the prevailing conditions of
electric slag welding. The reason is that the initial volume of slag
has already reacted with the molten metal, while the slag pool is
ceplenished with small batches of fresh flux.

Table 9 gives approximate data on the recovery of elements in
electric slag welding.

The curves in Figs. 61-63 may also be used to calculate the com-
position of the weld metal.

[t should be noted that changes in the welding conditions have a
definite effect on the recovery of elements. Therefore, the design data
should be adjusted in the light of the considerations that are set forth
below.

2. Reactions of Chromium

In building up worn surfaces by the electric slag process, use is
often made of sintered rods so as to obtain a high content of alloying

elements, such as chromium, tungsten, va- s
nadium, titanium, etc., in the deposit. I 460a
When Grade X12 high-chromium steel is 6
hard-faced, the chromium reaction is the 4 5k ISl
most important. <2 4
When hard-facing is carried out with sil- * - -~
icate fluxes, chromium is oxidised mainly "0/ 5~
as follows S 6 1
2(Cr]-+(Si0,) 2 2(CrO)+(Si];  (8) ~Su LA
[Cr]+(MnO) = (CrO)+[Mn}; (9 < 2—3&‘
[Cr]4-(FeO) 2 ( CrO)-+[Fe]. (10) .Eo
The rate of these reactions grows consid- ‘T ;4 l=2200 ,/y
erably as the temperature decreases. That *~ ] T
is why less chromium is oxidised in hard- 4 7
facing by the arc process with heavy 2 *‘
current than by the electric slag method 0
(Fig. 66). I
voltage V,, volts
3. Oxidation of Carbon ——Cme Sl:;ﬁ”m,,g

. . --0- -0- - Arc welding
In electric slag welding, the carbon may = -7
be oxidised by the oxygen contained in the I'{E- 66. pxxdalt)xon odf
lten steel: chromium in submerge
fmote ’ arc and electric slag hard-

[C]14-{0]=CO. (11) facing.
The carbon may also be oxidised by the oxides contained in the
sl
*® (C1+(MnO)=CO~[Mn]; (12)
2(C]+(Si0,)=2C0+Si]; (13)
[C]4+(FeO0)=CO+[Fe]. (14)
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Anywhere from 0.01 to 0.03 per cent of carbon is always oxidised
when structural carbon steels are welded with low-carbon electrode
wire, the actual amount being in proportion tothe concentration of
carbon in the wire and the accumulation

1,7 460d of iron oxides in the slag.
0 The quantity of oxidised carbon may
10 rcach 0.5 per cent or more when the con-.
¥ 05 - r centration of carbon in the electrode
SN' metal is high, as, for instance, in the
3 ' welding of cast iron and in hard-facing
s Ll with sintered rod containing 2 to 3 per
S cent carbon. In all cases, however, less
ST 1-0{--10— carbon is oxidised in electric slag weld-
NLS *F"C o= ing than in the arc process (Fig. 67),
=0 as the involved tempcratures are

= L2200 o lower.

b There is a definite relation between
w—e- ° the reactions of carbon and manganesc.
ash- = More specifically, the oxidation of man-
0 o] ganese is retarded as the carbon content
25 3 &5 in the clectrode metal rises. This is prob-
Voltage Vi, volls ably due, on the one hand, to the reduc-
o 51”;:,%’,,,,,,9 ing action of the carbon, and, on the
- - Arc welaing other, to the increased evolution of

Fig. 67. Oxidation of carbon carbon monoxide which cuts down the
in hard-facing by eclectric amount of atmospheric oxygen admitted
slag and arc processes. to the slag pool.

4. Rcactions of Phosphoru. and Sulphur

Phosphorus and, notably, sulphur are harmful impurities in the
weld metal. Therefore, in electric slag welding it is essential to reduce
their content to a minimum.

However, the temperature conditions of the electric slag process
and the materials (fluxes and clectrode wire) currently employed are
such that the weld or deposited metal contains an amount of phos-
phorus in all cases of welding and hard-facing. In fact, an amount
of phosphorus is added to the metal pool, even if the fluxes employed
are manganesc-based. No additional phosphorus is transferred to the
metal pool when haloid fluxes are used.

Fig. 68 shows the concentration of phosphorus plotted against the
length of an ingot (or a welded joint) for AH-8 and AH-22 fluxes.
The phosphorus content at the beginning of the weld may be nearly
twice its content in the electrode metal.

Phosphorus is introduced into the slag mainly as an impurity
of manganese ore. Therefore, with less MnO in the slag, less phos-
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phorus will be recovered by the weld metal (see the curve for AH-22
flux in Fig. 68).

An increased quantity of phosphorus is carried from the slag
into the metal pool only at the beginning of the weld and where the
weld is picked up after

it has been interrupted , 4P
for onereason or another.  § 0050 S
Sulphur in the welded - 3000
joints made in carbon  §¢ |
steels is more dangerous §§0 030 )
than phosphorus, as it SX0020 o2y
givesrise to hot (crystal-  sg .. &
lisation) cracks. When g
manganese fluxes (AH-8, S 0 e = = 00
AH-22 or OI-7) and S _ggp 00_| ;
standard electrode wire Length of casting, mm
are employed. no desul- Hey.

phurisation of the metal = A6 == AH-22

poolis accomplished dur-  Fig. 68. Variations in recovery ot phosphorus by
ing electric slag welding. deposited metal from slag with length of ingots.
On the other hand, no
appreciable amount of sulphur goes from the slag into the weld metal.
Desulphurisation is particularly important when carbon steels
and, cspecially, cast iron are welded by the electric slag process.
Until quite recently we had no efficient method of reducing sul-
phur content in the weld pool either in submerged arc or in electric
slag welding.. On the other hand, the iron and steel industry has for
many years been treating molten metal with calciferous fluxes, i.e.,
fluxes containing CaO, in order to reduce the sulphur content.
More recently, fluxes based on CaO and CaF, have come into use
for the purpose in the iron and steel industry.

Table 10
Sulphur content,
per cent
a8,
Filler metal Flux per cent
in filler in weld
mctal metal

Steel 40 . . . . . AH-8 0.022 | 0.021 | —0.001
3C-5 (809 CaF,; 20% CaO)| 0.030 | 0.004 | —0.026
Gray iron AH-8 0.114 | .09 | —0.023

9C-5 (809 CaF,; 20% CaO)| 0.150 0.047 | —0.103

Note: The filler metal has the same chemical analysis as the metal welded.

When employed in electric slag welding, these fluxes readily
withdraw sulphur from the weld metal (see Table 10).
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The composition of these fluxes is approximately 60 to 85 per cent
CaF, and 15 to 40 per cent CaO. Usc is also made in the iron and steel
industry of the CaF,-Al,O, and CaF,-Ca0O-Al,0, systems.Incidentally,
the so-called basic electrodes have coatings made of CaF,-CaO.

Desulphurisation of the metal pool in clectric slag welding and
casting of high-alloy steels is discussed in greater detail elsewhere
in this book.

Experiments have shown that much of the sulphur present in the
metal pool can be removed by using a CaF,-CaO slag and by deoxidis-

ing it with carbon,

0030 [mitial sulphur content in wire the carbon being in

the form of a graphite

0.025 clectrode or  coal

\ sprayed on the surface

S 00201 of the slag pool, when

el ! a metal electrode is
0015 "\ ecmployed.

\ Fig. 69 shows the

0.010 —= changes in sulphur

:‘-ﬁo o—~| content in ingots with

0.505 ] and without the deoxi-

Ban dation of the slag.
%0 00 160 The proportion of
Length of casting, mm carbon carried from

the clectrode metal in-
to the weld pool when
low-carbon steels are
Fig. 69. Sulphur conlent variations in deposited Welded with thedeoxi-
metal in clectric slag welding with flux containing  dation of the slag is,
70 per cleut C(;x}«‘, 8(;I 30 per cent CaO, with and  p the whole insignif-
nt . B ‘- < : Al * .
without deoxidation of slag pool surface. cant (from 0.02

to 0.03 per cent) and
may be taken carc of when selecting the grade of electrode.

This technique may also be employed in the repair of the cope
sides of castings, in resistance slag welding, in welding with plate
electrodes, and some other cases. The deoxidation of the slag also
limits oxidation of the manganese and silicon of the electrode metal,
as the slag has a lower content of FeO.

o — Slag not deoxidised
e — Slag deoxidised

5. Effect of Welding Conditions
on the Rate of Metallurgical Reactions

When electric slag welding proceeds steadily, the electrode metal
is transferred into the weld pool in drops. With other conditions being
equal, the temperature of the reaction zone and the conditions under
which the drops of metal come in contact with the slag (speed of drop
transfer, surface area of drops, path, etc.) are governed by the weld-
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ing conditions (value of current and voltage, depth of the slag pool,
weaving motion of the electrode, etc.).

N A
WA Y @
Fig. 70. Current oscillograms in electric slag welding:

a—drop transfer at welding speed of 70 m/hr (250 a); b—ditto, at 155 my/hr (400 a); c—ditto,
at 300 m/hr (600 a).

Oscillographic studies of the drop transfer of metal and the recov-
ery of alloying elements and impurities have thrown light on
how the various factors influence the course of metallurgical reactions.

Table 11
Electrode speed, Welding voltage v st
m/hr, at 44 v welding] electrode speed ot
Metal transter factors veltage 155 m/hr

18 | 155 | 300 | 32 44 56

Number of drops per sec . . . . . . 1.67 | 5.0 | 9.0 |4.27({5.0 [9.0
Average weight of drop, grams . . .| 0.74 | 0.47 [ 0.51 | 0.55 | 0.47 | 0.26
Average diameter of drop, mm . . 56 |4.9 |50 |52 [4.91]4.0

Fig. 70 gives current oscillograms for electric slag welding carried
out with a transformer having a straight-linc volt-ampere curve. The
electrode was Cp-101'2

wire 3 mm in diame- 0 100 1 200
ter, mounted in the -0 Length of casting, mim
centre of a round chill -020

50 mm in diameter. ° N

The welding voltage i‘o‘jo e~ | | 1 ] ="
was 44-46 v, and the §-040 "x\ —

slag pool was 50 mm N _j5| | XTSS9

deep. The flux used ' B

was AH-8. The elec- 08 »
trode wire was fed at -070—

the rates of 78, 155 . H-,.;%‘m/ﬂr

and 300 m/hr. The o H=155 m/he
oscillograms clearly ,,,/:-75 m/r

show the current :
N Fig. 71. o ?
peaks corresponding g Oxidanm;v e(ifl ilxlngagszgisc plotted against
to the instants when
a drop of metal was about to break away from the electrode tip,

As can be seen from the oscillograms, more and more drops break
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away from the electrode tip per unit time as the current (electrode
speed) rises. Table 11 summarises the oscillographic data.

Mol

Fig. 72. Current oscillograms in electric slag welding
a—drop transfer at welding voltage of 31-32 v; b—ditto, at 44-46 v, c—ditto, at 55-56 v.

As the current rises, though the size of the drops remains about
the same, the time of contact with the slag grows considerably short-
er. Therefore, the rate of the reactions should be expected to slow
down as the electrode speed is increased.

Fig. 71 shows the recovery of manganese in the above-mentioned
cases plotted against the current (electrode speed). As will be

seen, the oxidation of

0 100 [200TLength of manganese  becomes

- 010 casting, mm less intensive as the

%020 | welding current. (or

o oY electrode speed) is in-

00 -}Lﬁ\ creased. An_ increasc

040 o N ot in the welding volt-

_a% T~ age yields opposite
i results.

~080 er: Fig.72 gives current

ey: )

oy, = 3132 volls oscillograms for thlree

0¥, % 4 -46 volLs values of the welding

%V, = 56 volts voltage: 31-32 v; 44-

46 v; and 55-56 v;
Fig. 73. Oxidation of man%anese plotted against while Table 11 sum-
welding voltage. marises the oscillo-

graphic data.

As can be seen from the oscillograms and the table, the size of
drops is reduced as the welding voltage rises. On the other hand,
the time of contact with the slag is increas:d, as the distance
between the electrode tip and the weld pool increases. These two
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factors tend to add more manganese to the slag (Fig. 73). A decrease
in the depth of the slag pool has an effect similar to an increase in
the welding voltage.

6. Effect of Type of Current and Polarity
. on Metallurgical Reactions

So far the metallurgical processes occurring in electric slag weld-
ing have been examined in the light of the molecular structure of the
slag. As has been noted, electric slag welding depends on the passage
of an electric current through molten slag. But the passage of cur-
rent through slag may bring about its clectrolysis—a phenomenon
manifested most in direct current welding.

If the phenomena observed in electric slag welding are to be viewed
in a true perspective, they must be approached from the angle of
the contemporary concepts of the ion structure of metallurgical
slags. :

From the view-point of the modern ion theory, molten slag con-
sists of positively and negatively charged ions. The positively charged
ions (or cations) in welding slags are ionised atoms of metals:
Ca**,Mg**, Fe**, Mn**, ctc. However, some metals may be included
in composite negatively charged ions (anions), such as FeO .

The simplest anionsin aslag may be fluorine F~, sulphur $*~ and
oxygen O*~, the last-named being in anion form only when the con-
centration of elements capable of forming composite ions (Si, Al, P,
Fe and some others) is ncgligible. Free anions O*~ are only present
in basic fluxes.

Silicate welding slags also have present silicon-oxygen anions of
the Si,02" type. that are more or less complex, depending on the
number of oxygen atoms per silicon atom. Composite silicon-oxygen
anions reach the limit of dispersion in the orthosilicate anion SiO} -,
Though of the smallest possible size, this anion has the largest spe-
cific charge (per silicon atom), which fact accounts for the strong
bonds it has in various compounds.

When direct current is passed through the slag, it iselectrolysed,
and the constituent elements are deposited on the electrodes.

Thus, iron and manganese are deposited on the cathode

Fe?t+2(=2Fe; (15)

Mn** 4-20=2Mn, (16)

Gases may also be given out at the clectrodes as a result of the

reaction

F- —6§=F. 17

The silicon-oxygen anion approaching the electrode will discharge
as follows:

Si0; - —46=Si0,4-0,. (18)
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As a result, the slag at the anode is enriched with silica, and oxy-
gen is evolved at the anode to react violently with the electrode
metal.

The above-mentioned reactions have a strong effect on the metal-
lurgical reactions in electric slag welding. Figs. 74a, b, and ¢ show
the recovery of manganese in electric slag welding with direct cur-
rent (of straight and reversed polarity) and with alternating current,
using various electrode wire (C-08A, Cs-10I'2 and Cs-10I'7). The
flux was AH-8 in all cases.

060 0.70

x i 6-08A, -
x 050} ve 260N fo-org
§ 0PN § 2%
g 0 R & 00—
§ 0 ke i W s 030 N
NN g A
S a0 S 0 <
0 &~ 100 M1 an Rl ®
MENARRE RS MR TS
~aw =+ - S S
e I B0 i e 2 s B B W )
0 s a0 £ 100 200
w20 Length of casting, mm Length of casting, mm
p i ] 8102 Hey:
. I Y-I=T =] J- e-ac.
T rau'g F o-dc
~ 010 reverseq polarity
. 2 N~ « - Straignt polarity
€ oule - — My, =~ = 4S5
N an \\
-as50 i
~060——1 L
o 100 200
¢ Lengtn of casting mm

Fig. 74. Comparison ol manganese and silicon recovery by deposited metal in
welding with a. ¢. and d. ¢. and AH-8 flux:
a—Cup-08A wire; b—Cs-10I'C wire; c—Cs-10I'2 wire

In the case of reversed polarity (the electrode is connected to the
positive terminal), more manganese is oxidised and transferred
into the slag than in the case of straight polarity (the electrode is
negative). This phenomenon can be explained as follows.

When polarity is reversed, and the electrode serves as an anode,
morc oxygen is supplied due to electrolysis to the surface of the metal
drop at the electrode tip and the oxygen reacts violently with the
electrode metal. Thus, the best possible conditions are created for
oxygen to act upon the most developed surface area of molten metal
in drops, and the elements, such as manganese and carbon, are oxi-
dised to a greater degree.

When polarity is straight, and the electrode serves as a cathode,
the ions of manganese present in the slag concentrate around the
drops, inhibiting the oxidation and transfer of manganese from the
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drops of electrode metal into the slag. Should any chromium be pres-
ent in the electrode metal, its transfer into the slag will be facili-
tated, since favourable conditions are created for such reactions as

Cr4+Mn** 2 Cr** 4 Mn;
2Cr4-Si*t > 2Cr** 4-Si.

Oxygen in this case is supplied to the surface of the metal pool
which serves as an anode. As the specific surface area of the metal
pool (i. e., the area per unit weight of molten metal) is much less than
the specific surface area of the drops of electrode metal, there is much
less possibility for the elements, such as carbon and manganese, to be:
oxidised, as in the case of reversed polarity (Table 12).

Table 12
i
Welding Welding ! .

; ., Depth of Carbon loss, | Chromi
cu;:'.nz v‘?l{::xgvl pgc?l, n?m Polarity agerm(]:cr?tss loss,lo:grugént
210-230 30-32 41 Reversed 0.28 1.7
210-230 30-32 43 Straight 0.03 3.2

Note: Flux, Grade AH-8; sintered electrode wire, 1.95 per cent C; 0.33.
per cent Si; 1.4 per cent Mn; and 14.5 per cent Cr.

It should be noted that the above-mentioned elements may be
oxidised to a greater degree on straight than on reversed polari-
ty or in welding with alternating current, if the volume of the metal
pool is sharply reduced to a point where its specific surface arca be-
comes comparable with that of the metal drops and there is ample sup-
ply of oxygen to the slightly superheated surface of the molten metal.
This may happen when welding is performed with low values of cur-
rent and voltage.

In welding with alternating current, the amount of mangancse
transmitted into the slag is in between the quantities observedin
welding with direct current of straight and reversed polarity.

The behaviour of silicon is more complicated than that of manga-
nese. This element may be present in welding slags as anions Si 0z~
The anolyte will be enriched with silica, which will inhibit the
oxidation of the silicon.

The difference in the oxidation of the elements in welding with
direct and alternating current should be attributed not only to the
electrolysis of the slag, but also to changes in the drop transfer
of electrode metal.

Fig. 75 shows oscillograms for electric slag welding with alternat-
ing and direct current of straight and reversed polarity, using three-
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values of current: 250, 400 and 600 a and the respective electrode
speeds: 78, 155 and 300 m/hr. The electrode was wire 3 mm in diam-
eter; the flux, Grade AH-8; and the welding voltage, 44-46 v. Table
13 summarises the oscillographic data. They seem to prove that the
size of drops is much greater in welding with direct current of
straight polarity than of reversed polarity.

2 MAVWAAMAAWAMAMAMAAMAAMAWAWAVAVAVAMAVMA
s — T .
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- _ . .
(B T e .
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o e e e

¢ R0 R ORIt oo
Fig. 75. Wave forms of electric slag welding with a. c. and d. c.:

I—178 m'hr; II—155 m/hr; III—350 m/hr; a—a. c.; b—d. c., straight polarity;
c—ditto, reversed polarity.

The drops are largest when welding is performed with alternating
current. This may be attributed to changes in the electrodynamic
forces acting on the drop and in the temperature conditions in the
melting zone of electrodes.

To 3sum up, both electrolysis and drop transfer of metal should

be taken into account in an analysis of electric slag welding with
direct current.
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Table 13

Direct current
Alternating current

Fectors of diop straight polarity | reversed polarity

transfer

Electrode spged, m hr

18 | 155 | 300 ' 78 | 155 ] 300 | 78 | 155 | s00

Number of drops
transferred per
C . ... 1.67 5.0 |9.0 | 2.0 |8.3 |17.0 | 3.2 |14.8 | 26.0
Average weight
of drop, grams | 0.71 | 0.47 | 0.51 | 0.60 [ 0.29 | 0.27] 0.37 | 0.16]| 0.18

Average diame-
ter of drop, mm 49 [5.0 [5.3 [4.1 4.0 | 4.

3]
[=2]

3.4 3.5

(52}

7. Behaviour of Gases in Electric Slag Welding

The evolution of gases from the metal pool during solidification
may leave voids in the weld. Of all the gases that may produce
holes and blows, hydrogen and nitrogen are less dangerous in eled-
tric slag welding than in submerged are welding. The reason is that
in the former case the conditions for their evolution from the metal
pool are most favourable, because grain growth in vertical joints is
oriented. The main cause of holes and blows in eleclric slag welding
is the evolution of carbon monoxide.

At the solidifying point of steel, the greatest affinity for oxygen
is shown by titanium, aluminium, silicon and carbon, in the order
given. An addition of manganese enhances the deoxidising ceffect of
silicon. If the metal pool contains aluminium or a sufficient amount
of silicon and manganesc, the oxygen will combine with these de-
oxidising elements. In this way the very possibility of gascous carbon
monoxide forming in the solidifying metal will be prevented, and
no holes or blows will develop in the weld.

If the deposited metal contains little, if any, deoxidising elements,
carbon monoxide will be formed during solidification and the weld
may have gas defects (Fig. 76).

In electric slag welding, gas defects can be prevented by maintain-
ing ahigh content of deoxidising clements (silicon, aluminium, ctc.)
in the weld metal. Deoxidisers may beintroduced into the weld both
with electrodes and with the parent metal by increasing the share of
the parent metal in the weld metal, provided its content of deoxidis-
ing clements is high enough.

As the oxidising ability of the slag increases or, which is the same,
a greater amount of higher oxides of iron and manganese are accumu-
lated in the slag, more carbon is oxidised, and the danger of cavitics
forming in the weld increases. A sharp increase in the content of
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iron oxide in the slag pool may result from an appreciable amount of
scale or rust falling off the edges of the workpicee into the slag pool.
Hydrogen in clectie <lag welding has time to leave the metal
pool before solidification and is

ever, gas

therefore Tess dangorous from  the
view-point of defect formation.How-
defects in the form of
long pipes (Fig. 76a) may form in
the weld if much moisture finds
its way into the slag pool or the
water-cooled
backing strips arc leaky.

moulding shoes or

Experience has shown that the

Figz. 76 Gas pockels in electric slag weld:

a due ¢ moisture tn welding area (cavities caused by
hydrogeny b nimmed steel welded with Cs-08A wire
(cavities caused by carbon monoxide).

slag  pool,  however
deep, provides no
shielding against hy-
drogen of the air. Hy-
drogen  casily  goes
through the «lag pool
andinto themolten me-
tal, and under certain
conditions its concen-
tration may be fairly
high. In some cases,
therefore, the work-
picce (a weldment or
a casting) of titanium
and special alloys has
to be shiclded by ar-
gon or any other inert
gas.

Fig. 77 shows hy-
drogen  concentration
plotted  against  the
length of steel X25H20
ingots cast by theelee-
tric <lag processwith
alternating current
and AH-8 flux.

The ingot @ was cast
under  a shiclding of
commereially pure
argon; the ingot b was
cast in conditions of
natural contact be-

tween the slag pool and the air; and the shielding for the ingot ¢ was

provided by a jet of saturated steam.
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It should be noted that when electric slag welding is performed
with direct current, hydrogen concentration in the molten metal may
go down due to electrolysis of the slag pool.

Fig. 78 shows hydrogen concentration in steel X25H20 ingots cast
by the electric slag process with alternating and direct current
of straight and reversed polarity using AH-8 flux (the other condi-
tions as specified above). As can be seen, hydrogen concentration
is higher in casting with alternating than with direct current. Hydro-
gen is best removed on straight polarity (the electrode is negative).
This is further evidence that in molten metal hydrogen is present in
the form of protons.

Electrolytic removal of hydrogen from the metal pool is most
efficient with large electrodes or with carbon (or other non-consuma-
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Fig. 77. vanatious 1 hydrogen : o—dec
content in ingots of steel X25H20 reversea polarity
cast by electric slag process with R = Stra/gnt polarity
a. c.: . . .
- b Fig. 78. Variations in hydrogen
Poo o—without  ShiEIHing  (ators sontent in ingots of steel
! o . X25H20 cast by electric sl
contact between slag and air); c—slag y eleclric slag
pool blown with saturated steam. process with d. c. and a. ¢.

ble) electrodes. Supplemented by the shielding of the slag pool, this
technique may reduce to a minimum the hydrogen content in the
weld metal. .

There is lack of cxperimental data on the behaviour of oxygen and
nitrogen under the conditions of electric slag welding, and a special
investigation will have to be made into this problem.

8. Fluxes for Electric Slag Welding

.Besides maintaining the metallurgical reactions in the desired
direction, fluxes for electric slag welding should also produce a dense
deposit of metal. They should likewise meet a number of special
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requircments arising from welding procedures and have sufficient
electrical conductivity.

The propertics of a flux have a direct bearing on the course of
electric slag welding. As experience shows, while with some fluxes
it is casy to establish and maintain the welding process, with other
fluxes it is not so.

The fluxes employed in electric slag welding should meet the fol-
lowing requirements determined by welding procedures:

(1) The flux should be such that the optimal counditions of electric
slag welding are attained quickly and maintained casily against
considerable variations in the depth and width of the slag pool and
over a wide range of voltages and welding currents,

(2) The flux should ensurc a sufficient penetration and a satisfac-
tory moulding of the weld surface without undercuts or overlaps,
against appreciable variations in the depth and width of the slag
pool and over a sufficiently wide range of welding conditions.

(3) The flux should not run out through the gaps which may be left
between the edges of the workpicce and the moulding shoes due to
fit-ups as performed under usual shop conditions, nor should it
pry the moulding shoes away from the edges.

(4) The slag crust should crack off casily. Slag flukes should not
spring off the weld.

Another important practical consideration is that a flux requires
no scarce or hard-to-get materials, and also be fused in the availa-
ble flux-fusing furnaces:

Changes in the electrical conductivity and viscosity of a flux with
temperature bear directly on the above-stated properties of the
flux.

Increased clectrical conductivity promotes the attainment and
maintenance of the desired welding conditions. Eleetrical conduc-
tivity alfects to a great extent the amount of heat liberated in the
fusion zone and, consequently, the melting rate of the electrode metal
and penetration.

The viscosity of a slag under normal welding conditions, when
use is made of moulding shoes or backing strips, should lic within
certain limits, If the slag is too fluid, it will run out through the
gaps between the workpiece and the moulding shoes, the slag pool
will become shallow, and the entire welding process will be upsct.
Conversely, if the slag is too viscous, refractory or short, it will pry
the moulding shoes away from the workpiece, and the edges will be
undercut.  In some cases, such as in welding with a plate clectrode
“in a pocket”, in chill-casting. or in resistance slag welding, the slag
should be as {luid and as “long” as possible, so that the weld can be
easily shaped and contain no slag inclusions. '

From the view-point of safety, it is essential that the slag come off
easily from the deposit. If the slag sticks fast to the surface of the
deposited metal, it may break away and scatter around in cooling
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and its fragments may injure the eyes and skin of the operators.
The adhesion of silicate tags to the surface of the deposited metal is
to a great mcasurec governed by the content of oxides capable of
“building up” the oxide film.

These, above all, are Al,O,, vinslan-22 [y | ieu~7
Cr,0, and some others. There- wp—T T
fore, it is essential to reduce I AH 384 : L
the content of these oxides to )¢ |4 [ soor
a minimum, if the slag crust is 1l [
to come off easily. g T T
The required welding and Sy \ )\ —
clectrical properties of a slag = X VS
arc obtained by the introduc- 8 1_\ \oh
tion of appropriate additions. =17 \ 1IN
As has been found, electric slag S e ,
; NS LIS =~}
welding proceeds more stead- ) s P 2 . gy S
ily when the content of SiO, 000 p00 100 PO 09
in the flux is reduced and that Temperatura, *¢
of MnO increased. The elec-  Fig. 79. Variations in viscosity of exist-
trical conductivity of the slag ing flux grades with temperature.

(and, consequently, the stabil-
ity of clectric slag welding) is best improved by calcium fluoride and
other fluorides and titanium oxides. However, they reduce the vis-
cosity of slags, too.

As there is lack of informalion as to how the temperature of such
composite systems affects their electrical conductivity and viscosity,
the optimal formulations of
slags arc obtained by trial and

error. g /

The composite fluxes most %, 7 /
commonly used in the Suviet % Fluor /f
Union nowadays are AH-8, spar /
AH-8M, ®L-7, AH-348A, I w0 i/ ey
AH-22, and AH®-1. Use is § /| s
also made of fluxes based on ¥ 1/ -8
Ca0 and CaF,, oxidised fluxes 3 ] V4 /%-Jm
of the AH-8 type, and the I s A
AH-25, a special-purpose flux 3 72 P
of high electrical conductivity & [ _ |
in the solid state. This flux 000 1100 00 000 %00
contains titanium oxides and Temperature. €

shows electron’ conductivity.  Fig. 80. Variations in electrical condue-
The chemical compositions tivity of existing flux grades with tem-
of these fluxes are given in perature.
Table 14.
As experience has shown, the most suitable fluxes for the moulded
welding of long joints in structural carbon steels are AH-8, AH-8M and
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AH-22. Fluxes ®II-7 and AH-348A are similar in welding properties
(Figs. 79 and 80): viscosity and electrical conductivity. However,
AH-348A is inferior to ®L-7, as the welding process with it is loss
stable when electrode speed is high and the slag pool shallow.

When the electric slag process is employed for ingot repair or cast-
ing carbon and alloy steels, the best fluxes are those based on CaF,,
CaO and Al O, (3C-4, 3C-5, 48-O®-6 and AH®D-1). As they have a
beneficial effect on the metallurgical reactions, these fluxes hold out
great promise for welding high-carbon and high-alloy steels and cast
iron with plate electrodes.

The resistance slag process where the slag should be as less viscous
as possible employs the AH®-1 flux, which is commercially pure
calcium fluorate.

In welding with plate electrodes, with consumable electrode
guides. in resistance slag welding, in ingot repair and casting, the
welding process can be best of all initiated with the AH-25 flux
which shows electrical conductivity at room temperature.

9. Electrodes for Electric Slag Welding

In most cases, electric slag welding and hard-facing are performed
with electrode wire 3 mm in diameter. Sometimes, however, when con-
veutional rather than special welding equipment is employed, the
diameter may be 2 mm for portable semi-automatic welding ma-
chines, and 4 to 6 mm for welding heads or tractor-type welders.

Carbon steels are welded with electrode wire to U.S.S.R. State

Standard (I'OCT 2246-54) (Table 15).
Table 15

Percentage content

Wire classification under Siticon | Sulphur | Phosphor
FOCT 2246-54 Carbon Manganese

max
Cs-08TA . .. ..... max 0.10 | 0.8-1.1 0.03 0.03 0.03
Cp-15I" . . .. .. .. 0.11-0.18 | 0.8-1.1 0.03 0.04 0.04
Ce-f0r2 ........ max 0.412 ]| 1.51.9 0.03 0.04 0.04

Carbon electrode wire contains, as a rule, less carbon than the
structural steels welded with them. Therefore, the strength of the
weld metal which must be at least comparable with that of the par-
ent metal has to be improved by alloying the weld metal with man-
ganese, silicon or other elements. This technique is convenicent, sim-
ple and widely appliedin the electric slag welding of structural steels
containing up to 0.3 or 0.35 per cent carbon. As a rough guide,
Table 16 suggests the grades of electrode wire for the electric slag

87



welding of some carbon and low-alloy structural steels with AH-8,
AH-8M or ®LI-7 flux.

*Table 16
Steel Steel Grade Rod Grade

Structural, low-carbon Cr. 2; Cr. 3, Mcr. 3 CB-08A; CB-08T'A;

Cp 10rC; Cp-10I'2
Boiler . . . . . . . .. 20K, 22K Ce-101'2
Medium-carbon, cast . . | 2041 25JI, 35.1 Cp-08I'A; Cp-101"2
Medium-carbon, wrou%ht Steel 30, Steel 40 CB-08I'A; C-101'2
Low alloy, chromansil . | 30XI'CA CB-18XMA

The use of these wire grades in welding steels with a higher carbon
content or steels that are specially  heat-treated to improve their
strength, will pose additional difficultics in choosing the appropriate
heat treatment and other procedures for the joints between dissimilar
metals.

Therefore, the best possible case of electric slag welding is when
both the weld metal and the parent metal have as similar a composi-
tion and mechanical properties as possible. Such a joint is simpler
to make and safer to use.

Recently, homogencous welded joints have been obtained in some
structural steels of increased carbon content (0.3 to 0.5 per cent) by
means of filler metal (in the form of plates, rods or wire) of the same
chomical analysis as the parent metal. As CaO-CaF,-base fluxes active-
ly withdraw sulphur from the weld pool and oxidisc mangancse and
silicon little, it is possible to employ electrodes with the normal con-
tent (within the limits specified by the relevant Standards) of sul-
phur, mangancse and silicon.

In some cases, such as the repair of the rise side of ingots and cast-
ings with a consumable clectrode of heavy cross section, use may be
made of waste metal—gates, trimmings, ctc.—that has thesame
composition as the metal of the ingot or casting. The necessary cleans-
ing action is provided by the slag pool.

Hard-facing, which requires an appreciable amount of alloying of
the deposited metal, can be performed with sintered rods.

Special mention should be made of the new prospects opened up by
the electric slag process for alloying the weld or deposited metal.

A large and woll stirred pool of molten metal which solidifies at a
relatively slow ratec makes it possible sometimes to use several wire
and plate electrodes that differ markedly in chemical analysis and to
obtain a deposit of an averaged composition. Another important
advantage is that a wide range of compositions of weld or deposited
metal can be obtained by using a relatively small number of standard
grades of materials.

88



Another method of alloying the deposited metal is to feed alloying
metal into the slag pool without current being applied. The alloying
metal may be cither conventional or sintered wire continuously
fed by a scparate mechanism, or a plate or a rod fed into or posi-
tioned stationary relative to the workpiece. In the latter case, the
metal will be washed by the rising slag pool.

The alloying metal may also be fed into the slag pool in the form
of finely divided mixtures of ferro-alloys or as a suitably prepared
charge. )

There is particular promise in clectric slag welding by heavy-
section electrodes sintered from powders of various metals.

The deposited metal thus obtained can be controlled as to chemi-
cal analysis and the content of impurities.



Chapter 1V

TECHNiQUE OF ELECTRIC SLAG WELDING AND
HARD-FACING

1. Types of Joints and Welds

Fig. 81 shows the welded joints made by the electric slag process.
In fact, any type of joint encountered in practice may be welded by
electric slag process. However, they are not all ecqually convenient to
make, nor are all reliable in service.

The butt joint (Fig. 81a) is the basic and simplest type of joint.

In actual butt joints the edges may have an offset. With the avail-
able clectric slag welding equipment (moulding shoes and suspen-
sions) for straight seams, the offset may be 4+-10 mm over a length
of 0.5 m, while the surface may warp up to 1.5 mm over a length of
150 mm. In practice, however, such a marked offset should be avoid-
ed, as it hampers the welding and impairs the quality of welds.
When drawing up specifications for edge preparation and fit-up, it
should be borne in mind that the distortion brought about by the
welding heat may increase the offset. In practice, the offset of the
edges to be welded should not exceed 2 to 3 mm, or 5 to 6 mm in
extreme cases. The warping of the plate should be limited to any-
where between 0.5 and 1 mm over a length of 150 mm.

When the workpiece is not planned to he machined after welding,
the rigid moulding shoes of conventional design produce a rein-
forcement as shown in Fig. 81a.

When the surface of the weld is planned to be machined upon weld-
ing, the reinforcement should be increased to 10 mm by changing the
depth of grooves in the moulding shoes or backing strips.

Butt joints in plates of different thicknesses (Fig. 81b). If the dif-
feronce in the thickness of the edges does not exceed 6 mm, convention-
al moulding shoes may be employed, provided the inadvertent in-
crease in the offset is not over 2 mm. However, if the difference in
plate thickness is anywhere between 6 and 30 mm, use should be
made of stepped moulding shoes.

If the difference in thickness is more than 30 mm, the moulding
shoes should be of angular construction, and the section of the weld
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will be as shown in Fig. 81¢. Should this shape be inacceptable, the
thicker edge should be bevelled (Figs. 81d or 81e). This technique
is convenient for welding, but it requires additional materials and
time. Where it is more convenient to machine the finished weld, an
equalising strap may be employed, and the weld should be machined
as shown in Fig. 81f. Fig. 81 shows butt joints with the edges offset
to one side. The joint is made in the same manner when the thick
and the thin plates are placed with their axes in line.

b Gap wrdth
a 9

NN

weld width
by —————

50

Y / N\

Fig. 81. Types of butt joints,

Corner and Tee joints. The usual slag-welded corner joint is shown
in Fig. 82a. Its drawback is that the side plate may laminate when
poorly rolled. The joint shown in Fig. 826 is more reliable, but the
edges are more difficult to prepare for welding.

The outside reinforcement of the weld in a corner joint issimilar
to that in a butt joint (Fig. 82a). The inside reinforcement is shownin
the same figure. The angle a should not excced 20°. Should the angle
be greater; an overlap may form on the reverse side of the wold
(Fig. 83), and 'thus constitute an area of concentrated stresses.

A Tee joint (Fig. 82c) differs from a corner joint in that its both
sides are moulded as in a corner joint. Tee joints are as casy to weld
as corner joints. A Tee joint with unconstrained side surfaces (Fig. 82d)
is somewhat more difficult to make than the one previously men-
tioned, as it requires special electrode carriers and readjustments in
the welding apparatus. In case such a joint-is 2 or 3 m long, itis
advisable to employ a consumable electrode carrier.
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Welds with incomplete penctration are employed in Tee joints
(Fig. 82¢) when they are long but small in cross section. Such a weld
should have a leg of at least 12 mm but not more than 20 mm long.

Fig. 82. Types of corner joints. v

The welding equipment employed is usually of the walking-mag-
net type.

In cast-welded structures, Tee joints are replaced as a rule by butt
joints with bosses (Fig. 82f). Such a joint, besides being more conve-
nient to make, is advantageous in that the metal of the boss is usually
of a higher quality than that of the casting itself.
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Straight seams are the simplest. They may use all types of joints
(Figs. 81 and 82). Currently, the electric slag process is applicable to
butt-welded scams of unlimited length in plate up to 600 mm thick or
of practically unlimited thicknesses when the length is anywhere
from 1 to 1.5 m. Lengths upwards of 1.5 m and thicknesses upwards of
600 mm have not been encountered in practice yet. Plates up to 50 or
70 mm thick can be welded with a single stationary clectrode. When a
large number of such welds has to be made, the use of special-pur-
pose single-electrode welding machines is warranted. Otherwise, they
may be welded with three-clectrode machines, using one electrode.

Fig. 83. Overlapping in poorly designed  Fig. 84. Longitudinal sections
corner joinl. of welds made by the clectric
slag process.

If the thickness of plate is more than 50 or 60 mm, scveral stationary
clectrodes spaced up to 75 mm apart, may be employed. An alterna-
tive is a smaller number of clectrodes oscillating across the thickness
of the plates being welded. With this technique, one electrode per
150 or 200 mm length of weld will suffice.

Usually, not more than three oscillating clectrodes are employed,
or else the welding machine and control of clectrode guides would be
prohibitively complicated. Thus, the maximum thickness weldable
by this method is up to 600 mm.

When the thickness is over 600 mm but the length is limited the
eleetrodes may be fed into the groove from above. Currently, there
are three mothods for welding such jobs: with slender electrodes intro-
duced through coppoer guides; with large-size plate clectrodes with
the current applicd to them outside the groove; and with clectrodes
of a relatively small stze (3 to 6 mm in diameter) introduced through
consumable electrode carriers. The three methods only differ in the
space that should be provided above and in front of the joint. Weld-
ing with a consumable electrode guide is applicable to all welds where

93



plate or wire electrodes may be employed. Still, it should be limited
to cases where there is no frce space above the joint and the joint
changes in section. In other cases, welding with plate electrodes is a
more attractive proposition than with a consumable electrode guide.
As for multiclectrode welding, it may be replaced by plate-electrode
or consumable electrode guide welding in almost every case.

The straight seams welded by the electric slag process run, as a
rule, vertically.

" | p /\

Fig. 85. Tilt of weld in the electric slag process.

When the parts to be welded are at an angle to each other or it is
difficult to place them vertically, they may be welded in an inclined
position. Two arrangements are possible in this case: (1) the joint is
at an angle to the horizontal, but the edges are vertical planes
(Fig. 85a); and (2) the edges are in inclined planes, but the plane of
the plates being welded is vertical (Fig. 86b).

In the first case, the permissible angle of tilt also depends on how
the weld is shaped on the reverse side. The maximum tilt is less with
copper moulding shoes than with a fusible steel backing strip. The
angles of tilt in a vertical plane are given in Table 17.

Table 17
Angle of tilt to the vertical,
Type of moulding accessory deg (Fig. 85)
a 8
Coprer moulding shoes . . . . .. . ... ... 20-30 10-15
Steel backing strip . . . . ... . o0 30-45 10-15



Greater angles of tilt call for special methods of welding and are
not employed, as a rule.

Circumferential seams (Fig. 84b) are encountered as often as straight
seams. Both in technique and procedure, they are more involved
than straight seams. Position tolerances in the fit-up are closer than
in the latter case, as the diamecter of the blank at the joint can he
machined accurate to within +0.5 mm. The maximum misalign-
ment in the fit-up should not exceed 0.5 to 1 mm. When blanks are
roll-formed without machining misalignments as great as 4 to 6 mm
have to be tolerated. In such cases, circumferential seams are welded
with split-type moulding shoes. When the misalignment is appreci-
able, a step is formed in the middle of the weld which has to be re-
moved by chipping upon welding. At present, circumferential seams
are butt-welded on a commercial scale, while corner and Tee joints
are used less often. In some casecs, however, it is advisable to replace
butt-welded circumferential seams by corner joints. Incidentally,
corner-welded circumferential scams would appreciably cut down
the cost of large shaft flanges. For the time being, the application
of corner-welded circumferential scams is limited, as the fillet weld
between the flange and the shaft has to be made to a great radius.
It is not at all unlikely that revision of fillet weld size, reallocation
of machining allowances, and an increase in weld reinforcement
will make it possible to employ flanges in the form of flat disks cor-
ner-welded to shafts.

Odd-shaped jobs. Welds of variable thicknesses, bounded by planc
- surfaces and parts of a circle (Figs. 84c and d) pose no difficultics in
welding, provided the edge (or tangent to the edge) is not more
than 30° away from the vertical. Such welds can be made with rod
electrodes or consumable electrode guides.

When the cross section of the workpiece is bounded by planes of
varying curvature (Fig. 84e¢), welding is possible either with local
planing of the edges or with a consumable electrode guide. The sec-
ond technique is more convenient. Should the section of the weld
change too abruptly (Fig. 84f), the edges have to be planed locally
even if a consumable electrode guide is employed. In cast-welded
structures, this purpose is served by bosses, and in rolled metal, by
diaphragms. A diaphragm or boss should be at least 50 mmwide; should
its height be more than its width, the width in that case must be at
least 80 mm. After welding, diaphragms are, as a rule, removed,
while bosses may be left, if the design of the workpiece permits that.

2. Edge Preparation and Fit-up

In electric slag welding, the weld groove is formed by the straight
edges of the workpiece. The method of edge preparation and the
surface finish of the edges should be chosen to suit the thick-
ness of the parts, convenience of work, and the purpose of the weld.
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In thicknesses up to 200 mm, the edges are, as a rule, prepared by
flime machining, so that high spots are not more than 2 to 3 mm
ahove low spots, and the kerf is not more than 4 mm from a straight
line (Fig. 86). When the workpiece is of a difficult-to-weld stecl,
the kerf tolerances should be closer, as heat penetration is limited.

When heavier sections have to be welded, flame cutting will not
produce sufficiently straight edges. Still, if flame cutting equipment
is well adjusted, satisfactory kerfs may be obtained on thicknesses
up to 400 mm; however, flame cutting should only be resorted to when
the edges cannot be casily planed. The edges of circumferential joints
are usually planed.

The edges are planed also in the case of relatively light sections,
when moulding shoes traverse them, such as in making a fillet weld,
or when the metal near the cdges is subjected to heavy tension
stresses, and an uneven cut may result in dangerous
concentrations of stresses.

The basi¢ requirements to be met by the sur-
faces traversed by moulding shoes have been out-
lined above. When copper backing strips are em-
ployed, the edge tolerances remain the same, but no
limit is set to the amount warping.

It should be noted that even if the cdges are
machined, joint preparation is cheaper in clectric
Fie. 86 . slag welding than in arc welding. When a long plate

ig. 86. Devia- . .
tion of edges 52gs, or the tank shell to be welded is untrue in
from  straight form, the desired bevelling of the edges is hard to

cul. obtain. Unbevelled edges. on the other hand, are
casy to machine, even if they are twisted heavily.
Their lmnchining is further simplified when the edges are stack-
laned. '
l When caleulating the size of individual parts of a welded strue-
ture, it is necessary to know the joint gaps that have to be left be-
tween them. Itis customary to differentiate between design, fit-up and
welding gaps.

The design gap is a fictitious quantity used to calculate the dimen-
sions of the parts to be welded. In practice, the paits are fitted up
with a larger gap which is called the fit-up gap.The gap does not
remain constant throughout welding, but is increased or reduced to
suit the prevailing welding conditious.

The fit-up gap usually varies over the length of the same joint.
Over the greater part of the joint it is larger than the design one.
The fit-up gap is specificd on the basis of past experience or model
workpieces so as to take into account the distortions likely to occur
in welding.

When calculating the dimensions of the parts to be welded, dis-
tortions nced not necessarily be taken into account. Instead, use may
be made of Table 18 which gives the values of design joint gaps.
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The table covers carbon steels welded with electrodes 3 mm in diame-
ter. The sum of the individual dimensions is the overall dimensions
of a welded structure minus the sum of the design gaps. As will be
scen from the table, gaps change but little with the thickness of plate.

The fit-up gap at the bottom of the joint should be equal to the weld-
ing gap. In case the workpiece is rigid (a plate whose width is greater
than the length of the joint, large castings or forgings), the gap at the
top of the joint should be increased by 2 to 5 mm for every metre
of the joint’s length. The lesser increase is for high welding speeds
(anywhere from 0.6 to 1.5 m/hr), while the greater increase is valid
for a welding speed of the order of 0.2 m/hr.

For fillet and butt welds in very narrow strips (less than 100 to
120 mm), the fit-up gap may be 2 or 3 mm greater than the welding
one. This also applics to girth scams in narrow rings.

In welding plates of medium width or parts of medium rigidity,
the nature of distortions is hard to anticipate. The usual practice
in such cases is to make the gap at the top of the joint as wide as in
rigid workpieces, and to make corrections after a trial weld or after
the first production workpicces have been welded.

For greater detail about the distortions occurring in clectric slag
welding refer to Chapter V.

In plates and workpicees of medium and high rigidity, the gap
changes differently along the length of the joint during welding.
Therefore, if the welding gap is to remain constant, the fit-up gap
should vary in width accordingly. In most cases, this is unfeasible,
and workpicces have to be jigged so that the minimum welding gap
is not less than indicated in Table 18.

Table 18
Plate thickness, mm . . . . . . . . 50-70 | 70-100 { 100-200 | 200-500
Design gap, mm . . . . . ... .. 18 20 22 25
Welding gap, mm . . . . ... .. , 20 22 24 28

In rigid workpicces and at low welding speeds, the critical spot in
the weld is the end of the joint, while in workpicces of medium rigidi-
ty, it is the middle of the joint. In longitudinal secams on cylindri-
cal products, the gap is narrowest in the middle of the run. The re-
commended procedure is to tack-weld the middle of the joint and
to leave untacked the end of the joint or to clamp it in place with
wedges not preventing the gap from opening up.

The fit-up for clectric slag welding substantially differs from the
one for arc welding. If the ratio of length to thickness is less than 20,
the plates are usually lined up without pre-forming which is usually
done to eliminate shifting from the desired position. If the platcs
arc uneven, the resultant misalignments should be distributed uni-
formly so as to make the largest misalignment as small as possible.
The maximum offset of the edges has been discussed above. As a
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rule, the requirements to the design of the workpiece are more strin-
gent than to a welding procedure.

When the ratio of length to thickness is more than 20, a free fit-up
results, as a rule, in a greater offset. It is eliminated by bending the

"

1075

ssw s

Fig. 87. Tools for fitting up sheet and plate for arc welding:
a —channel and wedges; b—angle and wedges

plates in the appropriate direction. In arc welding, this is an
extremely labour- and time-consuming operation, especially on

heavy scctions.
Plates are often straightened by means of twin spacers, each having
two round holes. The spacers are placed in the gap between the
edges, and wedges

O are driven into their
holes. As the gap in
o [ ﬁ arc welding is scldom

more than 4 mm, the

pressure supplied by

J'f the twin spacers is

— >"“ small, and has to

0 be supplemented by

channels and wedges

Fug. 88. Cylindrical wedge employed in fitting up  (Figs. 87a and b) and
jobs for electric slag welding. other fixtures.

In electric slag
welding the gap is never less than 16 to 20 mm, and the spacers may
be thick. The tapered wedges usually employed in fitting up for
manual welding should be replaced by bevelled cylindrical wedges
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(Fig. 88). They develop a pressure, which is many times that of
the tapered wedges, thus making it possible when necessary to
handle plates up to 30 mm thick.

Prior to welding, fit-up tools should be removed and replaced with
tacking devices. In arc welding, the plates are usually tacked by
manual welding. In clectric slag welding, the gap between the edges
should be left vacant for the electrode guide to move in, and the as-
sembled parts have to be held in place by separate fixtures.

In some cases, distance pieces may be left in the gap and removed
as soon as the electrode guide approaches them.

P

-

S
b N
N
X
a 2 !
D=1
b 1
280 250

Fig. 89. Clamps employed in fit-up for eclectric slag welding. Clamp a
is employed in conjunction with a moulding shoe on the reverse side
of the weld.

Very often use is made of clamps welded on the rear side of the
joint. The cut in a clamp is intended for a moulding shoe or a hacking
strip to pass in.

When heavy sections are to be welded and the welding speed has
to be low, clamps are replaced by plates that are welded on the
front side and removed during welding. The plates are tacked on one
side and are knocked off by a blow at the root side, when the welding
machine approaches. However, they are inconvenient when the rod
of the rear moulding shoe suspension is passed through the gap, as
the plates have to be removed too far ahead of the welding machine.

In every case the line-up tools should be sufficiently strong and
rigid to prevent the gap from changing when the weld is started, as
at this instant the relative displacement of the parts being welded is
quickest and most unpredictable. If the parts are clamped too fast,
there is the danger that hot cracks may develop in the weld, especi-
ally when the composition of the weld metal is unbalanced. The
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clamps shown in Figs. 89a and b mcet practically all these require-
ments.

If the parts to be welded do not sag in the fit-up, there is no need
to clamp them at several points. Broad plates and other rigid work-
picces arc clamped by a starting tab from below and a clamp or a
plate from above. When the length of the workpiece is such that
the clamp can be removed after about half the weld has been complet-
ed, the slot in the clamp is made as high as the thickness of the
finishing tab. If, instead of the finishing tab, some length is added

to the workpicece, the clamp may
o 150 — o= 15— be substituted by a plain plate.
T If the clamp or plate cannot be
removed during welding, the slot
in it is made high enough to pass
the electrode guide and. if necessa-
ry, the rod of the rear moulding
block suspension, but in such a way
that the shrinkage cavity, if any,
will be led out of the work.

Workpieces of medium rigidity,
plates whose width is less than
half their height, and longitudi-
nal scams on cylindrical products
should be clamped from below and
| )| ” in the middle, while at the end

5 of the joint there should be a spac-

: . er to prevent the cdges from pull-
- T ing together.

Fig. 90 End clamp and finishing In workpieces where angular dis-

tabs. tortion is intolerable, it is a good

plan to avoid side clamps; the mid-

dle of the joint should be fixed by spacers placed symmetrically

relative to the axial plane of the plates, provided they can be re-

moved in welding.

Corner and Tee joints are clamped by gussets whose thickness
must he two- or three-tenths of the plate thickness. They should be
spaced G to 8 plate thicknesses apart. Gussets of smaller thickness
arc used when the weld is made with a copper back-up strip, while
gussets of greater thickness are employed in conjunction with rear-
suspension moulding shoes.

- 640
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3. Technique for Straight Seams

By the term technique in our discussion will be meant a set of ope-
rations which produce a weld of desired shape without any visible
defects. The attainment of the desired mechanical properties and
control of cracks and cavities are covered by welding procedures.
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More specifically, a technique in electric slag welding includes:

(1) Introduction of electrodes into a closed groove, feced of clec-
trodes, and continuous supply of current to them;

(2) Maintenance of a stable electric slag welding;

(3) Moulding of the weld and retention of the slag pool;

(4) Attainment of sufficiently uniform penetration and reliable
fusion.

Electric slag welding is feasible with electrodes of various cross
sections and shapes, from electrode wire less than one millimetre in
diameter to plates or rods with a cross-sectional arca running into
tens and even hundreds of square centimetres. Most often use is made
of wire 3 mm in diame-
ter and plate electrodes
8 to 12 mm thick, that
are as wide as the metal
being welded.

When the diameter of

the electrode is large and

the thickness of the ! T ! ..
workpicce is up to 50 or il

60 mm, the electrode wh - "(/,'i --dn Poor [usion

guide may be left out-
side the groove. The wire
is then passed through

the ~welding ~ machine, Fig. 91. Electric slag welding witl iel
bent and fed .mto the Lrlog(ic (ri, ;))?cwl:en the l(fve;lﬁl'wéh; cr‘rlxz‘ég(l (;)ggl
groove so that it follows 4rops from 7-7 to 11-I1, poor fusion (c) takes
the arc of a circle and place.

arrives at the surface of

the metal pool with its axis in line with the axis of the joint (Fig.
91a). In this way, the position of the clectrode relative to the axis
of the groove is maintained constant for all variations in the level
of the metal pool, and the surface of the metal pool is continnous-
ly heated.

However, the positioning of the electrode with this arrangement is
not so accurate when heavy sections are welded, and slender elec-
trodes are employed. The electrode guide should be introduced
into the groove, so that it is straightened inside the groove, and the
axes of the joint and clectrode are brought in line, irrespective of the
position of the metal pool. The electric slag welding machines manu-
factured for some time past have all been made with an eclectrode
guide which is introduced into the groove and straightens the elec-
trode.

As a rule, the slag pool is retained and the weld face shaped by a
travelling moulding shoe. The bead on the reverse side may be shaped
either by another travelling moulding shoe or by a cooled station-
ary back-up strip. An alternative is to cover the reverse side of the

a
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groove with a steel plate of sufficient thickness. Usually, the plate
is welded to the workpicce and is then called a fusible backing
strip.

Tlixc moulding shoe is attached to, and moves with, the welding
machine. The suspension of the moulding shoe should be such that
the moulding shoe fits closely to the surface of the workpiece, even if
the cdges arc uneven. The backing moulding shoc may be attached
either to the welding machine by mcans of a rod or to a separate
carriage travelling on an external beam.

The number of electrodes that should be employed to weld a given
workpicce is a problem which involves many factors, especially when
it affects the selection of a welding machine. The problem should
be tackled with duc consideration given to the welding technique,
the quality of the welded joint and the economics of welling.

Table 19 gives the maximum thicknesses welded with one, two,
and three clectrodes.

Table 19

Thickness to be welded, mm
Number of electrodes -

oscillating electrode stationary electrode
Up to 60 Up to 150
2 60-130 Up to 350
3 110-200 Up to 600

As can be seen from the table, the maximum thickness per elec-
trode rises somewhat with the number of electrodes used. This is due
to a relative decrcase in surface heat abstraction and in the loss of
heat to the moulding shoe.

For economical reasons, the number of electrodes should be in-
creased before the maximum thickness is reached for the fewer elec-
trodes. However, the production rate does not rise in proportion to the
number of electrodes. If, with fewer electrodes, the electrode speed
was such that any further increase in it might cause hot cracks in
the weld, the speed has to be reduced, if the number of electrodes
is iucreased.

Thicknesses up to 50 mm should be welded with a single stationary
eloc.ltrode, and those between 40 and 70 mm, with two weaving elec-
trodes.

Thicknesses less than 30 mm should be welded by the electric slag
process rather than manually only when it is inconvenient or impos-
sible to weld in the downhand position. Otherwise, they can be
welded more advantageously by the submerged arc process.
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It is a good practice to weld sections from 70 to 150 mm with two
electrodes, resorting to the weaving-motion technique when the thick-
uess is upwards of 85 mm. In the range from 70 to 85 mm the swing
of the electrode is too small, and it is not advisable to complicate the
operation by the weaving motion of the electrode.

Sections upwards of 150 mm are usually welded with three oscillat-
ing electrodes.

Power for multiclectrode welding is drawn from a three-phase
tine. Therefore, for the load on the line and the equipment to be
balanced, the number of clectrodes employed should be multiple of
three (or, alternatively, there should be three electrodes, if the
electrode guides are introduced into the groove sidewise). This is
essential when the supply mains are of low power.

In many cases it pays to increase the thickness of metal per elec-
tiode, even though it increases time requirements. These cases are:
{a) when the joints are short and the workpicces differ widely in
design (in such cases the time spent on resetting a multielectrode weld-
ing machine is not compensated by the gain in the weld time); (b)
when the workpicces are of varying thickness; (¢) when little heat
is abstracted away from the weld and the workpicce may be overheat
ed otherwise, such as with fillet welds or workpicces of small size;
{d) when there is no three- (or two-) electrode welding machine
available; (¢) when the workpieces are of difficult-to-weld steel, and
the broad weaving motion of the clectrodes reduces the danger of
cracks developing in and ncar the weld.

An important aspect of a welding technique is the selection of an
adequate method for moulding the bead on the reverse side. All the
cxpedients discussed above—the moulding shoe, the copper back-up
strip, the fusible backing strip, and the fish-mouth joint—both offer
advantages and pose problems which must be weighed against one
another in each particular case.

The moulding shoe vs. the copper back-up strip. The advantages of-
fered by the moulding shoe are:

(1) The possibility of watching the reverse side of the weld.
This is of special importance when several weaving clectrodes are
employed, as a check can be kept on the position of the rear electrode.
When the weaving technique is not employed, the position of the
rear electrode is not so critical, and this advantage loses in value;

(2) When in welding with several electrodes, either of the two
extreme electrodes goes out of action, the weld can be completed with
the remaining clectrodes by readjusting their swing. With the back-up
strip this is possible only when the fore electrode is at fault;

(3) Less time is taken to set the moulding shoe than the back-up
strip, nor are any auxiliary fastenings required;

(4) Savings in copper and labour;

(5) The sensing element of the slag pool level gauge can be dupli-
cated in welding circumferential scams on thick-walled workpieces,
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where the outside moulding shoc is inoperative in the initial welding
position.

The advantages offered by a solid copper back-up strip are:

(1) No constant watch or hammering is required during welding.
This is of particular importance when there is no room for the opera-
tor behind the weld;

(2) Clamps may be not so large as in welding with a backing mould-
ing shoe;

(3) The gap between the edges is not crowded by the backing shoe
suspension, which is of special importance in welding circumferen-
tial scams where the suspension prevents the operator from closing
the weld;

(4) The back-up strip tolerates heavy waviness on the rear side of
the weld, which is of importance when castings are to be welded;

(5) A back-up strip can be mounted on the next joint while the
previous one is being welded, and the welding equipment is thus uti-
lised better.

A fusible backing strip is convenient in that it can be used in the
fit-up. However, when it is tack-welded to both parts being welded,
the joint becomes too rigid, and cracks may develop in the weld.
This is why fusible backing strips are usually tacked on one side and
bonded with a mixture of clay and asbestos fibre to the other. A dis-
advantlage of this technique is that separate fixtures are required for
thc]fit-up. On the other hand, fusible backing strips need no water
cooling.

The disadvantages of a fusible backing strip are: increased metal
consumption and the unfavourable shape of the weld section, espe-
cially of an angular one.

The slot between the backing strip and the workpicce acts as a
notch, and an incrcased load may result in cracking. Sometimes the
gap between thoe fusible strip and the edges may become a centre of
cracking already in welding.

Electric slag welding is started by melting the flux and raising
its temperature to a point where the welding proceeds steadily. In
practice, this is done by caunsing an clectric arc to strike between
the electrode and the workpiece inside the groove *, and by pouring
an amount of flux into the groove immediately after the arc has
struck. As it melts, the flux establishes a path for the flow of weld-
ing current, and the arc goes out after a few flares, and the welding
is continued by the clectric slag process: As the conditions for a
steady clectric slag welding conflict with the conditions for a stable
arc, the activation of an arc and the establishment of a slag pool
may pose a number of difficulties.

When welding power is drawn from a d. ¢. source or from a varia-

¢ If the flux used is current-conducting at room temperature, slag welding
commences immediately, without any arc to melt the flux.
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ble-inductance transtormer, the field current of the generator or the
inductance of the transformer can be varied so as to obtain the best
possible conditions for the maintenance of the arc in the beginning
and for its suppression as soon as a slag pool has been formed. At
present, however, such schemes are scldom employed.

When welding power is drawn from an a. ¢. source, with a
straight-line volt-ampere characteristic, it is difficult to maintain
a stable arc. In such a case, it is casier to start the welding process
by reducing the electrode speed to 100 or 120 m/hr. To this end, the
electrode feed mechanisms of electric slag welding machines usually
employ variable-speed clectric motors.

The weld is initiated on a starting tab which is a piece of plate of
the same thickness as the workpicce. The starting tab has a slot up
to 50 mm deep (Fig. 92) which allows the welder to achieve a steady-
state condition by the time the workpicce proper is reached. Simul-
tancously, the edges of the workpicce are prehecated.

In the initial welding position the electrode may be short-circuit-
ed or buckle towards the front or rear edges. To avoid damage to the
moulding shoe or back-up strip,

they may be protected by paper- A v
insulated strips of tinplate or thin
wooden splinters. L 4

The welding should be started at
an elevated voltage. After the edges
have been swecated, the voltage —L_'
may be reduced to the one specified
for a given welding procedure.

Prior to welding, the welding
head and the moulding shoe are po-
sitioned so that the welding start
30 to 50 mm below the normal level
of the pool. The slot in the starting tab should be filled without
raising the apparatus. As soon as the metal pool has reached the
specified level relative to the moulding shoe, the vertical motion
motor should be switched on. The increased dry length of the
electrode will speced up the attainment of a stecady statc condition.

During welding, constant watch should be kept on the welding
conditions, the position and dircction of the clectrodes, and the clear-
ance, if any, between the moulding shoe and the surface. The mould-
ing shoe should be knocked at regularly without waiting for slag to
lodge on its sides. Should the slag pool run out, add some flux into the
groove so as to restore the level of the slag pool. If this be of no avail,
reduce the electrode speed to 120 or 150 m/hr. Leaky spots should be
thoroughly checked for possible defects.

In case of interruptions in welding thick-walled articles intended
for critical applications, the weld has to be removed and started anew.
The weld is usually removed by flame gauging.

Fig. 92. Starting tab.
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When the workpiece is relatively thin (up to 100 mm), the seam may
be restarted where it has been stopped, but the weld should be
chipped back prior to restarting. If the metal being welded
contains more than 0.3 per cent carbon, it has to be annealed
before the abandoned weld is restarted, otherwise the welding stresses
brought about by the repeated activation of electric slag welding
may result in brittle fracture in the parent metal.

A weld usually terminates in ashrinkage cavity 20 to 30 mm deep.
In order to bring it outside the weld, finishing tabs at least 80 mm
long are mounted above the groove. The weld is continued until the
slag flows over the finishing tab.

As has been noted, electric slag welding is applicable to both
vertical and inclined.joints. For thicknesses up to 100 mm, satisfacto-
ry welds can be obtained when the joints are up to 45° from the ver-
tical. However, the bead on the re-
verse side is harder to mould in the
inclined than in the vertical po-
sition.

As cxperience has shown, penetra-
tion in the lower edges in inclined
joints is considerably less than
in the upper cdges, and the weld
is poorly shaped. This may partial-
ly be due to the operator’s desire
to position the clectrode roughly
parallel to the backing moulding
shoe or strip so as to avoid excess
penetration in case the level of the
) pool should drop. However, relia-
Fig. 93. Diagram of electric slag hle penetration of the lower edges

welding of inclined seams: is difficult to obtain even if the
1—increased level of metal pool (poor

penetration); #—normal level, s—iow- electrode be held strictly vertical,
ered level (burn-through). because they are overflown by
molten metal.

Changes in the level of the metal pool vary the position of the
zone where the electrode melts, relative to the moulding shos
(Fig. 93). When the level of the pool rises, the electrode tip moves
away from the moulding shoe, and poor .penetration of the edges is
likely to occur. When the level of the pool drops, the electrode tip
moves towards the moulding shoe and may burn through it.

If the tilt is 30° to the vertical and the welding conditions
are strictly observed, reliable and sound welds are obtained. The
welding conditions for inclined joints may be recommended the same
as for vertical joints, but in this case the welding voltage should be
3 to 5 v higher. .
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4. Technique for Circumferential Seams

In welding circumferential seams, the welding machine and the
moulding shoe are stationary f{or the most part of the time, but the
workpicce is rotated. The welding technique in this case differs from
that used for straight scams in (1) the design of moulding devices
for the reverse bead; and (2) in that the tail of the weld should meet
the head of the weld.

The reverse bead may be shaped by (1) a water-cooled copper
ring, (2) a fusible steel ring, or (3) a backing moulding shoe. Fish-
mouth joints are also applicable to circumferential seams.

The merits and demerits of the copper ring are the same as of the
copper back-up strip for straight scams. When making a circumfe-
rential weld, the whole or part of it is welded in the inclined position.
It is therefore more difficult to adjust the approach of the clectrode
and to keep watch on the penetration of the inside edges than when
welding straight seams. The copper ring calls for an accurate check
on the level of the pool and the accurate positioning of the clectrode
as it leaves the guide, especially when heavy sections are welded.
This is the rcason why the copper ring may only be recommended for
circumferential scams in relatively light sections, welded with a
stationary clectrode, or when no other method of moulding the bead
on the reverse side is applicable.

With the fusible stecl ring, the approach of the electrode is less
of a critical factor than with the copper ring, as the inadvertent arc
that may strike when the clectrode moves too closely to the ring,
cannot seriously upset the welding. Nevertheless, such an inadver-
tent are should be avoided, as the clectrode guide may be splashed
with metal and the weld may sometimes be porous. An inadvertent
arc is especially undesirable when welding with alternating current
drawn from transformers with a straight-line volt-ampere charac-
teristic.

The disadvantages of the steel ring arc the same as in the case of
the steel backing strip for straight seams. They are: increased metal
consumption, difficultiesin the fit-up, and the danger of cracks devel-
oping in the weld, when the ring is employed to clamp the parts to be
welded in assembly. The unfavourable section of the resultant weld
is of importance only when the workpiece is not to be machined after
welding.

Steel rings are employed when workpieces are of small diameter or
the weld is far from the end faces, and it is difficult to resort to a
moulding shoe. The ring should be thesize of a backing strip, that is,
25 to 30 mm thick and 80 to 100 mm wide. Rings may be employed
only when they may be left in the workpiece or when the workpiece is
to be machined after welding.

A backing moulding shoe is used whenever the shape of the work-
piece permits. Its main advantage is that a check can be kept on the
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approach of the electrode to the inside edges and on its direction.
Its drawback is that it is difficult to mount in closed vessels or when
the weld is far from the end face of the workpicce. Figs. 94a and b,
show two arrangements for suspending the inside moulding shoe in
the making of girth joints.

The difficulty in making the two ends of a weld meet increases as
the ratio of wall thickness to diameter grows.

Circumferential welds should, as a rule, be made with the metal
pool held in the plane of the horizontal diameter, as this is the most
convenient position. The metal pool should be raised 20 to 30° above
the plane of the horizontal diameter only when closing the weld.

Fig. 94. Possible suspension of inside moulding shoes in welding cir-
cumferential seams by the electric slag process.

To this end, welding machines for girth welds should have a verti-
cal motion drive similar to that of the welding apparatus for
straight seams.

When welding a thin-walled workpiece, the metal pool may be
held 15 to 20” above the horizontal diameter, without lifting the appa-
ratus. Although this is a less convenient position, this is not felt, as
the angle of tilt is small, especially when the weld is wide. Still, if
the welding machine has a vertical motion drive, the greater portion
of the weld should preferably be made in the vertical position, no
matter how thick the workpiece may be.

Modern electric slag welding machines for circumferential welds
always have a vertical motion drive so that they can be employed,
when necessary, to weld thick-walled articles. When circumferential
welds are made casually, welding machines for straight welds
;na)(li be employed, provided they have a drive to lift the welding

ead.

108



Thus, circumferential welds have to be made without lifting the
welding head only when apparatus not intended for electric slag weld-
ing is employed.

The beginning of a circumferential weld is usually removed dur-
ing welding by an arc or by a gas torch. As the workpiece rotates
slowly, this operation is not at all difficult to perform. Other methods
of avoiding distortion in the beginning of a circumferential weld
have not found any appreciable use.

Fig. 95. Closing ol a circumferential weld shown schematically.

The beginning of a weld is removed as shown in Fig. 95. Besides,
the moulding shoe has attachments for bringing the shrinkage hole
outside the weld.

When welding thick-walled small-diameter workpieces, the weld-
ing machine must necessarily be lifted. Besides, the distance between
the electrodes has to be readjusted in welding.

Fig. 95 shows the starting and closing of a circumferential weld
on a workpiece with a wall thickness of 400 mm and an outside
diameter of 1,300 mm.
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The start is made below the plane of the horizontal diameter (posi-
tion 7). This is done so as to reduce the vertical dimensions of the
electric guide and thus improve their serviceability. An auxiliary
square pocket holds the slag pool and preheats the edges when the
weld is just being started. The pocket is made of a 25 mm square
section tacked to onc of the pieces being welded prior to assembly
At first, the clectrodes are brought as close to cach other as possible
(within 60 mm). As the bottom of the pocket is horizontal, the weld
is started with the three electrodes simultaneously.

The transition from position 7 to position /7 is performed by lift-
ing the movable part of the apparatus. In position 77, the surface
of the metal pool islevel with the plane of the horizontal diameter of
the workpicece. This is where the major portion of the weld is made.
The apparatus is kept in this position and meanwhile the workpiece
is rotated. This position is convenient for welding as the electrodes
are practically parallel to the contact surface of the moulding shoes,
and their approach to the shoes is easicr to watch than in an inclined
position.

As soon as the beginning of the weld reaches position 777 the work-
picce stops rotating, and the movable part of the apparatus is lifted.
This is when the weld commences to close. The apparatus islifted
until position 7V is rcached. with the workpicce meanwhile remain-
ing stationary in position I7/. Then the apparatus is stopped, and
the workpiece is again rotated until brought to position fV. The
transition from position IV to position V is elfected by again lifting
the apparatus with the moulding shoe remaining stationary. Posi-
tion V completes the weld.

The pocket is cut off by a gas torch or by an arc while the workpiece
is moving from position 71 to position ///. The operation can he
conveniently completed in one to thrce hours, depending on the
size of the weld.

When the wall thickness to diameter ratio is high, electric
slag welding is still more complicated, as the difference in the
peripheral speed of the outside and inside sections of the joint
increases. In some workpicces the speed ratio or, which is the
same, the outside to inside diameter ratio may be as high as
2.5. Should the welding conditions remain the same as for a stationa-
ry workpiece, the molten metal would flow away from the inside to
the outside (Fig. 96). As a result, there will be excessive penetration
on the inside and poor penetration on the outside.

In welding with several electrodes, the overflow may be reduced
considerably by feeding the electrodes at different speeds proportion:
al to the average peripheral speed of the weld section covered by the
respective electrode. In other words, the speed will be low for the
rear electrode and high for the fore electrode.

At low electrode speeds (200 to 300 m/hr for electrodes 3 mm in
diameter) penetration isinversely proportional to the electrode speed.
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Therefore, the overflow of metal should be undercompensated in the
first case and overcompensated in the sccond case so that penetration
may be uniform. In practice only the first case is encountered, as
circumferential . welds are made at rclatively low electrode speeds.

The flow of metal can be compensated by adjusting the electrode
speed, only if the speed of each clectrode can be controlled separately
during welding. Otherwise,
the difference in the electrode
speed will reverse the flow of
metal when the workpicce is
stationary and the welding
machine is being lifted. In-
creased rigidity of this por-
tion may result in cracks
when the weld is  heing
closed. Thercfore the welding
conditions should be chosen so
as to primarily suit this por-
tion of the joint. For this reas-
on, the clectrodes should be
fed at the same speed, ignor-
tng the unumf(.)rm pencira- Fig. 96. Flow ol molten metal towards
tion on the basic length of  yuiside surface of a thick-walled article
the weld, or making up for it when welding a circumferential seam by
by varying the voltage be- the electric slag process
tween the clectrodes. To this
end, the power source should permit separate voltage regulation
for each phase.

These difficulties arc climinated when the electrodes of aslag weld-
ing machine for girth welds have individual drives.

In principle, girth welds can also be made with consumable elec-
trode guides. This technique may prove cfficient when the machines.
have no rotary motion.

5. Consumable Electrode-guide Technique

A consumable electrode guide is a device serving to guide an elec-
trode and supply current to it. It consists of a set of plates, rods or
tubes forming a passage for electrode wire. Being an expendable piece
of equipment, its construction should be as simple and as cheap as
possible. In fact, it should be regarded as welding material rather
than as part of the welding machine. The apparatus for welding with:
a consumable electrode guide consists of a wire feed mechanism,
which is mounted, as a rule, directly on the workpiece. The cross-sec-
tional area of the electrode guide is 10 to 50 per cent of the cross
section of the joint gap. ,
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The construction of consumable clectrode guides depends on the
number of welds made and on how widely they differ in design. When
a large number of straight welds of the same thickness have to be
welded, electrode guides pressed from sheet metal (Fig. 97a) offer
advantages. The difference in the length of welds is a minor} consid-
eration, as clectrode guides may be made in standard lengths and
then spliced or, conversely, cut into pieces. When there are many

3=

JE-J—
o

Q
Q

[*]
(<]

()
[+

(]
o

[
Q

Q

o

=1

Fig. 97. Designs of consumable electrode guides.

joints of varying thickness, each fluted member of an electrode
guide should be pressed separately, and then linked by an adjustable
clamp.

As to curvilinear seams, this type of clectrode guide may only be
employed when making welds of a similar shape on a mass scale.
Pressed electrode guides are most convenient where they should be as
small as possible in cross section, usually when joints are thick and
the power source is of limited capacity. Their use, however, is lim-
ited by the difficulties encountered in making dies.

The electrode guides shown in Fig. 976 take more labour to make,
but their manufacture is easier to plan. They are welded by spot weld-
ing out of strips 4 to 5 mm thick and plates 1 mm thick. The width
of the strips should be 5 mm less than the distance between the elec-

112



trodes, while the plates should be 20 mm wide. The plates for outer
electrodes are bent in the simplest fixtures or on mandrels clamped in
vices. When necessary, such a guide can be welded by an arc process
using a slender electrode.

The cross section of these electrode guides is at least 20 per cent
of the groove cross section. Therefore, the chemical camposition of the
strip, accounting for the greater proportion of the cross section of the
guide will have an appreciable effect on weld composition.

This type of electrode guide for variable-section welds is made ci-
ther from strips (Fig. 97¢) or sheet cut to conform to the longitudinal
section of the joint (Fig. 97d).

The eléctrode spacing for straight welds should be 30 to 70 mm,
while the distance from the axis of an electrode to the surface of the
workpiece should be 20 mm, in case more than one electrode is em-
ployed. ’

Thus, the maximum metal thickness 8 welded with a consumable
multielectrode guide is

8="70 (n — 1)+-40==70n — 30,

where n is the number of clectrodes.

The conditions for welding with consumable clectrode guides
differ somewhat from those for electrode wire. In fact, they may be
regarded as a combination of two sets of conditions: one set being
for welding with a wire whose dry length is zero, and the other for
welding with an electrode whose section is equal to that of the clec-
trode guide fed into the slag pool at a rate equal to the welding
speed—which can be found by the equation

UV, =0 L

WSl F L L
where /7, . is the cross section of the electrode guide; v, and v,, tho
welding and clectrode speed, respectively; F,, the cross-sectional
arca of the electrode wire; and Ft’ the cross-sectional arca of the
gap.
On light sections, the electrode speed should be of such an order as
to give the maximum welding speed without producing hot cracks in
the weld. On heavy sections, the electrode speed should be so chosen
as to ensur¢ the maximum obtainable current from the available
power source.

The current in welding with a consumable electrode guide is on the
average the same as with oscillating electrodes (given the same thick-
ness of metal, welding speed and a very short dry length).

For the sake of uniform penetration, metal thickness per electrode
has to be small, while the electrode speed has to be reduced considera-
bly compared with oscillating electrodes in order to avoid cracks and
to balance the load on the power source and mains. However, if very
heavy sections have to be welded and the power source is of a compar-
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atively low power rating, any reduction of electrode speed poses a
problem. When it touches the surface of the slag pool, the end of the
clectrode guide melts at arate which is much -higher than the welding
speed, and a gap 3 to 5 mm wide forms between the slag pool and
the electrode guide very soon. The actual width of this gap depends
on the surface tension of the molten slag. In the few seconds in which
the gap is closed by the rising slag pool, the current is governed solely
by the electrode specd. When the guide melts, the current rises by
20 to 30 per cent. The variations in the current value result in an
ununiform width of the weld. This phenomenon is more pronounced
with larger guides and is less noticeable with increased welding
speeds. At a welding speed of over 1 m/hr, it has practically no effect
on the quality of the weld.

The welds on both sides of the workpicce are moulded cither by
copper back-up strips or fusible steel backing strips. As a rule, mould-
ing shoes are not employed in welding with consumable electrode
guides. The choice between a copper and a fusible backing strip is
made on the same basis as for conventional clectric slag welding with
electrode wire. Sometimes, the weld on one side (less often, on both
sides) is moulded by two short (150 to 200 mm) backing strips that
can be moved from place to place along the joint in welding. In this
way, a botter check is provided over the welding and the surface
finish of the bead.

As there are no moulding shoe suspensions, and no lifting and
electrode-weaving mechanisms, equipment for welding with consum-
able electrode guides may be highly portable. To utilise this feature
to best advantage, the feed rollers are not insulated from each other
or from the drive; and welding power.is drawn from a single-phasc
transformer. 1f necessary, consumable electrode guides may be pow-
ered from a three-phase system, but then the feed mechanism would
be heavier.

Heavy sections are more convenient to weld with two or three
single-phase sets powered from a three-phase transformer (or from
three single-phase transformers operating from a three-phase line).
No difficulties are encountered in splitting up a consumable elec-
trode guide into several phases, as on heavy sections the distance be-
tween the electrodes is great enough.

The clectrode voltage in welding with a consumable guide is, on
the average, 10 v below that of conventional electric slag welding.
Accordingly, the least voltage of the welding transformer is 26 v.

The single-phase welding sets manufactured to date are designed for
welding thicknesses up to 200 or 250 mm. The maximum continuous
current rating of the set is 2,000 a, and it has a kva rating of 100.

A consumable electrode guide cannot position the electrode as
accurately as a regular guide. However, the wire deflects but little
from the axis of the groove and penetration is sufficiently symmetri-
cal, because there is no dry length on the wire.
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Because of the way a consumable guide is fastened to the welding
apparatus and duc to the rigidity of the guide itself, it cannot be
placed symmetrically in the groove or isolated from the workpiece.
On the other hand, the immobility of the guide relative to the edges,
simplifies its insulation, as compared with a moving guide. However,
the welding technique with a consumable clectrode guide limits the
range of insulating materials that may be used. The point is that
when moulding strips are placed all along the length of the joint, the
insulation is immersed in the slag
pool. Therefore, it must not contain
substances, which may contaminate
the weld metal or upset the stability
of welding. For this reason, asbestos . ¢
cannot be employed at all.

Insulating materials should be suf-
ficiently stable at clevated tempera-
tures, or the non-insulated end of the
electrode guide will be too long. At
the same time, the insulation must be
cheap, as it is used only once.

The desired degree of insulation is
provided by fibreglass, but it is too
expensive and cannot be employed in
large quantities.

Therefore, the best possible choice
is glass made in brackets or, when
brackets are unavailable, in plates.
Fig. 98 shows a cross-sectional view of
a joint prepared for welding with a
consumable electrode guide.

A consumable clectrode guide is pig 98 Section of a joint pre-
placed in the groove scparately from pared for electric slag welding
the welding apparatus. This operation  With  consumable — electrode
can be performed while the previous guide.
joint is being welded. Then the weld-
ing apparatus is put on the workpicce and connected to the
eleetrode guide.

Sometimes, when the electrode touches the work in the absence of
the slag pool at the beginning, it may freeze to the guide tip. How-
ever, the union is destroyed as soon as the slag pool produced by  the
other electrodes rises level with the faulty one. Until covered by the
slag pool, the pinch roller of the idle electrode should be pushed aside,
for otherwise the grooves of the feed rollers will become overworn.
To avoid poor penetration in a case when an electrode has stuck to the
guide, the lower tip of the guide should be held 30 to 40 mm below
the bottom edge of the workpiece and 30 mm above the bottom of the
slag pocket.
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The amount of flux poured into the groove prior to welding is twice
the volume of the slag pool 40 mm deep. The weld is started as usu-
al at a reduced electrode speed. After the welding process has reached
a stcady state condition, the electrode specd is gradually brought up
to the specificd one. If at the increased speed the stability of welding
is upset, some more flux may be added to the slag pool, but not more
than a quarter of the initial amount. Later on, flux should be added
in small portions as soon as it is seen that the stability of welding
is liable to be upsct (the pointers of the instruments deflect sharply,
the slag sputters, and a specific noise is heard).

For the suggested conditions of welding with a consumable elee-
trode guide sce Table 20.

Table 20

Steels

Cr. 3; 20; 22K 30, 25K Cr. 3; 20; 22K 30, 26K

Plate thickness, mm . . 100 100 100 - 100
Welding gap, mm . . . 24 24 24 24
Wire grade . . . . . . Cp-10I"2 Cp-10I'2 Cp-10T2 Cs-10I'2
Wire diameter, mm . 3 3 3 3
(iross-section of electrodo

guide, mm . . . . . .. 500 500 420 420
Number of electrodes . . 3 3 2 2
Electrode spccd, m/hr . 120 100 144 120
Voltage, v . . . . . . . 32 30 38 36
Current, a . . . 11,200-1,400 | 1,050-1,300 | 900-1,150 800-1,050
Production rate, kg/hr . 25 20.7 191 16
Welding speed, m/hr . . 1.3 1.1 1.0 0.85

6. Welding Technique with Large-size Electrodes

The parts to be welded with a plate electrode are assembled with
a gap from 30 to 35 mm wide. Electrodes are cut out of sheet steel
8 to 12 mm thick. The width of the electrodes varies with the thick-
ness of the workpiece. When the workpicce is 100 to 150 mm thick,
welding is performed with one electrode cqual in width to the thick-
ness of the parts being welded. Heavier scctions are usually welded
with three plate electrodes. The width of cach electrode can be found
by deducting 20 or 30 mm from the thickness of the workpiece (or
twice the distance between the electrodes) and dividing the difference
by threce (the number of clectrodes).

The length of an eclectrode varies with the height of the weld.
If the groove is 30 mm wide and the clectrode is 10 mm thick, the
length of the eclectrode will be three times the height of the weld, as
the groove is three times the thickness of the plate electrode. Another
400 or 500 mm are added to the length of the clectrode since the
width of the groove varies with the height of the joint and some
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clectrode metal will go into the weld reinforcement. Prior to
welding, plate electrodes are set in the middle of the groove so -that
the edges of the first and third clectrodes are in line with the outer
cdges of the workpicce.

In welding with an oscillating wire clectrode, the slag pool is
heated uncvenly, the most hcated area being directly bencath the
electrode. Receding from the clectrodes, the temperature clsewhere
in the slag pool becomes progressively lower, and the clectrical con-
ductivity of the slag pool is sharply reduced.

On the other hand, large-size clectrodes produce a slag pool which
is heated more uniformly. The stability of welding is enhanced to a
point where lower values of current can be employed, and the volt-
age may be reduced from 30-55 v, as is the case with wire electrodes,
to 20-40 v.

In welding with large-size clectrodes the welding current is
directly proportional to the cross-sectional area of the electrode and
the rate at which the electrodes are fed into the slag pool. Therefore,
the welding current may be anywhere between 1,500 and 2,000 a
or more.

The electrode tip may be submerged in the slag pool fully or par-
tially. In the latter case, the clectrode is melted continuously, but not
throughout the cross secltion atatime. The electrode arcain contact
with the slag, in this case, will be directly proportional to the elec-
trode speed and inversely proportional to the welding voltage. There-
fore, when voltage is increased too much or the clectrode speed is
too low, the clectrode may burn. As has been found empirically,
AHI-8 flux cnsures a stable welding without the burning of the clec-
trode, using a current density of 0.5 to 0.6 a/sg mm or more. In other
words, welding with a plate celectrode measuring 100 X 10=1,000
sq mm will call for a current of at least 500 or 600 a. As with moving
clectrodes, so in welding with plate clectrodes of large cross scction
penetration is governed mainly by the welding voltage, welding cur-
rent and depth of the slag pool. The width of the weld is increased
with the welding voltage. Plate electrodes heat the slag pool more
uniformly, and the weld thus obtained with a constant gap and weld-
ing voltage is wider than in welding with a moving slender electrode.
The effect of the welding voltage on the width of the weld may
be illustrated as follows. Specimens of steel Cr. 3 100 mm thick were
welded with plate electrodes 100 X 10 mm and AH-8 flux using
1,000 to 1,100 a, and a slag pool 25 to 30 mm deep; the reduction of
the welding voltage from 34-36 v to 30-32 v reduced penetration from
70-72 mm to 63-65 mm.

An incrcase in the welding current, with the voltage remaining
constant, reduces the width of penetration. The above-mentioned
specimens show that an increase in welding current from 1,000 or
1,100 a to 3,000 or 3,200 a at 30 to 32 v reduced the width of penetra-
tion from 65 mm to 50-52 mm.
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The depth of the slag pool has a more marked cffect on the width
of penetration in welding with plate electrodes than in welding with
a slender wire electrode. When the slag pool is decper than 35 or
40 mm, poor fusion is likely to occur. This is why the depth of the
slag pool should be maintained within the prescribed limits, the op-
timal depth for plate electrodes being anywhere from 20 to 35 mm
(for AH-8 flux).

When plain carbon stecls are welded with plate electrodes of rel-
atively small thickness (70 to 100 mm), the penctration is the shape
of a barrel. In increased metal thicknesses penetration becomes more
regular in section.

The slag pool being heated more uniformly along the joint, the
depth of the slag pool in welding with plate electrodes may be less
than in welding with finc clectrode wire. The continuous and uni-
form heating of the metal pool on the surface is conducive to a fuller
removal of gases from the molten metal and to sound welds.

7. Hard-facing by the Electric Slag Process

Hard-facing is a method of applying an alloy material to a metal
part so as to form a protective surface to resist abrasion, corrosion,
heat, and impact, or any combination of these factors. It saves ex-
pensive and scarce alloy matcrials and pro-
longs the service life of parts. The alloy may
be applied to flat surfaces or to bodies of rota-
tion. They may be small parts and large
blanks. As the resultant surface is smooth
and even, in many cases subsequent machin-
ing may be dispensed with.,

Hard-facing of flat parts. Flat parts may
be surfaced by two methods: with the surface
to be hard-faced placed (a) vertically, and (b)
in the downhand position. In both cases the
filler metal may be solid or sintered electrode

Fig. 99. Diagram of

hard-facing of a flat

surface in a verlical

position in a chill by

the electric slag proc-
CER

1--electrodes; 2—blank

to be hard-faced; 3—

chill; #—slag pool; 65—

copper moulding shoe;

6—slag crust, 7—depos-
ited metal.

wire, large-size clectrodes, such as shapes,
castings, ingots, ctc.

The metal deposited in the vertical posi-
tion can be shaped by a chill or by a split
moulding shoc.

In the first case (Fig. 99) the part to be hard-
faced is placed in an adjustable box-shaped
chill lined with water-cooled copper plates.
The space between the part and the chill var-
ies with the thickness of the metal to be depos-

ited and with the allowance for subsequent machining. The elec-
trode holders move to and fro in the space and go up as the space is
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filled with metal. The moulding shoes move together with the elec-
trode holders, to prevent the slag and molten metal from over-
flowing.

The above-described scheme can also employ steel plates of the
appropriate cross section and composition instead of electrode wire.
Plate electrodes considerably simplify the equipment, as there is
no nced for the reciprocating motion of the electrodes.

With split moulding shoes, it is possible to hard-face both the
entire surface and part of it. The alloy is deposited in the space
between the part and the split moulding shoes which are locked to-
gether by a fish-mouth joint (Fig. 100). In hard-facing, the moulding
shoes are held down te the workpicce by a special device and move
up as the space is filled with metal. The electrode holders travel to

Fug. 101, Diagram of
bard-facing ol a flat
surface in a downhand
position by the elec-

Fig. 100. Diagram of tric slag process:
hard-facing of a flat sur- I—electrode;  2—water-
face in a vertical position c;)oled copper sé{“l); 3—1—
: slag pool; £—metal pool;
by means of composite 6——gdeposlted metal; 6—

moulding shoes. blank.

and fro in the space. Hard-facing is initiated on a steel or a graphite
backing strip. Sometimes penetration in the initial stage may be
poor; therefore, hard-facing is usually started in the slot of a starting
tab or in a detachable chill.

Hard-facing is completed on a finishing tab or in a chill in order
to bring the shrinkage hole outside the hard-faced part. The hard-
facing conditons (the number of electrodes, current, voltage, rate of
weaving motion of the electrodes, depth of the slag pool, etc.) are
chosen depending on the thickness of the metal deposit and the grade
of steel being hard-faced.

Fig. 101 shows a method of hard-facing flat surfaces with the elec-
trode wire in the downhand position.

The built-up metal is moulded and the molten flux is retained by
red copper plates 5 to 8 mm thick, attached to the sides of the work-
piece. When hard-facing is performed at high values of current and
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voltage, the plates must be water-cooled. The electrodes are made to
swing across the entire width of the workpicce. The speed of weaving
motion varies with the width of the surface to be hard-faced and the
hard-facing conditions. It should be high enough for the electrode to
return to the specified point before the deposited metal solidifies.
Hard-facing proceeds most steadily when the slag pool is at least
30 mm decp. When the depth is reduced to 10 or 15 mm, the
process becomes cither an arc one or intermittent, and there
mlayd be poor fusion between the parent metal and the alloy ap-
plied.

Hard-facing is best performed in the upward direction, with the
workpiece inclined at an angle of 3 to 5 degrees. When the alloy ma-
terial is applied in the downward direction, electrode metal may not
fuse with the parent metal, and the deposited metal may have slag
inclusions. The width of the metal deposit may be increased by using
a larger number of electrodes.

Hard-facing may be accomplished with conventional semi-automat-
ic and automatic welding machines fitted with a mechanism impart-
ing the clectrode weaving motion.

Ilard-facing with a large-size elecirode. Many high-alloy steels
and alloys are extremely difficult or impossible to make into coils
of wire, as required for automatic hard-facing. Sometimes solid
wire may be replaced by sintered electrode wire. However,
both solid and sintered electrode wire is scarce and expensive to
a degree where its use may be out of the question in many applica-
tions.

An alternative is provided by large-size clectrodes. The point is
that the cost of a hard-facing material isreduced as the cross-section-
al area of the clectrodes of this material is made larger. Besides
considerations of cost, large-section eclectrodes make it possible to
operate on considerably higher values of current and thus toincrease
the production rate.

In hard-facing with clectrode wire the production rate can be in-
creased by using a large number of celectrodes. This, however, compli-
cates beyond proportion the construction and operation of hard-facing
apparatus.

The use of fluxes of low oxidising propertics reduces the burning
losses of alloying materials to a minimum and makes it possible to
employ plate electrodes made of standard grades of steel.

Flat surfaces can be successfully hard-faced by a technique devel-
oped by the Electric Welding Institute and employing a large-sizc
electrode. The technique will be clear by reference to Fig. 102. A
piece of conductive AH-25 flux is placed between the part to be hard-
faced 5§ and the alloying eclectrode I made of a rolled shape or a
casting of the appropriate analysis. This is necessary in order to es-
tablish a path for the initial flow of welding current. The surface to
be hard-faced is then sprayed with ground fluorspar or any other flux
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with which the hard-facing process will be stable, and the current is
turned on. The current passing through the “fuse” of flux melts it
and the fluorspar, and the electric slag process is ini-
tiated. The heat of the molten slag 2 sweats the sur-
face of the workpiece and melts the electrode. A
water-cooled copper chill 3 retains the molten slag
and metal. The droplets of clectrode metal flow and
spread on the sweating surface of the workpiece and
fuse with it to form a mectal pool 4. The electrode is
fed into the welding zone as it melts.

The technique is remarkable for a reliable union
between the deposited and parent metal and a high
production rate. As has been found experimentally,
the hard-facing rate is 18 g/a-hr at a current den-
sity of 0.1 a/sq mm. Operating on a current of 5,000
to 6,000 a, it is possible to apply up to 100 kg of
metal an hour.

If the fusion between the clectrode and parent Fig. 102. Dia
metal is to be thorough, the cross-scctional arca of gram of hard-
the clectrode should be about the area of the surface lc?gcl:lllfo d:"”‘ ?f
to be hard-faced. When the arca of the surface to be  Jarge section by
hard-faced is greatly in excess of the cross-sectional  the electric slag
arca of the clectrode, complete fusion can be ob- process.
tained either by employing an clectrode of a variable
cross section or by preparing the surface to be hard-faced accord-
ingly (Figs. 103a and ). It is a good practice to prcheat the workpiece
and to use ground fluorspar
as flux, as it has a very low
viscosity and high fluidity at
the temperature of hard-facing.

Hard-facing of bodies of ro-
tation. The clectric slag proc-
css can be employed to hard-
face the outside and inside
surfaces of cylinders and cones.

Cylinders 200 to 250 mm
high can be hard-faced in a
water-cooled copper chill (Fig.
104) provided the deposited
Fic. 103. Tochni iving full tra- metal is not less than 14 to 16

ig. 103. Techniques giving full penetra- ) thick The chill is slightly

tion on lower edge when there is abrupt . .
change in section of electrode and blank: tapered so that the workpicce

a—clectrode of variable section: b—prepara- 0Y be eas’l)f p“”_ed out of it.
tion of workplece for hard-facing. The workpiece is fastened

in the chill so that a uniform
space is left all the way round the cylinder. Hard-facing is initiated on
graphite or steel strips*After a slag pool is obtained, both the work and
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the chill are rotated at an equal speed. As the space fills with depos-
ited metal, the electrode holders move up. The number of electrodes
and hard-facing conditions vary with the diameter of the workpiece
and the width of the space. When the workpiece is, say, 200 mm in
diameter and the space is 20 mm wide, four electrodes may be recom-
mended, with 250 or 300 a per electrode. If the work is 300 mm in
diameter, there should be six electrodes. .

An increase in the speed of the work decreascs penetration. For

a given current, voltage, depth of the slag pool, number of electrodes,

cete., the speed is found by trial and
)(_, - error, so that penetration be uniform
and reliable to a depth of 2 or
3 mm.

Tall cylinders can be conve-
niently hard-faced by the technique
shown in Fig. 105.

Hard-facing is started either on
strips or in an external chill.
The metal deposit is shaped by a
water-cooled annular copper mould-
NS S Sty ing shoc with the work cither sta-

3= S \5 tionary or rotating. In the first
- case, the moulding shoes move from
5 ~ the bottom up, and the clectrodes
arc driven in a wecaving pattern
Fig. 104. lard-facing the outside t0 trace out an arc of a circle.
surface of a short cy%inder by the When the work is rotated, the

clectric slag process: moulding shoe and clectrodes are
L posited Cmetal; s binap, Stationary, and the work proceeds
6—copper chill; 7—finishing ring. downwards as it is being hard-faced.
The speed and swing of the clec-
trode holders (or the rotational speed of the work), the current,
voltage, depth of the pool, etc., vary from case to case and
depend on the diameter of the workpiece, the width of the gap
and the composition of the metal applied. Hard-facing is com-
pleted on a finishing ring attached to the work.

Cylindrical surfaces can also be hard-faced with plate, odd-shaped,
and tubular clectrodes.

The hard-facing technique is complicated when an alloy has to be
applied to the workpiece which is a body of revolution of variable
diameter and space width. :

Fig. 106 shows the hard-facing technique that is applicable to a
cone-shaped workpiece. The workpiece, which may be of carbon or
low-alloy steel, is mounted in an adjustable holder and is placed
in a water-cooled copper chill so as to obtain a uniform space all the
way round the workpiece. The electrode holders are positioned in
the space to run parallel to the surface of the ehill.
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Hard-facing should be started with one electrode. Both a. ¢. and
d. ¢. may be employed. D. c¢. power may be supplied simultaneously
to several clectrodes connected in parallel (the split-electrode tech-
nique). With a. ¢c. and with the number of electrodes the multiple
of three, a three-phase power supply is advisable.

Hard-facing with one electrode is carricd on until enough flux has
been melted (i. e., for 3 or 4 minutes). In the meantime, both the chill
and the work are rotated intermittently. After 3 or 4 minutes, the
other eclectrodes go into action. When hard-facing reaches a steady

Fig. 105. Hard-facing outside Fig. 106. Ilard-facing a

surface of tall cylinder by the cone-shaped workpicce by
electric slag process. the electric slag process.

state condition, the work and the chill are rotated in synchronism.
In the beginning, when the alloy is being applied to the part of the
work of smaller diameter, the voltage should be reduced so as to obtain
shallower penctration. Conversely, on the larger section of the work
the voltage is increased to avoid slag inclusions and poor penetra-
tion. This is done by increasing the no-load voltage of the gencrator
or by reconnccting the taps of the transformer.

As the diameter of the work increases throughout the hard-facing
operation, the volume of the slag pool also rises. Therefore, flux
should be added to the pool at regular intervals throughout the en-
tire cycle.

Table 21 suggests the conditions for hard-facing a cone-shaped work
with a maximum diameter of 170 mm and a slant height of 150 mm.
The space between the work and the chill was 14 to 18 mm. Other
conditions were: direct current, reversed polarity; ITII-X12B® sintered
electrode wire 2.8 mm dia; AH-22 flux.

The hard-facing time was 35 minutes; wire consumption, 6 to
6.5 kg; flux consumption, 1.2 to 1.4 kg. The deposited metal had
an analysis close to steel X12B®.
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Table 21

Speed of
Lapsed Total current,| Welding g“g{gg" Depth of | work ang | Dry length
p - | 8lag pool, of electrode,
time, min a voltage, v trodes lgm% ghp“nln N
3 220-250 30-32 1 50 2 45
15 840-860 32-34 3 40 2 40-50
30 820-840 34-35 3 25 2 50

When hard-facing high-alloy stcels by the electric slag process,
the deposited metal often differs sharply from the parent metal. Dilu-
tion of the high-alloy clectrode metal can be reduced by keeping the
depth of penetration at a minimum (3 or 4 mm). If penctration is to
be maintained constant, other hard-facing conditions, such as cur-
rent, voltage, depth of the pool, and the location of the electrodes
relative to the surface of the work, should also be kept con-
stant.

The depth of penctration may be reduced by lowering the voltage,
by withdrawing the clectrode away from the surface of the work, and
by increasing the rotational speed of the work or the speed of the
weaving motion of the electrodes.

When using sintered electrode wire, one should remember that it is
strain-hardened in drawing, and will “wag” on lcaving the guide tip.
This cannot be tolerated, especially when the space between the
work and the chill is small, because otherwise penetration will not
be uniform. The clectrode tip can be accurately positioned by fitting
special bushes to electrode guides, or by operating, when possible,
on short “dry” lengths (20 to 30 mm).

8. Electric Slag Welding in Repair
of Thick-walled Articles and Machine Parts

Apart from the fabrication of large weldments, clectric slag welding
is widely used for the repair of thick-walled articles and machine
parts.

The type of welding equipment used in repair work varies widely
with the range of repair involved. Most common are the A-372M
and the A-372P welding sets.

The simplest case of repair work convenient for electric slag weld-
ing is the plugging of redundant or out-of-size through holes in heavy
sections (Fig. 107). The hole to be plugged should be placed so that
its axis be vertical or almost vertical. In this case, no weld-moulding
devices arc necessary, except for a bottom attachment in the form of
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a welded-on sleeve or chill. The diameter and depth of the hole may
vary within broad limits. Plugging may be done with one or several
wire electrodes, with a large-section clectrode, or with round or square
rods. When the hole is )
deep (over 100 to 150 mm) Lifls as hole i3
and wire electrodes are 'h 1 fillea
used, the electrode guideis
introduced into thc hole.
When the hole is shallow,
it may be plugged without
introducing the guide into
the hole; however, the dry
length of the clectrode
should be great. The weld-
ing conditions should be
chosen on a trial work-
piece, as they vary with the
size of the hole and with
the welding equipment
available. Fig. 107. Plugging a through hole by the
An example in point is clectric slag process.
provided by a rolling mill
cushion weighing 16.8 tons and cast of steel 25JI. A crack was de-
tected in the cushion, running across the thickness of the part (or
500 mm at that place) on the in-
Cross-section side cylindrical surface (Fig. 108).
P aA The crack was grooved for weld-
"_] -‘.76/5769-_:4 ing by flame gouging. The result.
: ant groove was 50 to 150 mm
wide and was then widened to
160 mm on a boring machine.
Had the groove been welded in
a single pass, a prohibitive
amount of electrode metal would
have had to be deposited. To
avoid that, a strip of steel Cr. 3
was inserted in the groove. Tho
strip was 100 mm thick, as wide
. as the part itself at the point of
1500 ——— welding, and as high as the cush-
4 ion (Fig. 109). At first, the strip
was welded to one edge and then,
Fig. 108. Crack in the bedplate of a byanotherweld,to theother edge.
rolling ‘mill stand. To make the part at the point
: of welding rectangular in cross
section—which is mast convenient for electric slag welding—strips
80 to 100 mm wide were welded to the top and bottom of the cushion

* l Slag-relaining collar
(cooled, of copper, fu-

sible, of steel, fire-

brick with holes)

7 RS
A

—
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(Fig. 109). The gap on the inside was closed by a fusible steel backing
strip over the entire height, while on the outside the gap was left open
to be closed only in welding by strips 100 to 120 mm as it was being
filled. Starting tabs were welded at the bottom of the gap.

The two welds between the inscrted strip and the edges were madc
with an A-480 welding unit, with the workpiece mounted on a floor

slab. The plate electrodes em-
: 0 T———‘ ployed were made of a low-
[ Joint1  Joint 2 alloy steel (0.1 per cent C;
1.05 per cent Mn; 0.98 per cent
Si; 0.33 per cent Cr; 1.19 per
cent Ni; 0.02 per cent S; and
& 0.026 per cent P). The cross
U =t scction of the plate electrode
B 100 S1 o for the first weld was 150 X
) 60}m © x 12 mm, and for the second
Fig. 109. Bedplate prepared for welding. weld, 163 X 12 mm. The flux
‘ was AH-8, and the work was

preheated to 100 or 120° C with producer gas.

Prior to making the sccond weld, the workpiece was reheated with
gas torches. Actually, the heat was limited to the place opposite to
the slot being welded, so as to widen the gap before making the second

weld and to relieve the contraction stresses

060

J

which had set in after the first weld.
K The other welding conditions were: elec-
¢ ¢ trode speed, 1 m/hr; current, 1,200 a; volt-
’ age, 35-37 v; number of electrodes, 3.
f_—j g
| et~ 300 bt . Hllowance weld
% ) I S A et § Line of cut for mochining - thi /%uld
_;-L._) ] —{}-— -—\4,—- —5—
L —T\
~1000 Fit-up tool
Fig. 110. Crack in the Fig. 111. Repair of a cracked shaft by electric
frame of a shearing press. slag welding.

After welding the workpiece was tempered at 550-600°C.

Inspection showed that after repair the dimensions of the cushion
were within machining allowances.

In another case, two cracks developed in the frame of a shearing
press (Fig. 110). The frame was cast of steel 45J1 and the cracks were
of rectangular cross section 300 mm by 80 mm.

Prior to welding, the places to be welded were milled to a depth of
40 mm so as to remove crack-affected metal. Then the milled faces
were built up to the original dimensions with an automatic three-
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electrode welding sct (Type A-420). After the deposited metal had
been-machined, the frame was lined-up for electric slag welding ona
floor slab and the parts were reliably clamped in place. The clear-
ance between the abutting members was 30 mm prior to welding,
and the edges were given a preheat of 100°C.

The welds were made with an A-372M welding set employing three
stationary electrode guides. The electrodes were Grade Cs-10I'2 wire,
and the flux was AH-8. The other conditions were: electrode speed,
200 to 220 m/hr; current, 400 to 450 a; voltage, 46 to 48 v.

After welding the frame was normalised and tempered. The recondi-
tioned frame is still in service.

In a third case, a crack was detected in the trunnion of a shaft
200 mm in diameter, cast of steel 30 (Fig. 111). The trunnion was cut
off along the crack, and a new trunnion was made. The new trunnion
and shaft were then lined-up in a jig so that a clearance of about
30 mm was left between the abutting members. The weld was shaped
by a chill made of sheet copper and fitted with pipes for cooling wa-
ter. The chill had a pocket 60 to 80 mm decp in the bottom. The top
of the chill was constructed so as to bring the welding crater outside
the critical portion of the part. The welding machine was the A-372M
set. In fact, any welding set, including portable welding heads, may
be employed for the purpose. The copper chill may be replaced by
steel flanges. When the work is of carbon steel Cs-10I'2 and Cs-10I'C
electrode wire and AH-8 flux may be used.

In a similar case, a crankshaft 360 mm in diameter made of steel
40X had to be extended by welding to it two picces cach 400 mun
long. Prior to jigging, squarc flanges measuring 420 X 400 X 40 mm
were tack-welded to the end faces of the shaft and extension pieces, so
as to make the cross section of the weld rectangular, i. e., more
convenient for electric slag welding. The weld was made by an
A-372M welding set, using a fusible steel backing strip, Cs-10I'C
electrode wire and AH-8 flux, Cs-10I'C electrode wire was used in
order to obtain a full-strength weld. Prior to welding the parts were
given a preheat of 100°C.

The other welding conditions were: electrode speed, 165 m/hr;
current, 300 to 350 a; voltage, 48 to 50 v; number of electrodes, 3.

After welding the crankshaft was normalised and tempered.

The inspection of a trial specimen welded by the same technique
showed that the weld metal was free of any defects; the mechanical
properties of the weld metal were as specified; the ultimate strength
being 69 kg/sq mm, and the impact toughness, 4.9 kgm/sq cm.

The shaft of a turbo-alternator unit for the Kakhovka Hydropower
Station was rejected as being 100 mm too short. It was however re-
claimed by welding on a ring 100 mm wide and of the shaft’s diame-
ter. Both the shaft and ring were made of carbon steel 45. In view
of the high carbon content of the steel; the ring and shaft were preheat-
ed to 200°C. The welding technique and procedure were similar to
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those employed when making circular welds on the shafts of the
turbo-alternator units for the Varvarino Hydropower Project.

The weld was made by a special-purpose welding set incorporating
an A-401 apparatus. The electrode wire was Grade Cs-10I'2, and the
flux was AH-8. After welding, the shaft was heat-treated. Test plates
welded by the same technique demonstrated the high quality of the
welded joint. '

9. Defects in Electric Slag Welds

Defects in electric slag welds are likely to develop when the proper
welding conditions or procedures are not observed.

Crystallisation or hot cracks in the weld metal. The resistance of
the weld metal to crystallisation cracks depends on:

(1) The magnitude and nature of the tensile stresses sctting in due
to ununiform heating. Stresses are inevitable in any welding process,
and their control presents a hard problem. Therefore, crack control
through stress control is of limited use.

(2) The chemical analysis of the weld metal, which, in turn, de-
pends on the composition of the parent metal and electrode metal,
their proportion in the weld metal, and the metallurgical reactions
between the metal and the slag.

With structural carbon and low-alloy stecls, the governing factor
is the carbon content (Table 22).

Table 22
Group of Parent Percentage content
ori-
‘ménts metal c Mn | st | s p | Crackine
I Cr. 3 |0.12 0.45 0.05 0.048 0.026 No
20J1 0.11 0.44 0.03 0.040 0.025 No
40 0.20 0.44 0.04 0.045 0.027 Yes
11 Cr. 3 | 0.16 1.22 0.13 0.031 0.035 No
20J1 0.15 1.23 0.10 0.028 0.030 No
40 0.24 1.20 0.12 0.030 0.32 Yes

(3) The pattern of growth and encounter of columnar crystals
(sce Chapter II). The governing factor here is the shape of the weld
pool, which mainly depends on the electrode speed (current value)
and the metal thickness per electrode. The shape of the weld pool is
fully described by the aspect ratio of the weld (see Chapter II).
Welds of a low aspect ratio show a low resistance to crystallisation
cracks even in the case of lower carbon content (see Chapter VIII).
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Table 23

3 Percentage content

cron it oo |
ments | Y9 | SEE| ¢ Mo | s s P s | 22
SR [&] <32
I 1 180 [ 0.21 | 1.09 ] 0.22 | 0.034 0.031 No 2.5

2 500 [ 0.16 | 0.69 [ 0.11 0.030 0.033 Yes | 1
11 3 180 [ 0.23 | 1.38 | 0.17 0.029 0.032 No 2.8
4 400 1019 ( 1.42 1 0.18 ] 0.026 0 034 Yes | 1.3

It should be noted that welds of a very high aspect ratio (more than
15 : 1) also offer poor resistance to crystallisation cracks. Such ra-

tios arc cncountered in
hard-facing with a rib-
bon clectrode. The crys-
tals in this case grow
parallel to one another
(Figs. 112¢ and b). Cracks
run  between  the side
faces of adjacent crys-
tals (Fig. 1120).

Table 23 illustrates the
effect of clectrode speed
on the resistance of the
weld metal to crystalli-
sation cracks.

The conclusions that
can be drawn from the
above said are:

(a) The carbon content
of the weld metal alone
is not indicative of its
susceptibility to crack-
ing;

(b) The critical carbon
content of the weld met-
al, as in arc welding, i~
governed by the orien-
tation of the crystals;

(¢) The likelihood of
crystallisalion cracks de-
veloping in the weld in-
creases  with  the elec-

9-.52)

i}

Fig. 112. Flat shape of metal pool:

u—growth of crystalline grains;
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trode speed, even though the deposited metal is low in car-
bon;

(d) As the carbon coutent in the parent metal inereases, the resist-
ance of the weld metal to cracking can be enhanced by reducing
the rate at which the eleetrode is fed into the slag pool (see Fig. 113a);

(¢) The errtical eleetrode speed may be increased on wider clear-
ances between the abutting edges (Fig. 1134) without affecting the
welding speed.

As can be seen from Fig. 113, a decrease or inerease in the gap does
pot affect welding ~peed.

Fig. 114. Weld fractured along crack:

a—Ifracture along crack cunning along axis of weld between ends of dendrites (magnifica~
tionx3), b fracture along crach ranning between branches of dendrites (magnificationx 3).

Cracks in clectric slag welds run, as a rule, in the middle of the
weld, without extending to its surface. The surface of cracks is almost
colourless. The fracture of a crack developing along the axis of the
weld is smooth and homogeneous (Fig. 114a). Sometimes the surface
of the fracture may be coated by a thin film of slag flowing into the
gap between the crystals. A crack developing between the branches of
adjacent dendrites shows a serrated fracturc (Fig. 114b) of a dark col-
our. Under all conditions of welding, there will be cracks and shrink-
age holes at the end of welds (Fig. 115). This is why, as is emphasiscd
in Chapter II, the weld should be completed 80 to 100 mm out of the
joint on a finishing tab or in an auxiliary pocket of the moulding
shoe.

Cracks often appear when closing circular welds. They may bo
prevented, however, by preheating the work to 200° C.
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Fig. 116. Cracks in the near weld zone.
a—maguification -1, b—magmfication 3
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Another cause of cracks at the end of welds is an interruption of the
welding operation. For this reason. before picking up the weld 1t
should be chipped out at the spot where it had been abandoned. In
eritical parts, the whole of the abandoned weld has to be removed.

Cracks in the near-weld area. The near weld arca may be alfected
by both cold eracks and erystallisation eracks.

The mechanism ol cold cracking in special steels is discussed in
Chapter VI Crystallisation cracks may result from shallow penctra-
tion or from sharp changes in the
depth of penetration. The eracks run,
as arnle, 1 to L mm from the line
of fusion (Figs. 116e and &) and do
not extend. in most cases, to the sur-
face of the work. One end of the crack .
usnally reaches into the weld metal
(Fig. 117). Such crachs can be avoid-
ed by oblaining sufficiently deep
penetralion (at least 4 or D mm). In
welding, walch should be kept on the
welding conditions and the symmet-
rical position of the electrode in the
groove.

Gus pockels in the weld metal. In
slag welding the weld metal is Jess
likely to develop holes than in arc
welding, This is due to the specific
conditions under which the metal pool
solidifies in electric slag welding (see
Chapter III). Holes vary in size, from
microscopic ones to 5 or 7 mim in Feg. 177 Crack extending hom
diameter. They may be distributed the near weld zlnnf;;;»lnllw weld
over Lhe cross seetion of the weld at metal (:28).
random or concentrate at the poimts
of encounter of columnar erystals (Fig. 1148), but they never appear
on the surface af the weld.

Gas pockets may take the form of pipes extending for a great length
through the centre of welds,

The canses of gas pockels may be scale left on the edges of the
workpicee when it was forged; wet or dirty flux; deviations from the
specified chemical analysis of the weld, especially reduced silicon and
manganese content: wrong electrode wire; or reduced penetration.

Slag inclusions. Slag inclusions of a round shape usually concen-
trate on the edges of the warkpicee where the width of penetration
was sharply changed, while slag streaks occur between the parent metal
and the weld metal when there is no fusion between them (Fig. 119).
The difference helween this type of poor fusion and poor penetration
is that in poor penetration the parent metal was not melted, and the
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weld metal simply filled the groove. Tn poor fusion. the parent metal
was melted to a sufficient depth, but did not merge with the weld
melal. Slag inchusions i the case of poor fusion are due to too deep
a ~lag pool, relractory flux, or increased heat conductivity of the
parent metal,

Similar defeets may be observed when there are local deep under-
cuts on the edges of the workpiece. Slag inclusions along the axis of
the weld may occur only when the weld was stopped for any reason
and then restarted.

Fig. 118. Gas pockels in the weld metal.

When the electrode speed is too high or the “dry™ length of the
clectrode is too great, the weld metal may have metallic inclusions
which are picces of unmelted electio le wire.,

Porosity along the ares of the weld. Povosity of this type is due ty
shrinkage, usually at the end of welds. Somctimes this term s
applicd 1o lengths of welds affected by erystallisation  evacks
grouping along the axis of the weld.

Poor penetraiion and fusion. The following ty pes of poor penetra-
tion and fusion are likely to occur in clectrie slag welding:

Poor penetration on both edges (Fig. 120) due to the narrow width
of the weld which may in turn be oceasioned by a low welding volt-
age, exeessive electrode speed, or exeessive metal thickness per elec-
trode. A sharp increasce in the depth of the slag pool may also result
in poor fusion. This defect usually occurs at the beginning of a weld,
when the steady-state condition has not been achicved yet. For this
reason, as was emphasised in Chapter IT, the weld should be started
ou starting tabs.

Poor penetration on one edge (Fig. 121) duc to the fact that the

134



Fig. 119. Slag inclusions at line of fusion.

Fig. 120. Poor penetration at both edges.

Fig. 121. Poor penciration at one edge.
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Fug. 122, Poor penelration al the smlace ol plates,

Fig. 123, Asymmelrical penefration
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electrode is positioned off-centre in the groove. Therefore, in narrow
joints the electrode must be positioned with igher aceuracy.

Poor penetration near he
surface of the workpiece (Fig.
122) may be oceasioned by an
incrcased distance between the
moulding shoe and the clee-
trode in an extreme position:
too short a dwell of the clec-
trode near the moulding shoe:
and a decreased voltage at one
of the electrodes due to unbal-
anced load  on the power-
supply line. When the volt-
age al  adjacent  clectrodes
is different, there may  bhe
uneven penetration (Fig. 123).
When the electrode is made to
stay at the moulding shoe for Fio. 124, Exoanded penetiation al mould
too longatime there may be ex- - T8 2<% “\""“T“‘"‘J o, AT ot
panded penetration (Fig. 124).

Poor penetration n the nmuiddle of
1he weld (across the thickness of the
warkpiece) in welding with two elec-
trodes (Fig. 125) and in every third
of the weld’s length in welding with
three electrodes may result if the
distance between adjacent  clee-
trodes is too great. If the distance
is too short, there will be expanded
penctration in the middle of the
weld (Fig. 126).

Eleetric slag welds may suffer
also from surface defects. These
are (a) underculs of the parent
metal due to excessive penelra-
tion at the surface of the work-
picce because of an increased
welding voltage, too long a stay
of the eleetrodes at the moulding
shoes or poor cooling of the |
mguldmg shoes; _(b) overlaps Fig. 126, Sharply expanded penelra-
(Fig. 127a) occwrring when the tion at the middle of a weld
moulding shoes are not  held
tight to the workpicce or when the groove in the monlding shoe is
wider than the width of penctration. Should the weld be wider than
the groove in the moulding block, pits will form on the surface of the

Fig. 125. Poor penetration at the
middle of « weld
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Flg. 127. Surface deleet= of welds.

Fig. 128. Variations in the
\\idth of a weld near the surface
of plates.

workpicce (Fig. 127b); (c) irregular
ripples on the weld due to poor cooling
of the moulding shoes, unsteady weld-
ing conditions, or too low a weaving
speed of the clectrodes; (d) wvariations
in the width of the weld (Fig. 128) due
to fluctuations in the welding voltage,
changes in the welding speed (in the
absence of automatic speed control) or
changes in the distanee from the elee-
trode in the extreme position to the
moulding shoe.

Rough spols on the surface of welds
may appear if there are defects on the
surface of the moulding shoes. There-
fore, a constant check should be kept

on the condition of the moulding shoes, and any rough spots on their
surface should be removed immediately.

Fig. 129. Defective reinforcement.
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1f the moulding shoe is poorly cooled or the distance between the
electrode in the extreme position and the shoe is too short, the shoe
may sweat, and some copper may get into the weld to form shallow
cracks on the surface of the weld.

Distorted reinforcement may occur in welding with plate electrodes
at high values of current (upwards of 3,000 a), when the current is
carried only to onc of the two parts being welded (Fig. 129).

10. Weld Inspection and Testling

Inspection and testing in all stages of welding is esseatial, if the
welds made by the clectric slag process are to be sound. Special em-
phasis should be placed on the joint gap, the alignment of the edges,
the finish of the surfaces to be traversed by the moulding shoes, etc.,
and the welding conditions specified.

The quality of the source materials has a direct bearing on the
quality of the welded joint. Thercfore, inspection should cover the
parent metal, electrode metal and flux. This also applies to the con-
dition of the welding equipment, instruments, power sources, mould-
ing shoes and back-up strips, water-cooling systems, ete.

Last but not least, inspection should cover the quality of the fin-
ished product.

Defects that may be encountered in clectric slag welds are: (a)
undercuts of the parent metal due to inadequate welding conditions,
or the difference between the width of the weld and the groove in the
moulding shoe or back-up strip; (b) overlaps; (¢) poor penetration;
(d) poor fusion; (e) gas pockets in the weld metal; (f) coarse slag in-
clusions; (g) hot or cold cracks in the weld metal; (h) cracks in the
near-weld area.

Poor penctration, cracks, gas pockets and slag inclusions are mostly
concealed inside the weld, though they may crop up at times at the
surface. Therefore, visual inspection of a welded joint should precede
all other forms of inspection. The immaculate appearance of a weld-
cd joint, however, does not at all indicate that therc are no defects
inside the weld. This is where various tests designed to detect hidden
faults are resorted to, especially when the work is intended for criti-
cal applications.

Test techniques may be classed into two broad systems: non-de-
structive methods (X- and gamma-rays, ultrasonics) and destructive
methods.

X- and gamma-rays permit testing of welds and parent metal
for gas pockets, inclusions, poor penetration or fusion, cracks, ctc.
The resolving power of a particular technique, that is the size of the
smallest defect (placed at a right angle to the path of rays) discerni-
ble with its aid is expressed in per cent of metal thickness. For stecls
less than 50 mm thick the resolving power of X-ray testing is 1.5 to
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2 per cent. For thicknesses of the order of 100 mm, the resolving pow-
er is about 2 per cent for both X-rays and gamma-rays. In other
words, a defect measuring 2 mm can be detected in a weld 100 mm
thick. If the radiation source is radioactive cobalt Co-60, thick-
nesses up to 250 or 300 mm can be inspected by this technique.

Where thicknesses are upwards of 100 or 120 mm, the only relia-
ble technique applicable to welds is ultrasonic testing.

Many enginecring works in the Soviet Union inspect their electric
slag welds with the ultrasonic reflectoscopes developed by the Cen-
tral Heavy Engincering

P Research Institute (the
[X V31I-7H, the V]II-10,
ctc.). By way of example,
the  Novo-Kramatorsk
Engineering Works em-
ploys ultrasonic inspec-
tion to test welded parts
of powerful hydraulic
presses made of carbon
steels (flat welds on ver-
1 tical members, circum-

ferential welds on power

. cylinders, etc.). The Bar-

Fig. 150. Diagram of ultrasonic quality inspec- naul Boiler-Making Fac-

tion of a butt weld. tory resorts to ultrasonic

inspection for defects in

lnngi:udinal and girth scams of boiler drums and other high-pressure
vessels.

The advantage this method offers is above all the possibility to
examine welds 500 mm or more thick, and accurately locate and meas-
ure defects. As distinet from X- or gamma-rays, which pass through
the workpiece only in one direction, transverse waves of ultrasonic
frequency can be sent through the work at various angles to the sur-
face of the joint and the axial plane of the weld. In this way, defects
not always discernible to X- or gamma-rays (such as poor penetration
or fusion, axial hair cracks, etc.) may be revealed.

The inclined reflectoscopes employed in weld inspection send out
ultrasonic waves at an angle of 30, 40 or 50° from the vertical. An in-
clined reflectoscope is both a transmitter and a receiver of ultrasonic
waves. 1ts advantages compared with a straight reflectoscope are:
inspection of welds without the removal of their reinforcement, and
reliable detection of axial cracks and poor penetration usually found
in the plane of symmetry of welds. With inclined reflectoscopes, how-
ever, ultrasonic pulses have to cover longer distances and much of
their power is dissipated by elastic heterogeneous structures (Fig. 130).
Besides, if a workpiece can, for some reason, be inspected only on one
side of the weld, there forms what is known as the dead arca, which

Dead 20ne prod

/
A\

weld

heat -uffected /

2one
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can be reached only by special methods. The size of the dead arca
is directly proportional to the width of the weld reinforcement and
inversely proportional to the angle of entry of ultrasonic waves.

Ultrasonic inspection is remarkable for its high resolving power
which is expressed in terms of the surface area of the smallest defect
which can be reliably located at a definite depth. According to ref-
erence [4], for steel 22K this is about 5 sq mm at a depth of 200 mm.

The resolving power of ultrasonic inspection is governed by both the
clectrical and acoustical characteristics of a given reflectoscope
(ultrasonic frequency, angle of entry, gain factor, ctc.) and many fac-
tors related to the workpiece under test (surface finish, structure
and chemical composition, metal thickness, depth of the defect, cte.).
Therefore, optimal operation of an ultrasonic reflectoscope can he
obtained by trial and error in each particular case, using standards
with natural or artificial defects. Standards should be of the same
grade of stecl, of the same thickness and welded by the same technique
as the welded joints to be inspected.

The inspection procedure with an ultrasonic reflectoscope boils
down to the following:

(1) Preparation of the surface of the workpiece;

(2) Adjustment of the reflectoscope;

(3) Actual inspection;

(4) Location, measurement and identification of defects;

(9) Evaluation of the soundness of the welded joints inspected and
entry in inspection records.

The reliability of ultrasonic inspection is greatly affected by the
human factor, so far no objective records can be obtained with it—as
is the case in X- or gamma-ray inspection.

In the manufacture of welded structures for critical applications,
visual examination and testing of welds with X- or gamma-rays and
ultrasonics should be supplemented by mechanical tests of the weld
metal and welded joints as a whole.

For this purpose, standard or special specimens are cut out of a
test weld. The test weld may be made concurrently with the basic
weld or separately from it, provided the materials and conditions are
the same as for the work to be tested.

The usual procedure includes tests of the weld metal and the near-
weld area for strength, ductility and impact toughness; examination
of micro- and macrographs and fractures of specimens for defects
beyond the reach of non-destructive methods. Besides, welded struc-
tures may be subjected to tests for ageing, endurance, resistance to
carrosion, etc., should their application and service conditions re-
quire that.



Chapter 'V

DISTORTIONS AND THEIR CONTROL
IN ELECTRIC SLAG WELDING

As has been found experimentally, actual distortions in electric
slag welding are usually three to four times greater than the estimated
oncs. Unfortunately, no precise methods have been devised as yet
to predict distortions likely to occur in heavy sections welded by
the electric slag process. Our discussion will, therefore, be limited
to cmpirical data gleaned for crossheads, column halves, columns and
power cylinders of hydraulic presses, rolling mill bedframes, high-
pressure boiler drums and some other structures.

It is difficult to attach strain gauges to an clectric slag joint, as
it is covered with moulding shoes or back-up strips on both sides.
Instead, in our experiments the longitudinal and transverse contrac-
tion in the zone of clastic-plastic strains was measured between the
reference punch-marks made some distance away from the edges.
The gauge length (i. e., the distance between the punch-marks)
varied with the thickness and design of the welded structures and
with the width of the welds. Prior to welding, the distance between
the punch-marks both along and across the edges was measured and
the line-up clearance was determined at various points across the
height of the joint. Besides, for some articles overall dimensions
were checked both before and after welding.

1. Distortions in Flat-plate Structures
Joined by Straight Seams

Flat-plate structures are structures consisting of two or more
plates butt-welded and aligned in a common plane, such as bed-
frames of powerful hydraulic presses, crossheads, columns, bedplates,
ete. (sce Fig. 131).

The crossheads were welded of steel 22K, from 220 to 250 mm thick.
Each joint was 3,200 mm high, or 4,000 mm high, including starting
and finishing tabs.

In preliminary experiments, transverse contraction in butt welds
varied with the height of the weld, being about 2 or 2.5 mm per metre
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(sce Chapter I'V). Therefore, the plates of the crossheads were lined-up
with a tapering clearance between them. The clearance was 30 min
wide at the bottom of the plates. and 40 mm at the top.
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Fig. 131. Parts of a heavy press:
a—crosshead; b—columnshalf; c—column.
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The welds were made with Cs-10I'2 electrode wire and M®II-7 flux.
The welding conditions were:

Electrode speed . . . . . .. ... 200-220 m/he
Welding current . . . . . . . .. . 450-500 a
Welding voltage . . . . .. .. .. 48-52 v

Number of electrodes . . . . . . ..
Time of clectrodes at moulding shoes 5 sec
Rate of weaving motion

Depth of slag pool . . . . . . ... 50-55 mm

The reference punch-marks were made on the face and reverse
sides of the edges, and the distortions were determined by measur-
ing the distance between them before and after welding. Special
emphasis was placed on transverse contraction in the zone of plastic
strains as it changed the distance between the centres of the parts
welded to the plates in advance.

The results of measurements are presented in Table 24.

Of considerable practical interest is transverse contraction in the
zone of plastic strains which was observed in the butt-welded column
halves and columns of hydraulic press frames.
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Table 24

Distance between punch-marks,
min
"I(,'.’f!rl\,)?vlol:l'nt J(:xl:lltd?l:g. l;«r;ggrc Contraction, mm
before welding after welding
Plate thickness 220 mm
1-1 45.7 171.5 154.0 17.5
2-f 40.3 179 1 165.1 14.0
3-1 36.8 166 .8 156.2 10.6
4-f 32.3 155.9 147.9 8.0
Oef 28.7 163.7 160.3 34
ir 44.4 162.2 145.1 17.7
2-1 40.7 174.0 159. % 14.6
3-r 36 6 147.8 137.0 10.8
4-r 32.6 165.3 157.2 8.1
-1 29.2 148.3 144 .4 3.9
Plate thickness 250 mm
1-f 44.8 170.7 153.1 17.6
2.1 39.6 161.5 146.5 5.0
3-f 36.1 158.3 147.2 1.1
41 32.8 157.6 150.7 6.9
5-f 29.8 165.4 162.3 341
1-r 44.6 168.5 141.5 17.0
2-r 39.9 157.0 143.2 13.8
3-r 37.0 161 .1 150.5 10.6
4-r 33.9 152.6 145.5 71
5-r 30.5 153.4 150.3 31
Notes: The letter “I” stands for the face side of the plate, and the

letter “r, for the reverse side;
2. Punch-mark 1 was at the end of the weld, and punch-mark 5

at its beginning,

A column half consisted of a plate 1,750 mm wide and 15,120 mm
long and a pillar welded to the plate by the clectric slag process.
The parts were 200 mm thick at the joint. They were lined up and
welded in a jig with a tapering gap 29 to 30 mm wide at the bottom
and 34 to 35 mm wide at the top.

The matcrials and welding conditions were the same as for the
crosshead. Transverse contraction was measured by the technique
described above. The results of measurements for two column halves
are tabulated in Table 25.

Referring to the table, transverse contraction was about 3 mm at
the bottom, while at the top it was greater by the difference in the
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Table 25

Distance between punch-marks,

No of Joint gap tefore e Transverse
measurement welding, mm contraction, mm

before welding after welding

Ist column half
1-f 33.9 147.0 138.8 8.5
2-f M4 149 .2 143 6 5.6
3-f 29.7 159 5 156.0 3.5
1-r 32.8 151 2 . 143 9 7.9
2-r 31.3 141.2 136.0 5.8
3-r 28.7 143.3 140.5 2.8

2nd column half
1-f 34.8 181.5 173.5 8.0
2-f 32.6 181.5 176 .1 5.4
3-f 29.5 179.0 176.7 2.3
1-r 35.4 184.0 176.6 8.6
2-r 33.5 200.0 193.9 6.1
3-r 29.9 184.5 181.8 2.

Notes: 1. The letter “I” stands for “face side”, and the letter “r”, for
“reverse side” of the joint.
2. Punch-mark 1 was at the end of the weld, and punch -mark 5, at its

beginnin
¢ & Table 26
Joint No. 2 ‘ Joint No 5

£
E Distance between punch- Distance hetwe'n )

f marks, mm punch-marks, mm 2
'§ Contraction, 3
B before | after " Lefore | after =

'C:S welding welding S-E

1 210.3 203.3 7.0 164.0 157.0 7.0
2 213.6 207 .2 6.4 167.0 160.0 7.0
3 217.7 211.3 6.4 170.0 163.0 7.0
4 213.8 207.0 6.8 164.5 158.0 6.5
5 216.0 209.5 6.5 172.0 166.0 6.0
6 212.9 206 4 6.5 175.0 169.0 6.0
7 219.9 206.7 6.2 180.0 174.0 6.0
8 220.4 213.3 6.1 180.0 174.0 6.0
9 218.0 211.6 6.4 182.0 175.5 6.5
10 220.0 213.5 6.5 186.0 179.5 6.5
11 217.3 211.2 6.1 182.0 181.5 6.5
12 269.0 212.8 6.2 191.5 185.0 6.5
13 218.5 242.7 5.8 195.0 189.0 6.0
14 219.0 213.8 5.2 189.5 183.5 6.0
15 218.2 212.8 5.4 190.0 184.0 6.0
16 218.0 212.4 5.8 187.0 182.0 5.0
17 |. 222.8 218.5 4.3 187.0 182.0 5.0
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joint gap at the bottom and the top of the joint. Thus, the width of
the tapering gap seems to have been chosen properly.

Now turn to the transverse strains occurring in a hydraulic press
column in welding.

The column examined was 1,750 mm wide and 30,000 mm long
and weighed about 100 tons. It consisted of two halves butt-welded
to cach other. The clearance between the abutting edges was 29 to
31 mm and did not change with the height of the joint.

lForﬁtho results of mecasurements of transverse contraction see Ta-
ble 26.

In this case, transverse contraction of the weld was practically
the same throughout its length due to the very high rigidity of the
column halves, and the tapering joint gap essential in welding a less
rigid structure—the crosshead—could be dispensed with.

2. Distortions in Corner Joints

Distortions in corner joints were examined in welds made in
medium-alloy steecls. One such joint is shown in Fig. 132. Plates [/
and 2, 100 mm thick and 1,800 mm wide, were lined up at an angle

of 65° with suitable clamps

— tack-welded on the inside of

1 the joint. The joint gap was

8 1800. R Y 30 mm both at the top and
e bottom of the joint.

(1 9 During welding, the joint

P gap decreased all the time,

when through about a quarter

Fig. 132. Distortion in a corner joint  of the weld it was 15 mm, and

welded by the electric slag process. the tack-welds on the clamps
were sheared.

Thus, conventional line-up tools proved inadequate for corner
joints welded by the electric slag process. Changes in the welding
conditions did not affect the magnitude of distortion.

The appreciable distortion observed in the above-mentioned case
should be attributed mainly to the warpage of plate 2 due to unu-
niform heating.

3. Distortions in Welded Frames

This group of welded structures includes primarily the cast-welded
frames of large rolling mills, scale-breaker frames, etc., all butt-
welded.

The prevailing distortion observed in this case was of the trans-
verse ununiform type which was caused by uneven contraction at
the top and bottom of butt welds. )
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Table 27

Contraction, mm Difference in
contraction at top
No of joint and bottom of
top of joint bottom of joint loint, mm

1 7.5 5.0 2.5
2 7.0 5.0 2.0
3 9.0 5.0 4.0
4 6.5 3.0 3.5

As a result, the size of the frame was reduced, and the frame was
somewhat hent axially at the butt joint. This type of distortion should
be taken into account in planning the fit-up and clectric slag welding
of frames, as it is extremely difficult to reclaim a distorted frame.

Distortions were examined on full-size specimens. The welding
of the specimens threw much light on the likely distortions and
their magnitude in the above-mentioned structures. As was found,
the difference in the gap between the top and the bottom of a joint
should be about 4 mm.

Then experiments were carried out on the frame of a scale-breaker
and the stand of a rolling mill.

The frame of the scale-breaker measured 450 mm square in cross
scction. A tapering gap was provided between the abutting edges.
[t was 30 mm wide at the bottom and 33 to 34 mm at the top.

The welds were made with nine clectrodes. Distortion was meas-
ured by the technique described above. The results are tabulated in
Table 27. 4

A check after welding showed that the frame was not bent axial-
ly at the joints, and that the basic dimensions of the frame had not
changed.

Distortions were also studied in the vertical roll stand of a rolling
mill.The cross section of stand members at the joint was 800 x 550 mm.
The tapering gap was 30 mm wide at the bottom and 34 to 35 mm
at the top of the joint. The weld was made with a plate electrode.
The difference in the contraction at the top and bottom of the joint
was fully compensated by the taper of the joint gap.

As has been found in welding actual welded structures of the above
type, the magnitude of distortions is governed by welding conditions,
the rigidity of the parts being welded and the location of welded
joints relative to the geometrical axis of the cross section.

Welding conditions affect distortions most of all. As the energy
per running metre increases, the workpiece is heated more, and its
contraction is increased, too.

If the parts being welded are made long enough or special fixtures
are employed, rotation of the cross sections at the joint is reduced.
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This incidentally has been borne out in welding columns of great
length. In fact, the rigidity of the workpiece made the tapering gap
redundant.

The location of welded joints in the structure also has an appre-
ciable effect on the magnitude of distortions. It will be least when
the static moments of contraction stresses brought about in welded
joints relative to the geometric axis of the member cancel out cach
other.

4. Distortions in Slag-weldcd High-pressure
High-temperature Boilers

‘When making straight welds by the clectric slag process, the gap
changes in spite of the clamps provided. A decreasc in the width of
the gap may result in the electrode guide short-circuiting to the work-
piecc, while an increcase in its width

7 entails an excessive consumption of
i ! welding materials, electric energy and
H X welding timo.
1 Qe Fig. 133 and Table 28 illustrate
] changes in the sag of the longitudinal
: AP edge after the welding and cooling of
! ' a boiler shell. The dimensions of the
i i shell were: length, 3,250 mm:; wall
| - -4 thickness, 90 mm; and inside diame-
! S ter, 1,300 mm. The distortion was
] :—TJ measured by means of a wire strung
H S along the boiler shell.
' 11, The sag was at its largest in the
i i middle of the weld, being 4 to5 mm.
! L_, Changes in the joint gap for a similar
! 4 boiler shell are given in Table 29.
1 ] The gap as provided in the line-up
________ //v was from 28 to 31 mm. Referring to
= <o Table 29, the gap first closed by 3 to
/. %otgr 4 mm in the middle of the joint, but
o Longitvalnal edge 3 MI 10 the middle o € joint, bu
Lpiriieame”  priortowelaing hen widened by 3.5 mm at the end

Fig. 133. A shell course ol a
high-pressure  boiler  before
(straight line) and after (dotted
line) electric slag welding of one
longitudinal seam.

of the joint.

Upon cooling, the weld contracted,
and the boiler shell was distorted.
Table 30 illustrates these changes as
measured at eight points on the shell
described above.

Thus, the absolute contraction in the middle of the weld was as

large as 9 mm.

The magnitude of contraction is somewhat changed if two joints

are welded at a time. In spite of the clamps placed across the joint,
the gap is reduced towards the middle of the weld and is sharply

148



Table 28

No of punch-mark 1 2 3 ¢ '] 6

Distance from lower edge, mm| 600 | 1,000 | 1,400 | 1,800 | 2,200 | 2,600

Sag, mm . . ... .....| 3.1 4 41 | 3.6 | 2.8 | 1.2
Table 29
No of punch-mark 1 2 3 4 5 6 7

Distance from lower

edge, mm . . . . . . 500 950 | 1,400 | 1,850 | 2,300 | 2,750 | 3,250
Changes in gap, mm . . |—0.7] —0.6 | —4.0{ —3.0 | —3.5 | +1.5 | 3.5
Note: The “—” sign stands for a decrease in the gap, and the “4" sign

for an increase in ils width.

widened towards the end of the weld. The joint can be prevented
from opening up by a solid clamp of large cross scetion, tack-welded
on both sides of the two shell halves before the longitudinal welds
are made. This [ixture prevents the gap from being either increased
or decreased in welding. The clamp is removed immediately upon
welding so that the weld may shrink laterally in cooling.

Table 30
No of punch-mark 1 2 3 4 ' 5 6 7 8
Distance from lower
edge, mm . . . .| 400 | 800 |1.200 |1,800 |2,000 |2,400 |2,800| 3,200
Contraction, mm . . 2 6 8 9 ‘ 8 } 8 5.7 4.8

Two longitudinal seams electric slag welded in a boiler shell si-
multaneously help maintain the joint gap more or less constant in
width. This will be seen from Table 31 compiled for a boiler shell 6 m
long and with a wall 110 mm thick.
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Table 31

Distance
from low~
er edge,
mm

1.000

1,500

2,000

2,500

3.000

3,500

4.000

4.500

5,000

5,600

Changes

in gap,
miu

—2.5

—3.9

—4.5

—0.5

Contrac-
tion,
min

10

12

13

13

13

13

11

As Table 31 shows, changes in the width of the gap are considera-
bly less when two welds are made simultancously than when welding

one joint at a time.

5. Distortions in Circumferential Seams

Distortions in circumferential scams are of more complex nature
than in straight scams, as the edges move in space rather than in a

plane.

3

punch-marks, mm
N o oy @

Shortened distance between

Fig. 134. Curves of distortion in electric sla
girth seam on a cylinder 2,200 mm OD an

PU—Y

Original plane

thickness.

welding of a
350 mm wall

Experimental data have been obtained for cylinders with an out-
side diameter of 2,200 and 850 mm,a wall thickness of 350 and 150 mm,
respectively, and of different lengths

The data are tabulated in Table 32.

Fig. 134 illustrates the nature of the distortions observed in spec-
imen No. 2.
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The distances from the plane of origin to the points on the curve
bear a ratio of 1 to 5 to changes in the distances between the punch-
marks on the workpieces.

Table 32
Stze of cylinders, Distance q Decrease in
Spectmen mm between p,l,‘,‘,’,'t %fg flcl'stance
No. punch- | poaoure- betwecn Notes
marks, ment punch-marks,
dia thickness mm mm
1 850 150 150 1 6.0 Excavator
2 5.2 cylinder
3 6.9 (Fig. 135a)
4 6.1
b 4.4
6 3.6
2 2,200 350 130 1 0.7 Two boiler
2 5.4 shells,
3 8.1 1,000 mm
4 8.8 wide each
5 7.4 (Fig. 1350)
6 5.9
7 —
8 8.0
3 2,200 350 130 1 7.9 Cylinder 4
2 6.7 long, with
i 9.? bottom
6. Fig. 1356
5 3.2 (Fe )
6 3.2
7 4.3
8 6.9

The lateral dimensions of the workpiece on the chart are shown
on a 1: 40 scale. Fig. 135 shows the position of points relative to
the beginning of the weld with the circle divided into six and eight
parts. Referring to Fig. 134, the distortion of a cylinder in welding
a circular weld may be divided into three components:

(1) Contraction along the axis;

(2) An axial bend of the entire workpiece at the joint;

(3) Rotation of the half cross sections relative to each other (the
area bounded by points 4, 7, 2, 3 and §).

The measurement of distortions on other cylinders of the same
siz¢ have shown that the spread of values for the respective points
does not exceed 1 to 1.5 mm, the spread being occasioned mainly by
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the difference in the rigidity of clamping fixtures in the initial
welding position.

In cylinders with bottoms, the relative displacement of reference
points may vary by 2 or 2.5 mm, but the general trend of distortions
remains the same. Among other things, the sharp bend along the
line connecting points 7 and & could be observed in all cases.

In specimens 2 and 3, the axial contraction was 7+2mm (Table 32);
the axial bend 0.15° (or 2.7 mm per metre). The axis of the work-
pieces rotated about the line connecting the points 4 and 8.

3

a b

7

Fig. 135. Points of measurement ol distortion on girth seams.

For cylinders of a smaller diameter, the experimental data avail-
able are insufficient for any relations to be established.

The few investigations carried out to date into the distortions of
structures welded by the clectric slag process make it possible to
draw the following conclusions:

(1) In butt-welded structures of small length, ununiform lateral
contraction results in a bend at the butt joint. The contraction can
bo prevented by providing a tapering gap between the abutting edges.
Variations in the width of the gap should be found empirically. The
tapering gap may be dispensed with when welding similar structures
of increased rigidity (such as columns of hydraulic presses).

(2) No distortion in the planc of plates is observed in butt welds.

(3) Distortions in cylinder shells with two longitudinal seams can
be reduced by welding the two seams simultaneously.

(4) When welding girth seams on boiler shells, the axial bend can
be prevented by a tapering gap whose width is found by trial and
error.



Chapter VI
EQUIPMENT FOR ELECTRIC SLAG WELDING

1. Features of Design

Electric slag welding equipment differs in a number of aspects
from conventional automatic arc welding machines for the downhand
position.

For one thing, it incorporates weld-moulding devices. In most
cases, these are cither travelling copper shoes or stationary copper
back-up strips, with inside passages for cooling water.*

Sccondly, machines for clectric slag welding have a drive movmg
them along the weld which usually is of the vertical type. In con-
ventional scts for arc welding in the downhand position, the weight
of the welding head and its rolling gear provide for friction between
the wheels and the track or the workpiece itself, which is necessary
for the weldmg set to progress along the weld. Thns arrangement is.
not possible in welding sets for vertical joints, as the weight of the
apparatus is an obstacle to the travel of the welding head along the
joint. For this reason, welding scts for vertical joints are fitted with.
suitable rolling gear.

Thirdly, provisions are made for the level of the metal pool to
he automatically maintained constant in relation to the weld-mould-
ing shoes.

Each of these features tells to a greater or lesser extent on the con-
struction of welding equipment. The manner in which a welding set.
travels along the joint and the drive provided for the purpose affect
it more than anything else. On the basis of this feature the following
types of welding sets are singled out at present:

1. Track-riding sets travelling on vertical rails or tracks laid along
the joint.

II. Trackless welding sets traversing the w0rkp1ece itself and me-
chanically engaged with it.

These two types of welding sets may be single- or .multielectrode,.
light or heavy. They serve to weld thlcknesses from 40 to 400 mm or
even more.

* Apparatus us‘mg plate electrodes may have no weld~moulding devices.
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111. Walking magnet sets of the portable type, traversing the work-
piece itself and held to it by walking electromagnets. They are in-
tended to weld plates up to 100 mm thick with one or two electrodes.

An electric slag welding set should perform the following opera-
tions:

(a) to mould the weld;

(b) to fced one or several electrode wires into the weld pool;

(c) to.move the welding head along the joint;

(d) to impart weaving motion in a horizontal plane to the elec-
trodes in the weld pool when welding heavy sections.

Normally, an electric slag welding set has three mechanisms:
{1) an clectrode feed mechanism feeding one or several wires; (2) a
vertical travel mechanism; and (3) a mechanism to move electrodes
to and fro in a horizontal plane (if necessary). The mechanisms can
be actuated by a common drive or by several drives, depending on
the purpose and construction of the welding apparatus.

Scparate drives are preferable, as the speed of the respective mech-
anisms can then be controlled individually. The only advantage of
a common drive is the portability and small weight of the welding
set, which is of major consideration for portable-type equipment.
A more recent trend, however, has been to equip even portable weld-
ing sets with separate drives in view of the convenience and relia-
bility of their control.

The operations and respective mechanisms listed above are not
necessarily present in all welding sets. The set-up and arrangement
of mechanisms may vary within broad limits with the purpose of a
given welding set and with the welding technique adopted. By way
of example, sets specifically designed for welding with plate elec-
trodes do not have mechanisms to fced electrode wire and to move the
electrodes to and fro in a horizontal plane, nor do they have moulding
shoes. Welding sets for thicknesses up to 50 or 60 mm and some of
the multielectrode sets (such as the A-480) do not need a mechanism
to impart weaving motion to the electrodes. Welding sets working
with consumable electrode guides (such as the A-545) have only an
electrode feed mechanism, as the other mechanisms are redundant.

Cases are often when the electrode feed mechanism is made exter-
nal to the welding set so as to enhance its portability. In this case,
the electrode wire is fed by the external mechanism through flexible
metal hoses, as in the case of semi-automatic arc welding machines.
This principle is employed in walking magnet welding sets.

Here are the requirements common to all mechanisms of an elec-
tric slag welding set:

(1) Their working speed must be adjustable so that the apparatus
may be set to the desired speed. Speed control may be either contin-
uous or in steps. In the first case, it is accomplished by varying the
r.p.m. of the drive motor; in the second case, by means of change
gears or a gearbox.
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(2) The working speed of the vertical motion should be automati-
cally controlled by variations in the level of the weld pool. Two
techniques are employed in practice: (a) control of the drive specd
(the A-372) and (b) use of a “start-stop” or “on-off” control circuit
(the A-314) in the traction motor.

(3) The traction mechanism can be switched over from the working
to the idling or stepped-up speed in setting opcrations. In portable-
type sets, disconnection of the traction mechanism from its electric
motor will suffice, as the welding set can then be moved by hand.

(4) The pull of the traction mechanism should be such as to take
into account the weight of the apparatus and the friction of the mould-
ing shoes. Incidentally, the friction of the moulding shoes may be
as great as 100 kg per shoe.

(5) Although in most cases the electrode speed should be constant
during welding, it is desirable to have facilities for changing it in
order that the welding process be initiated more quickly and easily
in the beginning or when the slag pool has to be restored. This can
be accomplished either by means of a d. ¢. variable-speed motor or
by a gearbox.

(6) The weaving-motion mechanism should be reversible, the sim-
plest way of accomplishing it being a system of limit switches. The
swing of weaving motion can also be adjusted by appropriately po-
sitioning the limit switches. The rate of weaving motion should be
adjustable from 20 to 60 m/hr. In modern welding sets this is effected
by change gears. Both at the beginning and at the end of a weaving
stroke the welding head should be stopped for the desired length of
time, adjustable from 2 to 6 sec

2. Track-riding Elcctric Slag Welding Sets

The A-314 (Fig. 136) is an example of a very simple light-weight
portable set for welding sections up to 55 mm thick with one elcc-
trode. As a matter of record, it was employed to weld automatically—
and for the first time in welding practice—the vertical secams on the
shell of a blast-furnace at the Zaporozhstal Iron and Steel Works and
the erection joints of the world's largest all-welded Paton Bridge in
Kiev.

It consists essentially of two components: a welding head I and
a rack-and-rail 2. The rail is held down to the workpiece parallel to
the joint either by means of clamps 3 or electromagnets. The length
of the rail varies with the length of the weld to be made, but usual-
ly does not exceed 3 or 4 metres.

For straight welds on a flat plane, the rails are rigid and straight,
and made of light channel sections. The weight of a rail and rack
does not exceed 7 kg per running metre.

For curvilinear welds of variable curvature, such as erection seams
on a ship’s hull, the rails should be flexible, and made of thin steel
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strips. The rails arc fitted with several clectromagnets each. The
electromagnets hold the rails tight to the surface of the workpiece
so that they closely follow its outline. As an alternative, the rails
may be tack-welded to the workpiece.

The welding hoad 1 is a light-weight carriage with a single drive
for both travel along the joint and the feeding of the electrode wire.
The drive uses a 0.1 kw induction motor 4. One end of the motor
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Fig. 136. Type A-314 single-motor rack-riding welding apparatu-.

shaft is permanently connected to the electrode feed mechanism 5,
while the other end is coupled by an electromagnetic clutch to the
traction mochanism. The driving gear of the traction mechanism
meshes with the rack on the rail.

The controlled electromagnetic clutch makes it possible to discon-
nect the traction mechanism when required so as to control the
level of the weld pool by the “on-off” principle.

The A-433 (Fig. 137) is also a track-riding welding set serving the
same purposcs as the A-314, but differing from the latter in design
and electric circuit. The A-433 has two separate drives for (a) vertical
travel, incorporating an 80 w, 3.000 r.p.m. d.c. electric motor 1
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and (b) wire feed employing an a. c. 180 w, 2,800 r.p.m. induction
motor 2. The two drives cach have change gears for speed regulation.

The actual welding speed at a given speed of the welding set which
may be anywhere from 2.6 to 20 m/hr varies with welding conditions
and is determined by the speed of the motor (from1,000 to 3,000r.p.m.)
which is regulated automatically by variations in the level of the
weld pool. The electrode speed can be varied from 68 to 430 m/hr.
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Fig. 137. Type A-433 double-motor rack-riding welding apparatus.

What distinguishes the A-433 from the A-314 is a second moulding
shoe & which shapes the bead on the reverse side. This, however,
docs not exclude the possibility of employing a stationary back-up
strip.

The apparatus travels on a vertical monorail fitted with a rack 4.
The rail may be rigid for straight seams or flexible for curvilinear
scams. The radius of curvature of a weld and of the rail should not
be less than 3 metres.

The rail is laid parallel to the joint and is tack-welded or clamped

" to the workpiece.

The set uscs one electrode wire 3 mm in diameter and a welding
current of up to 900 a. The welding head 5, which is, in fact, an elec-
trode feed mechanism fitted with an electrode holder is mounted on
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twin carriage 6 on which the head can be moved manually in two mu-
tually perpendicular directions in a horizontal plane. In this way,
it is possible to control the position of the clectrode relative to the
weld (a) across the joint by means of a handwheel 7 and (b) across the
thickness of the plates being welded by means of another handwheel 8.
For adjustment purposes provision is also made for the head to
be moved vertically rclative to the carriage and the moulding
shoes.

The traction drive incorporates a device which decouples the re-
duction gear from the carriage so that the welding set may be pushed
on the rail by hand. The other facilities provided include a device
with which the set can be removed and put on the rail at any point
of the track. This arrangement saves much time if two rails are pro-
vided: while the operator completes a weld on one rail, the other rail
can belaid on another joint, and the welding head can then be casily
moved onto it.

The A-372P (Fig. 138) is a three-clectrode, track-riding welding
set widely employed on thicknesses from 60 to 450 mm. In fact, it
may use either one, two, or three wire electrodes at a time. The weld-
ing current per electrode is up 1,000 a, the aggregate current being
as heavy as 3,000 a.*

The A-372P is the most vcrsatlle of all existing scts for electric
slag welding. The basic model is intended for welding straight scams
on thicknesses up to 250 mm. A few changes and readjustments make
it suitable for:

(a) Welding straight seams of any length on thicknesses up to
450 mm. To this end, the set should have an extended carriage so
that the head may move in a weaving pattern, and extended clec-
trode holders;

(b) Welding circumferential seams on thicknesses up to 450 mimn.
In this case, apart from the modifications mentioned above, the set
should be fitted with a hinged suspension for the moulding shoe
S(i that it can swing over a considerable distance in a horizontal
plane;

(c) Welding with plate electrodes of large cross section instcad of
3 mm clectrode wire. In this case, the welding head should be re-
placed with a special holder (Fig. 139) for plate electrodes. With three
plate electrodes, the set can weld joints up to 1,000 mm long (or
high) in steels up to 600 mm thick.

The standard equipment of the A-372P set, apart from the welding
apparatus proper which feeds electrodes into the weld pool and
performs all the movements required for welding, includes a rail
track, a TIIC-1000-3 three-phase welding transformer and switch
gear box.

* in welding plain carbon structural steels such heavy current is not employed
as crystallisation cracks may develop
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Fig. 138. Type A-372P three-electrode rack-riding welding apparatus
using wire electrodes:

a---diagram; b— photograph
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The set and the rail track together are usually mounted directly
on the workpiece. As an alternative, the track can first be laid and
then the head be put on the track, at any point of the joint,
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Fig. 139. Type A-372P welding apparatus using plate electrodes:

1—trolley; 2—track column; J3-—electrode holder and welding cable
connectors; ¢-—plate electrodes; 5-—workpieces

In case of need, the rail track 2 can be built into the load-bearing
members of the welding set. It can, for example, be attached to the
lift of the operator’s cab or mounted as a vertical column on a truck.
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The actual arrangement of the rail track is determined by the
construction and purpose of the welding set as a whole. A truck-
mounted track is a component of welding sets for circumferential
searmns.

The A-372P welding apparatus proper consists essentially of five
units (Fig. 138): (a) a motor-driven truck 3 for vertical travel of
the head on the rail track; (b) a three-electrode head I to feed clec-
trode wire into the weld pool through electrode guides 7; (c) a weav-
ing-motion mechanism 4; (d) moulding shoes 5 and (e) a control

anel 6.

d The apparatus uses three clectric motors which take care of the
working movements and main mechanisms of the set. These are:
(a) a ITH-2.5 d. ¢. motor rated at 0.7 kw for the trucks; (b) a simi-
lar I[TH-2.5 0.7 kw d. c¢. motor for the welding head I; and (c) a
MAT induction motor rated at 0.4 kw for the weaving-motion mecha-
nism.

The d. c. electric motors in the truck and the welding head make
it possible to vary the welding and clectrode speeds over the entire
range of motor speed (1,100 to 2,900 r. p. m.). The range of working
speeds of the truck and head motors can be extended by means of
change gears with which the optimum motor speed can be obtained
at a given welding or electrode speed.

The speed of the truck is controlled continuously and automati-
cally by variations in the level of the weld pool, which appropriately
change the speed of the drive motor.

The change gears of the truck motor enable the welding apparatus
to be set to the desired mechanical specd, v, ;, at 2,870 r. p. m. The
mechanical speed should be 1.5 to 2 times as high as the average
predetermined welding speed, i. e., v, ;=(1.5 to 2) v,,.

In all, the working speed of the truck and, conscquently, the
welding speed can be varied between 0.5 and 9.5 m/hr.

The truck motor has a clutch with which the truck can be thrown
into idling speed (50 m/hr). Fig. 140 shows the kinematic diagram of
the tractor. The traction mechanism is built into an aluminium hous-
ing held on the rail by guide rollers and a pinion which meshes with
the rack of the column. All the components of the welding apparatus
are affixed to the truck frame. IS

The speed of each electrode and, conscquently, the current value
are adjusted by means of the change gears of the welding head.
Besides, the electrode speed can be controlled on the run and simul-
taneously for all the electrodes by operating the speed selector switch
on the control panel which varies the motor speed in steps. The switch
in the A-372P set has nine positions: 1,300; 1,525; 1,750; 2,200;
2,425; 2,650; 2,870; and 3,100 r.p.m.

With the motor running at the rated speed (2,870 r. p. m.), the
electrode speed can by varied between 150 and 500 m/hr by means
of the change gears.
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Fig. 141 shows the kinematic diagram of the welding head and the
weaving-motion mechanism. The three pairs of fecd rollers and_the
other components of the head coming in contact with the electrode
wire are electrically in-
sulated from one another

R s
. 'q————“c:,:; A R and from the hecad hous-
Singie- thread ST ing, as they are connect-
2223
screw m=J [k

ed to the different phases.

The welding current
is carried to the elcc-
i trodes by current-con-
ducting electrode guides
(Fig. 142a). The guides
also straighten and po-
sition the wire in the
groove. The wire enters
the groove by a steel
tube, leaving it bent in
the arc of a circle. The
contact fork at the end
of the electrode guide
bends the wire in the
opposite direction so as
to straighten it and pro-
vide the necessary con-
tact pressure. The con-
tact fork has a screw
with which it can be
moved in the plane of
curvature of the wirc.
This arrangement con-
trols the way in which
the wire is straightened
and serves to restore the
contact pressure in casc
the contact fork wears
. out.

Apart from controlling the longitudinal position of the electrodes,
the electrode guides can vary, although within narrow limits, their
lateral position in the groove. This purpose is served by screws ac-
tuating the appropriate levers of the electrode guides.

The least distance between two adjacent guides (and, conse-
ggently. between two adjacent electrodes) in the A-372P is 40 to

mm.

The weaving-motion mechanism, schematically shown in Fig. 141,
is driven by a separate electric motor and moves the welding hecad
across the carriage. The carriage is actuated by a screwrotatingin
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Fig. 140. Kinematic diagram of the Ltrolley in
Type A-372P welding apparatus.
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a moving nut. The reversal of the motor changes the direction of
travel of the head. At the extreme positions of weaving motion—at
the moulding shoes—the head dwells for a pre-arranged length of

Motor Type
f1H-25
N-0/xw
n=2870rpm, T _"i 1
(rated) = N '
! 2
§ .
— g
Single- thread § s
sgrew m:2 &
2=40

Non-adjustable
thrust sleeve

Aajustable
thrust sleeve,

Floaling ny

ira
Bx(2<4)

Double-threaa
~_ M2

2=2

Free motion
0-54mm

Wotor lype

WAL 2%/36
N:-01xw
n450
ram.

Fig. 141. Kinematic diagram of the welding head and
weaving motion mechanism in Type A-372P welding
apparatus.

time. The time (which may be as long as 6 sec) depends on the play
between the moving nut and the thrust sleeves one of which may be
shifted for the purpose. In fact, the time of dwell is the time neces-
sary for the play to be taken up. The speed of weaving motion is
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Fig. 142. Elcctrode guides and moulding shoes

adjustable between 20 and 60 m/hr by means of the change gears.
The swing of weaving motion is controlled by a system of limit
switches and adjustable limit stops on the carriage.

The face moulding shoe 5 is suspended from the bracket of the
truck (Fig. 138). The reverse-side moulding shoe is suspended from
a plate 8 made fast to the truck and passed between the abutting
edges of the workpiece. The face moulding shoe differs in construc-
tion from thereverse-side one in that it has a built-in electric pick-up
of an automatic weld-pool level controller. The reverse-side mould-
ing shoe (Fig. 142d) and the supporting plate together can be re-
moved, as in many cases a stationary back-up strip (Figs. 142 and ¢)
is more preferable (see Chapter IV).
> The shoes are made of copper and cooled with running water cir-
culating in the intérnal passages. Appropriate springs and hinged
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in three-electrode electric slag welding units.

suspensions hold the shoes tight to the edges of the workpiece. Both
the shoes and suspensions may vary widely in construction with the
type and size of the weld, requirements of the fit-up, the automatie
control employed and many other factors.

For a moulding shoe to work faultlessly, it should be held tight
to the edges of the workpicce. This in turn depends on the accuracy
of the fit-up, notably on whether or not the edges are offset, and on
the construction of a given moulding shoe.
~ From the view-point of construction, there are two types of mould-
ing shoes, namely (a) stiff moulding shoes whose shape cannot be
changed in welding when the edges are offset (these shoes will not
fit closely to the edges if the offset is more than 1.5 or 2 mm); and (b)
flexible moulding shoes whose shape can be changed to make up for,
the offset of the edges. ‘
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Stiff moulding shoes are recommended for Tee and butt joints,
in which the edges are not more than 2 mm out of plane, and for cir-
cumferential seams. A regular stiff moulding shoe for straight butt
welds is simple in construction and does not call for any detailed
cxplanation. A moulding shoe for circumferential seams should be
bent to the same radius as the workpiece.

Moulding shoes for corner- and Tec-welded joints differ from those
described above only in the cross section which follows closely
the outside surface of the weld and the adjoining edges of the work-

iece.

p When the edges of a workpiece are more than 2 mm out of plane,
use should be made of flexible moulding shoes. Being more intricate
in construction, their use should really be justified.

Currently, two designs of flexible moulding shoes are used: (1)
notched shoes; and (2) hinged shoes.

A notched shocisasolid copper bar similar to a regular stiff shoe
with the difference, that it has two deep longitudinal notches. Along
these notches the block is very thin (2 mm). Therefore, it can easily
be bent along the notches so that its sides could fit closely to the
edges of the workpiece, even if they be appreciably out of plane. The
shoe can be bent in welding by knocking slightly with a hammer at
the rear of the shoc suspension.

Notched moulding shoes arc applicable to both straight and circum-
ferential welds. In the latter case, they should be bent longitudi-
nally to the same radius as the workpiece.

Hinged moulding shoes are based on a more sophisticated principle
of operation. A regular double-hinge moulding shoe for straight butt
welds consists of three plates—a middle one and two outer ones—
connected by hinges and spring-loaded rods. The hinges enable the
shoe to align itself along the edges of the workpicce and fit closely
to them under the action of an cexternal force. These shoes are only
applicable to straight welds. They cannot be employed on circular
welds because of the curvature of the workpiece.

A more recent trend has been towards flexible shoes consisting
of two plates which fit to each other with their side faces all along
the length. The plates are connected by spring-loaded bolts which
provide for reliable contact between the side faces, but permit
them to move relative to each other in the plane of contact. The two
plates, which are held down by the pressure of the suspension, can
shift relative to each other as much as the edges are out of plane.
In this way, the plates are held tight to the edges of the workpiece.
These composite shoes are applicable to both straight and circular
joints in which the edges are up to 5 mm out of plane.

Of whatever construction, moulding shoes and their suspensions
are so built that pressure is applied at two points, thus facilitating
the self-alignment of the shoe along the weld. For this purpose, the
suspensions have horizontal balancing arms.
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The A-480 (Fig. 143), which is a multielectrode sct, may also
be classed under the heading of track-riding welding equipment,

Fig. 143 TIype \ 480 mullielectrode welding apparatus using
wire electrodes.

as the welding head travels vertically on a machine-tool type
column.

The A-480 differs markedly from the previous sets both in construc-
tion and in ratings. Its field. of application is to butt weld members
with a compact cross section of up to 1,000 mm square at the joint,
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such as cast-welded rolling mill frames, shaft components, etc., rath-
er than to make regular welds of considerable length. The weld is

Fig. 144. Type A-480 welding apparatus using plate electrodes.

backed up either by stationary copper back-up strips with internal
water cooling or by fusible steel strips.

The set can use either an assembly of as many as 18 wire elcc-
trodes 3 mm in diameter or a combination of as many as 9 plate
electrodes (Fig. 144). In either case, the clectrodes are grouped
}nto three equal banks, each for one phase of a TILIC welding trans-
ormer.
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The A-480 welding set is superior to all existing equipment for
automatic welding, both in power and production rate.

When 18 wire- electrodes are used, and draw their power from a
three-phase line, the welding current usually is 2,000 a per phase,
totalling 6,000 a; with plate electrodes it is 3,000 a per phase, total-
ling 9,000 a. '

The A-480 set includes (1) the welding apparatus proper, which feeds
the electrode and performs the necessary movements; (2) an electrical
control box; and (3) a TIIC-3000-3 three-phase welding transformer.

The welding apparatus proper incorporates (1) a multielectrode
head mounted on a vertical carriage. When plate electrodes are em-
ployed, the head is replaced by a suitable holder with which the clec-
trodes are affixed to the carriage; (2) a vertical travel mechanism;
(3) a bedframe and guide column for the carriage; and (4) a bank of
reels on the bedframe for electrode wire.

The welding head is a multiroller wire feed mechanism driven by
a 1 kw electric motor. Eighteen electrodes can be fed at a time, though
provision is made for fewer electrodes. The electrode spacing may be
varied from 50 to 90 mm, so as to obtain proper penctration without
having to move the electrodes in a weaving pattern.

The electrode speed can be adjusted between 42 and 260 m/hr by
means of the change gears in-the reduction gear box. The electrode
guides are attached to the welding head housing. The guides arc as
long as the maximum height of the joints welded, or 1,000 mm.

An electrode guide is a straight steel plate in which a passage is.
made for the electrode wire. The guide tip is so bent that the wire
comes out curved. The copper contact brush, whichisbrazed to the
guide tip, bends the wire in the opposite direction to straighten it
and to provide the necessary contact pressure. The spring action of
the bent wire makes up for the wear and tear of the contact over a
sufficiently wide range. When worn down heavily, the contacts can
he reconditioned by building up their surface.

In this welding set, the maximum attainable length (or, more ac-
curately, height) of the weld depends solely on the length of the clec-
trode guide and is equal to it. The reason is that the A-480, as distinct
from other welding equipments, has straight rather than curved elec-
trode guides; in welding, the straight electrode guides arc introduced
into the groove from above rather than from aside, as is the case in
other welding sets. N

In the A-480 curved electrode guides with which welds of practi-
cally any length can be welded, cannot be employed because of the
large number of guides used.

As has been noted, the set may be readjusted for welding with plate
electrodes by replacing the welding head and its drive by a plate
electrode holder (see Fig. 144).

The vertical travel mechanism is mounted on the top of the column
and is coupled with the carriage by an endless traction chain. The
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mechanism uses a 0.6 kw electric motor which can run at both work-
ing and idling speed.

The change from working to idling speed is effected by a claw clutch,
while the working speed can be varied by means of change gears in
the range from 0.12 to 2.00 m/hr.

Both the A-480 and the A-372 are peculiar in that when they em-
ploy plate or rod electrodes instead of welding wire, the welding head
traces downwards, or in the direction of eclectrode feed, and one
movement is performed by the apparatus instcad of several. The net
result obtained by using plate or rod electrodes is that the construc-
tion of the apparatus may be appreciably simplified, as there is no

need for the welding head travel

, i\]\ / mechanism and  weaving-motion
o (rab mechanism.
¢ O } ( 1) The A-480 welding set is less ver-
1 satile and takes more power. That

is why it has found a more limited
use as compared with the A-372
universal welding set. Indeed, the
latest makes of the A-372P, which
can weld with plate electrodes,
successfully supplant the A-480 on
thicknesses up to 600 mm.

3. Trackless Electric Slag
Welding Equipment

A salicent feature of this type of
clectric slag welding equipment
is that the welding head moves di-
rectly on the workpiece, dispensing
with tracks, supports or electro-
magnets (Fig. 145). This type of
welding apparatus usually has two
trucks—one motor-driven 7 and the
other non-driven 2. The trucks are
Fig. 145. Diagram of a uackless placed on either side of the work-

welding unit. piece and are connected by flat links

3 passed through the groove be-

tween the cdges. This arrangement calls for an unobstructed groove

all along the joint, while the joint gap should be at least 12 mm wide.

As will be recalled, conventional tacks in electric slag welding can-

not be used; in their place crescent-shaped clamps tack-welded to the

workpiece on the side of the non-driven truck have to be resorted to.

The inside dimensions of a clamp should be sufficient for the non-
driven truck to travel freely in welding.

The flat links between the two trucks are part of a tension system.
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They have powerful springs to hold the workpiece fast between the
trucks and hold the rollers of the motor-driven truck tight to the work-
picce and thus ensure the necessary friction for the truck to traverse
the job. The truck rcliably adheres to the surface of the work as the
steel rollers have sharp knurling on their periphery and are properly
heat-trcated to high hardness.

The flanges of the rollers fit into the joint gap and arc held tightly
to one of the edges by a suitable device. In this way, the welding
head can accurately follow the pattern of the joint in welding.

Examples of trackless welding equipment are provided by the
A-3006, the A-340 and the A-350 scts which have shown a good per-
formance at the Krasny Kotelshchik Boiler-Making Works.

The A-3006 is a single-clectrode welding set (Fig. 146) intended for
thicknesses up to 60 mm. The motor-driven truck carries the vertical
travel (or traction) mechanism 7 and the electrode feed mechanism 2.
The two mechanisms are driven by a 0.25 kw electric motor 3, the
traction mechanism being coupled to the motor by an electromagnetic
clutch. In this way, the traction mechanism can be disconnccted at
will, without stopping the motor, as may be required by variations
in the level of the weld pool, much in the same way as in the A-314
track-riding set. The clectromagnet clutch is the final control clement
in the automatic control of the weld pool level.

The motor-driven truck mounts an electrode guide which has a
bending roller 4, a flux batching hopper 5, a control panel 6 and an
clectrode wire reel 7. The weld is shaped by two water-cooled copper
moulding shoes one of which 8 is attached to the motor-driven truck,
and the other 9 to the trailer.

Welding speed with the A-306 may vary from 1 to 8 m/hr. Elec-
trode wire 3 mm in diameter may be fed at the rate variable between
60 and 360 m/hr, and the welding current may consequently be as
heavy as 800 a. The desired fced rate and welding speeds are adjusted
by means of the change gears in the respective mechanisms. Elec-
trode wire may be anywhere from 3 to 5 mm in diameter.

The A-340 is a single-clectrode welding set (Fig. 147) designed for
thicknesses up to 150 mm. Therefore, it incorporates a mechanism
which manipulates the electrode in the groove in a weaving pattern.

Compared with the A-306, the A-340 has threc separate drives:
one drive 3 for vertical travel; another drive 2 for weaving motion;
and a third drive 7 to feed wire into the welding zone. From this
point of view, the A-340 is similar to the A-372. The vertical travel
mechanism having a separate drive, the level of the weld pool can be
automatically controlled, as in the A-372 set. Welding speed with the
A-372 may be varied between 1 and 4 m/hr.

The A-350 (Fig. 148) is the most powerful and efficient of all track-
less welding sets. It uses three electrodes and operates on the same
principle as the A-340, except that it has a three-electrode instead of
a single-electrode head of the type employed in the A-372 set. There-
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- Fig. 146. Type A-306 single-electrode single-motor
trackless automatic welder.
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Fig. 147. Type A-340 single-electrode trackless automatic welder.
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Fig. 148. Type A-350 three-electrode trackless automatic welder.

174




fore, on heavy sections it has a higher production rate than the
A-340. On thicknesses up to 180 mm its welding speed is anywhere
from 1 to 3 m/hr. The circuitry, including the automatic control of
the weld pool level, three-phase power supply and control, is similar
to that of the A-372 set.

4. Walking Magnet Welding Sets

These are the lightest and most portable of all clectric slag welding
scts. They are best suited for erection work on construction sites and
for bulky jobs in hard-to-reach locations, where the heavy A-372 and
A-350 sets cannot be operated so conveniently (for example, for press
bedframes with walls up to 100 mm thick).

As a rule, walking magnet welding sets are of the single- or double-
electrode type, without wire-feed and weaving-motion mechanisms,
which fact reduces their weight and enhances
their portability. Electrode wire is usually —
fed by an external feed mechanism through

1

a metal hose. AN N ¥
Walking magnet welding sets are held on

the workpiece and moved across it by elec- p

tromagnets. Their motion across the work ok '““_-—:{ .

resembles walking—hence their name. As el
has been established experimentally, this -
walking in small steps (up to 5 mm) does ! R
not affect the stability of welding and the 7
quality of the weld. The operation of the |
walking mechanism is schematically shown Y
in Fig. 149. One complete cycle consists of < NNAN
four stages (1 through 1V). The mechanism h-2e —~
consists of two electromagnets I and 2 ‘ g
which are always cnergised and coupled by oo
a crankshaft or an eccentric with an cccen-
tricity e. Each centre of the crankshaft is #tg. 149. Walking mag-
hinged on to the appropriate electromagnet. net in operation.
As the crankshaft rotates, the magnets break
away in turn from the work and move a certain distance in the direc-
tion of welding. The two magnets make one step cach during a com-
plete revolution of the crankshaft; the pitch being twice the eccen-
tricity of the shaft (h=2¢). The hinges connecting the eccentric to the
magnets are found in the head portion of the magnets. Therefore,
only the head portion of each magnet breaks away from the work-
piece in the forward movement, and the magnets can easily over-
come what small obstacles may come their way.

An advantage of the walking magnet system just described is
that the breaking action of one magnet is imparted to the other mag-
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net as a reaclion, and the adhesion of the welding apparatus to the
work is not impaired.

The welding speed can be varied either by changing the speed of
the eccentrie (that is, the rate of walking) or by varying the eccen-
tricity (that is, the step of walking).

An example of a walking magnet welding set is the A-501 (Fig.
150) which is designed for welding corner, Tee and butt joints made

Feg. 1ou. Type A-0ul w . .. wagnet automatic welder
(general view).

in metal up to 100 mm thick. 1t is noted for its small size and weight
(25 kg), a constant pitch of 2.5 mm and a speed of 3.5 to 20 m/hr
which is adjustable by continuously varying the speed of the drive
motor. The control is effected by a remotely placed push-button rheo-
stal. For simplicity, the welding set Las no automatic control of the
weld pool level.

The A-501 uses one single-coil electromagnet and a double split
magnetic circuit. As the two shoes of the electromagnet are attached
to the different centres of the crankshaft, the walking action is such
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as if there were two separate electromagnets. The apparatus is set
up for a given type of weld by means of interchangeable units.

Welding is performed with one or two wire electrodes, 2.5 m in
dia depending on the thickness of the workpiece. The change from
one to two electrodes is effected by replacing the electrode guides.

The apparatus is accurately positioned along the joint by a system
of tracer rollers which bear upon one of the sides in welding corner
joints or follow a template placed parallel to the seam in welding
butt joints.

The A-501 is mainly used to fabricate bedframes for heavy power
presses employed in the automotive industry.

5. Sets for Electric Slag Circumferential Seams

The A-532 is a suspension-type welding set employed in the fab-
rication of high-pressure boiler drums and other thick-walled vessels
and cylindrical jobs.- As distinct from the sets intended for straight
seams, the A-532 has no traction mechanism, as this function is
performed by a roller stand or any other suitable positioner for ro-
tating the work during welding.

The set (Fig. 151) is hinged onto the lifting beam of a gantry or
any other support. In welding, its moulding shoe is held tight to the
job by the weight of the set and a spring. The weld pool is formed any-
where on the side of the workpicce, so that there is an angle of from zero
to 40° to the horizontal. The set uses a three-electrode welding head
similar to that of the A-372 and fitted with an identical weaving-
motion mechanism.

The moulding shoe has an attachment to provide an additional
space for the slag pool or excess metal in closmg the circular seam.
The weld is backed up either by a copper ring or a moulding shoe.
In both cascs, they are water-cooled on the inside.

In contrast to the A-356 and A-532 suspension-type welding sets,
modern sets for clectric slag circumferential welds incorporate a
mechanism for the vertical travel of the welding head, and their de-
sign very closely resembles that of track-riding equipment. This
group may be exemplified by the A-401 (Fig. 152) and the A-470
(Fig. 153) which is a later model of the A-401. The two sets can weld
circumferential seams on jobs with walls up to 450 mm thick. As
has been found empirically, the thick walls and relatively small di-
ameter of the workpiece make it necessary to impart to the welding
head a vertical movement both at the beginning and at the end of the
weld and to stop the job, or else the weld will not be closed appropri-
ately. Therefore, the two sets incorporate vertical travel (traction)
mechanisms similar to that of the A-372P set (Fig. 140).

Both the A-401 and the A-470 are mounted on a three-wheel truck
1 moved across the workpiece manually. The truck carries a slewing
type column 2 and a rack. The automatic welding head 3 can travel
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up and down along the rack at either the working or the idling speea.
The vertical travel system and the traction mechanism are similar to
those of the A-372 track-riding set. [n setting and transit, the welding
head can be swung out on the slewing column. The apparatus uses a
three-electrode head 4 with extended electrode guides 5 so that cir-
cumferential joints near the very flange can be welded.

200

2200

Fig. 151. Type A-532 threc-electrode articu-
lated welding apparatus for circumferential
seams.

Like other welding suts for heavy sections, both the A-401 and
tho A-470 have a weaving-motion mechanism 6.

The horizontal length of the electrode guides can be varied by
a telescopic arrangement. This is done in setting up the apparatus for
a given job size, in starting and closing circumferential welds, and
in adjusting the electrode spacing to suit a given metal thickness.
The horizontal length can be adjusted continuously by means of a
-rack-and-pinion actuated by a handwheel.

For welding heavy sections (up to 450 mm thick), the apparatus
has an extended carriage so that the head can be moved in a weaving
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Fig. 153. Type A-470 welding apparatus.
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pattern; meanwhile the moulding shoe is attached to a hinged sus-
pension which enables the shoe to move a considerable distance in
a horizontal plane.

It should be noted that the A-372P and the A-433, which are both
versatile track-riding electric slag welding sets, can be easily adapted
to welding circumferential seams. To this end, they can be fitted with
suitable moulding shoes, electrode guides, and a suitable support.
Indeed, the A-401 is a version of the A-372, adapted to making cir-
cumferential welds.

With suitable accessories and fixtures, the A-401 or the A-372 can
weld both eircumferential and straight seams. Fig. 161 shows an
installation of this type.

All electric slag welding sets for circumferential seams have, as
a rule, two electric motors for vertical movement. One of them ro-
tates the workpiece in welding, while the other drives the welding
head in a vertical plane.

6. Equipment for Electric Slag Welding
with Plate and Rod Electrodes

As has been noted elsewhere, plate olectrodes are recommended for
heavy sections (up to 1,000 mm), welded with high values of current
(9,000 a or more), while rod electrodes are best suited for hard-fac-
ing, butt (resistance slag) wolding, and for remelting ingots and
forgings by the electric slag process. .

Plate electrodes may be employed on any heavy-type track-riding
set after its welding head and moulding shoes have been appropriate-
ly readjusted.

Woelding sets using plate or rod electrodes differ in somo aspects
from those employing electrode wire, the principal differcnce being
the absence of all other movements except for downward travel, which
coincides with the direction of the electrode feed.

Another difference is in most cases the absence of sliding contacts
to carry current to theelectrodes. Instead, use is made of more relia-
ble stationary terminals—a solf-evident advantage, especially when
high values of current are employed.

On the whole, these sets are simpler and more reliable than tho
apparatus using electrode wire discussed above.

A drawback of welding sets using plate electrodes is that the max-
imum length (haight) of the joint is limited by the allowable length
of the plate electrode, and is, therefore, comparatively small. In
practice, it does not exceed 1 to 1.5 m. From this angle, welding
with electrode wire is more versatile, as it imposes no restrictions on
the length of the joint, except when the apparatus employed has
straight, rather than curved, electrode guides (the A-480 set) and tho
allowable length of a straight weld is equal to that of the clectrode
guides.
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As has been noted, the electric slag process is an efficient method
of hard-facing, especially when wear or heat resistant alloys have to
be applied to the cutting faces of various tools. This opcration is
usually performed by special sets fitted with chills, instead of mould-
ing shocs, and using rod clectrodes. An example in point is the auto-

matic set which hard-faces the
tong bits of ingot cranes.

% The tong bits are hard-faced
125 with electrode rods 14 to 20 mm

in diameter, made of steel 3 X 288.

As in casting, the deposited

metal is moulded by a chill.
: The hard-facing set (Fig. 154)
> incorporates (1) a jig to clamp
" the workpiece to be hard-faced,
fitted with a split copper chill
water-cooled on the inside; (2) an
electrode-feed mechanism; (3) a
bedframe and (4) a control cabi-
net built into the bedframe.

The electrode-feed mechanism
is a vertical carriage whose lead
screw is actuated by an induc-
tion motor via a reduction gear.
The carriage mounts a snap-
action electrode clamp which
also carries the welding current
8 _@; to the electrode.

The desired rate of electrode
feed is adjusted by means of
change gears and can be any-

=

1
/

[-
5 where between 0.8 and 8 m/hr.
31 The actual average rate of elec-
IS I e trode feed is somewhat lower,
Fig 154 Apparatus for hard-facing of and varics with the voltage at
tong ﬂns for ingot cranes the clectrode. The rate is con-

trolled automatically by a “start-
stop” circuit which stops or starts the drive motor in step with
voltage fluctuations. Thus, the welding set has a simple voltage reg-
ulator which maintains the welding voltage constant within cer-
tain limits,

As will be recalled, similar voltage control circuits are employed
in submerged arc welding machines powered by transformers with
a drooping characteristic. The welding set in question also draws its
power from a similar TCII-1000 transformer.

Provisions are made both in the circuitry and mechanical design
of the set for an automatic stop as soon as the desired thickness of
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the deposited metal has been reached. This condition is sensed by an
electrical prod placed in the chill at the required height. At the pre-
determined height, the weld pool closes the circuit through the prod
to the appropriate switch which disconnects the electrode feed motor
and cuts off the welding current.

Similar sets can also be employed for welding, but the rods are
usually replaced by plates. One such set is the A-550 single-phase

View along arrow A
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&
=

A
. = 3
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Fig. 155. Type A-050 apparatus for electric slag welding with
plate electrodes.

machine (Fig. 155) which is specially designed for welding titanium
and its alloys in sections from 50 mm square to 150 X 400 mm.

The electrode is a titanium plate as wide as the joint to be welded
(from 50 to 150 mm), while its thickness may vary from 10 to 20 mm,
depending on the joint gap.

The physical propertics of titanium have necessitated some changes
in the current-carrying circuit to the electrode. The point is that
titanium has a very low electrical conductivity, and if the current
were carried to the plate electrode only through one fixed terminal
in the top clamp, the plate would be strongly heated because of its
large length and the heavy current (up to 2,500 a) ecmployed. Heated
titanium is easily contaminated by the ambient atmosphere, and the
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weld metal may well be of inferior quality. As a way out, an auxilia-
ry sliding contact is placed immecdiately above the joint, and the
actual “dry” length of the electrode does not excecd 400 mm.

The other features of this apparatus are similar to those of the set
described previously, except that the rate of electrode feed may be
adjusted both in steps and continuously over the total range 0.8-
10 m/hr.

A similar welding machine can be employed for welding bars and
flanges of stainless steels and refractory alloys. In this case, no
sliding contact is necessary.

7. Sets for Welding
with Consumable Electrode Guides

The operating principle of sets using consumable electrode guides
is described in Chapter IV. These scts are simple and compact, as
they have no traction mechanisms or moulding shoes. In fact, a welding
set employing consumable electrode guides incorporates only an
clectrode-feed mechanism and a current-carrying path to the elec-
trode guide.

The main uses for these sets are large-size and bulky jobs of in-
tricate design at the joint, such as hydraulic turbine blades, ship
stems, etc., where it is more advantageous to use portable equipment
mounted above the joint directly on the workpicce.

One such apparatus is the A-545 four-clectrode set (Fig. 1506).
In effect, this is a multiroll electrode feed mechanism fitted with a
clamp by which it can be attached to the work. The set is clamped to
a removable strip which is tack-welded to the workpiece in advance.
The advantages offecred by such an arrangement are that (a) the set-
ting-up time is reduced, as removable strips and consumable electrode
guides can be fastened on the job in advance, and (b) the welding set
and clamp can be more simply constructed, as that does not depend on
the design of the job.

Electrode wire is fed into the set from reels placed on the floor or

on an auxiliary platform from which the wire passes over rolls,
through flexible steel pipes and into the passages in the electrode
guide. Coupling nuts fasten the upper hose end to the feed mechanism
and the lower end ta the electrode guide.
- The flexible mctal hoses employed in the set make it unnecessary
to exactly position the set relative to the joint, and there is no need
for the mechanisms that would be essential otherwise. All this
adds to the simplicity of the A-545 both in construction and in
scrvice.

The roll assembly of the set can feed from one to four wires 3 mm
in diameter. The wires are fed simultancously and with the same
speed. The electrode feed mechanism is driven by a 0.25 kw d. c.
electric motor via a reduction gear. The feed rate may be varied be
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tween 60 and 120 m/hr by ehanging the speed of the motor between
1,200 and 2,400 r.p.m.

The drive rolls of the feed mechanism are scated on a common
splined shaft and their spacing may be varied to suit the thickness
of the workpiece. In the extreme case of welding with four electrodes,
the workpiece may bz as thick as 200 mm and the current as beavy
as 2,000 a. .
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Fig 155. Type A-545 apparatus lor electric slag welding with con-
sumable electrode guides.

The rolls and electrodes are not insulated electrically from one
another and have the same polarity in welding. This feature has
also served to simplify the construction of the set and, especially,
of the consumable electrode guide. The set draws its power from a
single-phase welding transformer with a straight-line volt-ampere
characteristic.

8. Electric Slag Welding Outfits
Welding equipment can be efficiently utilised if supplemented witls
the requisite accessories and fixtures.

A welding set complete with accessories and fixtures forms a weld-
ing outfit. The complexity of welding outfits may vary within
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broad limits, as it is a function of mauy factors. These are the size
of the workpicee, the production schedule of the welding shop,employ-

Fig. 157. A press Irame being welded by a walking magnet welder.

ment of the outfit in the field or in the shop, and the extent of
mechanisation in auxiliary operations.

In most cases, the functions of the accessories and fixtures of a
welding outfit are as follows:
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(1) To position, hoist and convey workpieces (which is performed
by positioners or hoisting and conveying facilities);

(2) To make the work of the operator easier and safe, cspecially
when attending to apparatus moving at a large height;

(3) To impart auxiliary movements to the apparatus or the work-
piece (such as rotation in welding circumferential seams);

(4) To supply power and watcr;

(5) To prcheat the workpicce, if necessary.

In the simplest case, a welding outfit is an assembly and welding
stand or several stands equipped with portable welding units, which
may be of the track-riding type, such as the A-372, the A-314 or the
A-433; of the trackless type, such as the A-306, the A-340 or the A-350,
or of the walking magnet type.

Light-weight equipment (the A-314, the A-433 or the A-501) can
be easily transferred from one joint or stand to another by hand. Heav-
ier sets (the A-350, the A-372, and the like) are carried about and
mounted on the joint by means of a workshop crane or local hoisting
and conveying facilities.

The welding outfit described above is typical for the small scale
or piece production of large-size weldments.

The set-up of a welding outfit remains the same when walking
magnet sets are employed. An example in point is the outfit for the
clectric slag welding of bedframes for heavy presses (Fig. 157) in
which usc is made of the A-411 and the A-501 single-electrode walk-
ing magnet sets. The photograph shows a stiffener 3.5 m long and
60 mm thick being welded to a bedframe. The two sets are placed on
cither side of the stiffener and have a common weld pool. The advant-
ages of welding with two sets and a common weld pool are (1) a
production rate which is twice as high, (2) simplificd moulding of
the weld as no backing-up blocks or strips are required, and (3) re-
duced stresses and the diminished danger of crystallisation cracks,
as the workpiece is heated more uniformly.

The stationary welding outfit shown in Fig. 158 is very simple in
design and convenient in operation. It is used for welding longitudinal
scams on short tank shells. It consists of a plating block, an A-372
welding set (with a fixed rack column), and a power source.

A less happier combination is shown in Fig. 159. This is a welding
outfit intended for welding longitudinal seams on boiler drums which
uses an A-340 welding set. The outfit, though simple, is inconvenient
in operation, as the operator has to work while standing on a portable
ladder. While a portable ladder may be tolerable in field conditions,
it is entirely out of place at a factory, as it does not ensure the de-
sired safety and convenience of work. In short, the outfit is simplified
at the expense of reliability and safety.

On the other hand, simplified outfits are acceptable when the length
of joints does not exceed 1.5 to 2 metres, especially when the welding
set is of the light-weight portable type, such as the A-314, the A-433,
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or the A-411. Inelfect, the outfit may well be a welding stand without
any other accessories. In repetitive work involving welds of consid-
erable length, simplified outfits cannot be recommended, as their cf-
ficicnt operation is impossible without a whole range of accessorics.
As for circumferential seams simplified outfits are entirely out of the
question, as the workpiece has to be rotated in welding, which re-
quires special, sometimes rather complicated. systems.

Fig. 158. Electric slag welding unit for short vessel shells

Here arc a few examples of modern welding outfits employed in
heavy engineering.

Outfits for straight seams. Soviot factories turning out high-pres-
surce boilers in quantity use well-mechanised special-purpose outfits
for welding longitudinal and girth seams on boiler drums by the elec-
tric slag process.

Fig. 160 shows an outlit for butt-welding longitudinal seams on
boiler drums 900 to 2,200 mm in diameter, 60 to 160 mm wall thick-
ness, and up to 6.5 m long. In most cascs, the shell of a boiler drum
is made up of two pressings welded together by two longitudinal seams
on the opposite sides. When the two seams are made simultaneously,
the production rate is raised and the longitudinal distortions of the
drulm are reduced to a minimum as the welds are located symmetri-
cally.

The welding outfit incorporates two electric-driven hoists (or lifts)
1 carrying A-372P welding sets 2 and a stationary welding stand 8
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Fig. 159. Welding a boller drnm with the A-340 apparatus
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where the drum 4 to be welded is mounted. The hoists follow the de-
sign of passenger lifts and have cages 5 for welding operators. The
cages also accommodate reels of electrode wire, the working supply
of flux and a push-button control panel for the lifts. The vertical rail
columns 6 carrying the welding sets 2 arc attached both at top and
bottom to the shafts of cach lift.

The slewmg type column can be moved a certain distance in any
direction in a horizontal plane and positioned parallel to the joint
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Fig. 160. Electric slag welding unit for longitudinal seams on boiler drums.

t . :
-in case the latter be twisted. To this end, each of the two hinges of
ithe rail column has a twin carriage 7. The carriages are moved by
hand. The absence of remote-controlled clectric drives in them is a
serious drawback complicating the adjustment of the rail.

The cab-lifting mechanism 8 and the vertical travel mechanism !
of the A-372 welding set are not linked up and are controlled sepa- .
rately;the A-372 moves continuously with an automatically controlled
-speed varying with the level of the weld pool, while the lift can -
be stopped and started by the operator as the weld progresses. In
principle, the control of the lift could be automated by coupling the
lift mechanism electrically to the A-372 set. However, it would be
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vedundant, as the welding apparatus advances very slowly (at the
rate of up to 3 m/hr), and the welder can easily control it at will.
The speed of the lift cabin is usually set to 4 or 5 m/min. The hoist
is mounted on motor-driven truck 9 moving along a horizontal track
to or from the stand,
where the workpiece is
set up. This travel of the
truck is necessary for
safety when placing the
workpiece on, or remov-
ing it from, the stand
by a cranc and when ad-
justing the lift for a giv-
en drum diameter.

The top of the lift
structure carries a small
jib 10 and motor to hoist
to the operator’s cabin
the necessary supplies
(wire, flux, etc.) during
welding, without stop-
ping the apparatus and
lowering the cabin to
the floor.

Each lift hasthree clec-
tric drives (apart from
the drives for the A-372
welding sets): (a) to lift :
the cabin with a spced : ——,,

of 5 m/min; (b) to drive \
the lift on the track with ;
a speed of 1.8 m/min, R
and (c) to handle welding \
supplies. \
The procedure with the =
outfit is as follows. : )
An assembled boiler N =p [ 1
drum is placed on th(“ ANAANNNINRNNNNY ARSI RN RN NNY AN}

stand 3 by a crane and
is clamped in the vertical Fig. 161. Crane-type universal unit incorporat-
position; the two lifts 7 ing an A-372 welding apparatus.
approach the drum; the

rail columns 6 are adjusted by m:ans of the end (upper and lower)
trucks 7 so that they run parallel to the joints, and the outfit is ready
for welding. After welding, the lifts are drawn aside, the welded
drum is removed from the stand, the welding heads are lowered at
idling speed, and the outfit is ready to receive another workpiece.
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Thick-walled and large-size articles (such as power press bedframes
and other heavy machine parts made up of steel plate, castings or
forgings joined together by corner or butt welds up to 200 mm gauge
and up to 7 m long) can be advantageously welded on universal weld-
ing outfits of the crane (Fig. 161) or tower (Fig. 162) type.

Each outfit has a tall rail column carrying an A-372 welding appa-
ratus. The column and welding apparatus in the outfit shown in Fig.
164 can be moved about and placed on joints without the aid of shop
cranes, as they are suspended by hinges from the truck of a bracket

crane. One crane can
t service several welding
stands placed along the

== 3 .

2 ! = rail track beneath the
. / crane, thus extending the
Nt

-

scope of setting-up and
1 welding done at a time.
~ A welding stand is a
] \_l - block on which the work-

— r’ | piecce can be assembled
L and welded. If the work-

T : ‘ piece is asscmbled and
welded in stages, i.e.,
the component units are
first assembled and weld-

/
.
{ (' ] ed and then the bedframe
RN : is assembled of the
o (O S
5

Sl -AE

welded units, several
SANS stands have to be provid-
ed, as the welding op-
crations should be per-

N

Fig 162. Tower-type universal unit incorpo-

rating an A-372P welding apparatus: formed in a definite se-
1—welding apparatus; z~—loz:u-benrmg &orver; 2— quence.
rail track for welding apparatus, 4-—workpiece; &§— H s
truck, 6—lift for operator's cab: 7—lifting and ro- The Fall cplumn 18
tating cab. fitted with a lift for the

operator who can thus
attend to the welding apparatus at any height above the floor. The
lift drive is mounted at the top of the column.

If for one reason or another the column cannot be coupled to the
lift, the operator's station can be arranged on a separate mobile
hoist of telescopic construction, similar to those employed in the repair
of overhead lines or tall buildings. Mounted on adjustable castors,
such hoists can traverse the plating block in any direction. The expe-
rience of the Ilyich Works in the town of Zhdanov points in favour
of these hoists.

A tower-type outfit (see Fig. 162) differs from the crane type in the
way it moves about in the shop and in the hinge suspension of the
slewing column. Instead of a bracket crane, it uses a self-propelled
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Fig. 163. Welding unit for rectangular heavy sections;
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truck riding the plating block or ground-laid track. The slewing col-
umn is hinged at both ends onto the load-bcaring tubular column ef
the tower. The two (upper and lower) hinges are fitted with twin end
trucks by means of which the rail column can be set parallel to the
joint.

! An oulifit for rectangular sections (Fig. 163). The outfit is designed
for welding large-size cast-welded structures, such as stands of heavy
rolling mills measuring 1,000 mm square in cross section at the joint.
The outfit uses two A-480 welding units mounted on trucks riding
I-beam girders which can in turn move along ground-laid track, thus
covering tho entire welding floor of the shop. Externally, the outfit re-
sembles an overhead travelling crane with a welding apparatus in-
stead of a hoisting unit. Besides the welding apparatus, each truck
carries a THIC-3000-3 three-phase welding transformer and clectric
control cabinct.

On thicknesses up to 600 mm the A-480 welding apparatus may be
replaced by the A-372P universal set using plate electrodes.

Outfits for circumferential welds are suitable for welding girth
seams on boiler drums, hollow shafts for hydraulic turbines and gener-
ators, cylinders and rams for powerful hydraulic presses, and the
like, having walls up to 250 mm thick. [n a gencral case, the work-
picceis a hollow cylinder of several courses with heads or flanges weld-
ed onto them. The weight of a workpiece may be as great as 200
tous; the outside diameter up to 3.5 metres; and the length up to
20 metres.

An outfit usually consists of three main components: a welding ap-
paratus, a rotator, and a power source. Welding units may be of the
A-401, A-470 or A-372P type.

The rotator should cnsure tho desired peripheral speed, which is
equal to the welding speed, and have sufficient power and strength.
The latter consideration is a major one, as the workpiece may some-
times weigh several dozen, even hundreds of tons.

The most common types of rotators are: (1) drive roller stands;
(2) remodelled heavy-duty lathes; (3) end-face rotators with idle
roller beds, and (4) centre-type rotators.

Lathes and end-face rotators with roller beds are most handy when
tho workpiece is of relatively small diameter but of heavy weight,
such as heavy shafts for hydraulic turbines. In the case of a lathe,
any machine with an A-372 or A-470 welding unit (without the truck)
mounted on its carriage may be used. The only change that has to be
made is to sharply reduco the speed of the drive.

Drive roller stands arc by far the best choice in welding boiler drums
(Fig. 164). It should be borne in mind that, as distinct from the other
types of rotators, roller stands do not guarantee against the axial
movement of the workpiece. It would therefore be advisable to fit
them with end-face thrust rollers.

Centre-type rotators which are the simplest of all are best suited
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for welding girth seams on jobs of relatively small weight and size
(Fig. 166).

Here are a few examples of actual outfits for girth seams.

A boiler welding outfit (Fig. 164). The outfit is versatile, as it can
be employed for welding thick-walled (150 mm) drums by the elec-
tric slag process and relatively thin-walled (up to 40 mm) drums by
submerged arc welding. To thisend, the outfit incorporates a conven-
tional Type AB or TT'LI-2 arc welding head 1 or tractor-type welding
unit and a Type A-532 welding unit 2 for electric slag welding. ‘

The double set of welding facilities enables the outfit to handle
drums ranging widely in diameter (from 1,000 to 3,200 mm), thick-
ness (from 10 to 180 mm), length (up to 14 metres), and weight (up
to 100 tons).

]

-
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Fig. 164. Welding unit for boiler drums.

I1—arc welding head, 2—electric slag welding apparatus; 3 —roller stand; ¢—two-wheel
truck; s5—lifting platform

Its uses include (1) the welding of outside girth and longitudinal
secams by the automatic multi- or single-pass submerged arc method;
(2) the scaling of inside girth and longitudinal seams with the trac-
tor-type welder, and (3) the welding of girth seams on thick-walled
drums by the electric slag process.

The standard equipment of the outfit includes (1) a drive roller
stand to mount the workpiece; (2) a self-propelled two-wheel truck
with a lifting platform; (3) a Type AB arc welding head (developed
by the Welding Institute) or a TI'Il-2 welding head (developed by
the Central Heavy Engincering Research Institute) mounted on the
platform of the two-wheel truck; (4) an A-532 clectric slag welding
unit for girth seams, suspended from the platform of the two-wheel
truck; (5) a tractor-type welding machine for inside longitudinal and
girth seams; (6) power sources; (7) switch gear cabinets and control

anels.
P The drives of the two-wheel truck and roller stand have reduction
gear boxes for the working and idling speeds. The change from one
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to the other is effected by a remotely controlled electromagnetic de-
vice. The idling speed is fixed at 10 m/min, while the working speed,
which is equal to the rate at which outside longitudinal seams are

Voo izidid

Fig. 165. Welding unit:
a—for shafts of hydraulic turbines; b—for cylinders of power presses (diagram).

welded, can be adjusted continuously by varying the speed of
the motor anywhere from 5 to 50 m/hr. The idling peripberal speed
of the roller stand is 5 m/min, and the working speed, from 5 to
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Fig. 166. Welding unit with centre type rotary positioner for cylinders.
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40 m/hr. In welding girth scams by the electric slag process, the speed
of the roller stand is controlled automatically from 1 to 10 m/hr,
depending on the variations in the level of the weld pool.

The outfit for welding hydraulic turbine shafts and hydraulic press
cylinders (Fig. 1635) employs the A-470 welding unit described earlier.

-

i

Fig. 167. A flange being electric slag welded by a
tractor-type welding machine.

Its rotator, whose spced can be controlled automatically, is a remod-
elled lathe fitted with a roller bed. As an alternative. the outfit
may employ a special end-face rotator with a roller bed.

The outfit shown in Fig. 166 is intended for welding girth scams
between shells and heads of thick-walled steel cylinders fabricated
on a mass scale. The outside diameter of a cylinder is 620 mm, and
the walls are 110 mm thick.
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The outfit incorporates an A-372 welding apparatus, a centre-type
rotator, and a power source. The rack rail can be swung sideways
in hoisting and conveying. The fact that the outfit has to handle
repetitive jobs of arelatively small size has made it possible to em-
ploy a special-purpose centre-type rotator without intermediate sup-
ports.

A cylinder comes in for welding assembled by means of clamps,
with a back-up copper ring inserted inside. For uninterrupted opcra-
tion, the outfit has at least three back-up rings, one being used in
welding, another in assembly, while the third one is being taken
apart after welding.

Apart from special-purpose welding units, use may be made of
portable semi-automatic welding units, Type ABC weclding heads,
etc., in which the wire is fed into the weld pool without being moved
vertically during welding.

The clectric slag process can be performed with submerged arc
welding equipment in two cases: (a) to repair steel castings; and (b)
to butt-weld heavy-gauge square or round bars and flanges (Fig. 167).
In the first case, no other equipment is required except for a semi-
automatic welding unit or a welding head and a power source. In
the second case, moulding devices have to be provided so as to cover
the future weld on every side, except from the top. The top must be
left open for the electrode and the slag pool. In most cases, the mould-
ing device is a copper chill water-cooled on the inside. Another
possibility is a fusible steel mould.



Chapter VII

POWER SOURCES AND AUTOMATIC CONTROL
IN ELECTRIC SLAG WELDING

1. Power Sources for Electric Slag Welding

The fundamental difference between the clectric slag process and
arc welding is the absence of any visible arc in the former. As a re-
sult, there is no need for the welding circuit to be able to re-cstablish
an arc reliably when operating on a. c.; nor there is any nced for the
no-load voltage to be accurately matched with the resistance of the
welding circuit. A quick transition from arc to slag welding condi-
tions calls for conditions intolerable for an a. c. arc: low no-load volt-
age and resistance which shunts the arc gap. These conditions can be
provided by using transformers with a straight-line volt-ampere
characteristic, which are more advantageous than arc-welding
transformers because of smaller weight, increased efficiency, and a
near-unity power factor.

As the welding circuit has a very low inductance at the beginning
of welding, the electric slag process can quickly and reliably reach
a stecady-state condition with the wire or plate electrode being fed at
a low rate.

Another advantage of the constant-voltage transformer is that it
facilitates the self-regulation of metal heating and melting, thus
simplifying the selection of welding conditions.

Both in electric slag and arc welding, there is an almost proportion-
al rclation betwcen the energies spent to melt the parent and filler
metal. An increase in the amount of filler metal fed into the welding
zone results in an increase in the welding current and the depth of
the weld pool. This also entails changes in the crystallisation condi-
tions of the weld and the danger of crystallisation cracks. If neces-
sary, the amount of filler metal fed into the welding zonc may bc
increased without an accompanying increase in the welding current.
This can be done by Urawing power from a source operating on high-
er than commercial frequencies. Due to the skin effect, the resistance
of the electrode wire above the pool will rise, and the meclting rate
will be increased. Thus, with a wire 3 mm in diameter and an 8,000-
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c.p.s. rotary converter, the resistance of the electrode above the
pool will more than double.

The use of high frequencies makes it possible to reduce the size
and weight of welding transformers. A transformer can easily be built
into a welding unit, thus appreciably simplifying the supply of
power to the welder.

In the case of a rotary generator, the load on a three-phase supply
line can be balanced better, and the welding voltage can be conve-
niently regulated at will by varying the field current of the genera-
tor. Thisappliesequal-
ly to d. c. generators.

When  necessary,
power for electric slag
welding may be drawn
from regular d.c. weld-

S

ing gencrators. The
best is the Typc
[ICM-1000  multiop-
crator gencrator. How-
ever, it is not advis-
able to bring ballast

~1585

/

f«—1305

resistors into circuit.
Instead, it is a good
plan to resort to a
straight-line volt-
ampere characteristic.

In most cases, it is
preferable to operate
on the commercial fre-
quency and to employ
constant-voltage weld-
ing sources.

Heavysecctionsweld-
cd by the electricslag
processusuallyinvolve
the usc of several wire or plate electrodes. The A-372P welding unit
developed by the Paton Electric Welding Institute may use three
clectrodes and draw its power from a three-phase transformer. Three-
phase power sources may also be advantageously employed when the
number of wire or plate electrodes is a multiple of three.

The TIIC-1000-3 and TIIC-3000-3 welding transformers, devel-
oped by the Paton Electric Welding Institute, are designed for three-
phase electric slag welding. The TIIC-1000-3 may operate in conjunc-
tion with the A-372P welding apparatus and some other units. The
TIIIC-3000-3 supplies power for the A-372P when it uses heavy-gauge
plate electrodes, the A-480 apparatus and some other types. Both the
primaries and secondaries of the transformers are tapped to facilitate
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Fig. 168. Type TWC-1000-3 three-phase
former for electric slag welding.
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welding voltage regulation. The transformers have three-pole con-
tactors for on-load tap-changing in the primaries. In this way, ei-
ther variations in the mains voltage can be compensated with any de-
sired accuracy or the welding voltage can be changed at will.

As an alternative, this may be done by mecans of a controller. The
institute has developed a Type A-423 controller which was success-
fully employed in welding girth seams at the Novo-Kramatorsk En-
gineering Works.

Fig. 168 gives a general view of the TIIC-1000-3 transformer. The
TIHIC-3000-3 differs in size and winding connections.

For the technical data on the TIC-1000-3 and THIC-3000-3 trans-
formers sce Table 33.

Table 33

Bastc parameters TIIC-1000-3 TIHC-3000-3
Continuous kva rating . . . . . .. 160 kva 450 kva
Number of phases . . . . .. ... 3 3
Winding connection . . . . . . .. delta;star delta/star
Continuous welding current . . . . . 900 a 3,000 a
Rated primary voltage . . . . . . . 380 v 380 v
Cooling . . . . . . ... ... forced, air forced, water

In the TIIIC-1000-3, the secondary voltage can be varied over the
range indicated in Table 34.

The primary is tapped at the 61st, 58th and 55th turns, and the
taps may be changed only when the mains voltage has to be stepped
down.

Table 34
Contactor Primary turns Sccondary voltage for

No brought in by

contactors W,=1 W,=8 wW,=9
K1 70 38 43.4 48.9
K2 67 39.7 45.3 51.0
K3 64 41.6 471.5 53.5
K4 61 — — —_
K5 58 —_ — —
K6 55 — — —

The taps can be changed by means of six three-pole contactors built
into the transformer housing.

The contactors are controlled by means of six pilot relays PR
with operating coils for 36 v. The relays are energised by means of

202



a selector switch SS mounted either on the welding unit or externally
to it (Fig. 169). The rclays PR draw their power from a step-down
transformer DT

The welding voltage may also be adjusted by changing the welding
wires on the low-voltage terminal board, with the transformer dis-
connected from the mains. When the welding voltage is adjusted by
means of the tap-changing switch on the control panel of the weld-
ing apparatus, the transformer may be left connected to the mains.

380V ac mains 380V ac mains
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Fig. 169. Schematic diagram of the TIIC-1000-3 welding transformer.

In the TUIC-3000-3 transformer, the secondary voltage can be
adjusted over the range shown in Table 35, while the primary voltage
remains at the rated value.

Contactors K3 and K4 may be resorted to only when stepping down
the mains voltage. The voltage values indicated in the table can be
obtained by repositioning the respective fly-leads.

The taps on the primary can be changed cither by repositioning
the fly-lead in the three arrangements as shown in Table 35 or by
means of four three-pole contactors K built into the transformer hous-
ing. The contactors are controlled by four pilot relays PR with oper-
ating coils for 36 v. The power for the relays is drawn from a step-
down transformer D T'. The welding current is read from the ammeters
connected to the current transformers CT,, CT, and CT,.
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Table 35

Pl{imary Secondary voltage for
ontact urns
O pyroaktt e | Wt Wee2 W3 Wt
Ist position of fly-leads on tap-changing panel
K1 48 7.9 15.8 23.7 31.6
K2 44 8.65 17.3 25.9 34.6
K3 4 9.27 18.55 28.8 371
K4 38 10 20 30 40
2nd  position of fly-leads on tap-changing panel
K1 41 9.27 18.55 28.8 371
K2 37 10.27 20.55 30.8 411
K3 34 11.17 22.35 33.5 44.6
K4 31 12.25 24.5 37.7 49
3rd position of fly-leads on tap-changing panel
K1 34 11.17 22.35 33.5 44.6
K2 30 12.65 25.3 38.0 50.6
K3 27 14.2 28.4 42.6 56.8
K4 24 15.8 31.6 46.5 63.3

The desired relay is energised by the selector switch mounted on
the welding unit or externally to it (Fig. 170).

Welding voltage regulation either by tap changing on the second-
ary or by repositioning the fly-leads on the primary may be effect-

380v ac malns J8OV ac mains

] [ o0
Xl
M| . i
2 2 L?' Plid
’:}\l ”RNW WA "—"g 3 r
- 4k
¢ Z z o
P
o 1
Vid * I pp‘) N N—
| g7 o j
1
¢

Fig. 170, Schematic diagram of the THIC-3000-3 welding transformer.
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ed only when the transformer is disconnected from the line. On the
other hand, when the tap-changing switch on the operator’s desk is
employed, this may be done during welding.

When the welding current exceeds 1,500 a, the secondary turns
have to be cooled with water.

The uses for the TIHIC-1000-3 and TIIC-3000-3 transformers include
single-, two- and threc-phase electric slag welding and hard-fac-
ing, resistance slag welding, casting, ingot rcheating, and shape cast-

g.

If THIC-1000-3 transformers are not available, use may be made of
transformers designed for submerged arc welding, like the
TCI1-1000-3 or its equivalents. Three-phase power for welding may
be drawn from three TCJI[-1000-3 transformers.

2. Automatic Control of Electric Slag Welding

To obtain the best results from electric slag welding it is essential
that the welding conditions be properly chosen and maintained con-
stant in welding. Insome relatively rare cases, the welding conditions
have to be readjusted in the process in a desired pattern.

The normal course of welding may be upset by various disturbing
influences. The disturbing influences may be classed by place of
origin as follows:

(1) Disturbances due to changes in the groove conditions, poor
edge preparation, poor fit-up, or distortions;

(2) Disturbances originating in the welding zone due to changes in
the physical and chemical properties of the slag and electrode wire
and due to electromagnetic phenomena;

(3) Disturbances due to changes in the load torque on the shafts
of the electrode feed and traction motors, changes in the dry length
of the electrodes, unreliable contact in the current-carrying elec-
trode guides, changes in the parameters of control circuit components,
etc.;

(4) Disturbances due to changes in the mains voltage and thé pa-
rameters of the welding circuit.

The above disturbances may vary with time, be periodic or ape-
riodic, sustained or transient.

It stands to reason that if the disturbances are of sustained and
fundamental nature, the desired quality of electric slag welds will
be difficult, if not impossible, to attain. Incidentally, thisalso ap-
plies to submerged arc welds made in the downhand position.

In control systems for electric slag welding, the main emphasis
should be placed on their ability to minimise the disturbances listed
under (1) and (4). For it is these disturbances above all that affect
the values of the welding voltage and current, as well as the depth
of the metal and slag pools.
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Electric slag welding control systems may be classed by the nature
and number of either controlled variables (welding voltage and cur-
rent, depth of the metal and slag pool) or manipulated variables
(rate of electrode feed, speed of the welding unit along the joint,
no-load voltage, or impedance of the welding circuit).

The welding zone in the electric slag process has the ability of
sclf-regulation (or self-recovery). Electric slag welding proceeds
fairly steadily at a constant electrode speed. Therefore, the first
group will ¢ncompass systems in which the self-regulation of the
welding zone depends on changes in the rate of melting of the elec-
trode wire which, in turn, are caused by changes in the welding current
and voltage. Of course, such systems can only respond satisfactorily
to short-duration and subsident disturbances.

Another group will include systems in which the welding voltage
or current is controlled by manipulating any of the four variables
listed.

A third group will cover systems controlling the level of the met-
al pool by varying either the speed of travel of the welding machine
or the electrode speed. The level of the slag pool is checked against
the top of the moulding shoe or of any other moulding device employed,
and the amount of slag is controlled by metering out the quantity
of flux added.

A fourth group will embrace systems which control the level of
the metal pool by varying any two of the four manipulated variables,
which may be, say, the electrode speed and the impedance of the
welding circuit.

A fifth group will include systems which control the level of the
metal pool and the welding voltage or current by separate manipula-
tion of two manipulated variables. The level of the pool may be con-
trolled by manipulating, say, the spced of travel of the welding unit,
and the welding voltage, by manipulating the open-circuit voltage
of the power source.

Obviously, the systems classified above will respond differently
to the disturbances likely to develop in welding. Hence, intolerable
steady-state and transicnt errors may occur.

Our analysis of control systems will be mainly based on the steady-
state performance of power sources and controllers.

In the case of disturbances in the welding zone, the welding cur-
rent and voltage are unambiguously related by the equation describ-
ing the rated external characteristic of the power source. With a
transformer having a straight-line volt-ampere characteristic, the
voltage remains practically unchanged, while the current changes
(points A and B on curve 1, Fig. 171). In the case of a drooping
external characteristic, the current is reduced as the voltage rises, and
vice versa (points C and D on curve 2). In all the groups, the control
systems minimise these disturbances and restore welding conditions
(point N) with the desired accuracy.
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Fig. 172 shows how control systems minimise disturbances in the
power source that affect its external characteristics (curves 7 and 4).
Variations in the mains voltage displace the cxternal characteristics
(curves 2, 3 and 5, 6). Manipulation of the electrode speed or of the
travel speed of the welding unit alone
will not restore the desired welding con- ¥
ditions (point N), when voltage or cur-

rent is controlled automatically. I~ B

The new welding conditions will be \\< S
characterised by the coordinates of the N
points in the shaded areas in Fig. 172. aNw] ol

self-recovery systems (the first group) are T
described by points 4 and Bat whichcurves L
2, 3 and J, 6 intersect curve 7. Accord-
ing to studies at the Electric Welding
Institute, curves 7 in clectric slag weld-
ing are identical with the steady-state Fig. 771. Volt-ampere char-
curves for a welding head in downhand acteristics of welding -
submerged arc welding. Thus, the self- Sources.
recovery systems cmployed in electric
slag welding are similar to automatic current control systems (the
second group), which is also true of clectric arc welding.
Thercfore, it is not advisable to employ automatic welding cur-
rent control systems. The reason is that they do not allow the mani-
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Fig. 172. Volt-ampere characteristics with varying mains
voltage.

pulated variables to be matched so as to respond to different dis-
turbances (Figs. 171 and 172) and they show a poorer transicnt
performance. For the same reason, it is not advisable to cmploy
automatic control systems which vary the welding voltage and
current.
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Disturbances in the power source can be satisfactorily minimiscd
by automatic welding voltage control systems through manipulation
of the welding transformer voltage. At the same time, the self-recov-
ery of the welding zone is utilised, and the electrode wire is fed
into the slag pool at a constant and independent rate.

By far the best way to control the level of the metal pool is to vary
the travel speed of the welding machine along the joint.

To sum up, the optimal performance seems to be offered by a sys-
tem in the fifth group, consisting of two separate controllers, one
for the pool level and the other for the welding voltage. Let us
examine the controllers.

Controlling the level of the weld pool. In electric slag welding, the
cross-scctional area of the deposited metal is a function of the joint
gap and the inner contour of the moulding shoes or other devices
cmployed. If the electrode speed and the speed of travel of the weld-
ing unit remain constant, changes in the joint gap will inevitably
chango the level of both the mectal and slag pool.

The level of the slag pool relative to the moulding shoes or other
moulding devices can be easily measured and maintained constant
by metering out flux feed. If the depth of the slag pool is to remain
unchanged, the level of the metal pool should be maintained con-
stant relative to the moulding facility.

The level of the metal pool rclative to the moulding shoe will
remain constant if

dewzﬁleve'

where F, is the cross-sectional area of the deposited metal, v, is
the woldmg speed (or the speed of travel of the welding unit), F
is the cross-sectional area of theelectrode, and v, is the rate of elcc-
trode feed, or electrode speed.

The level of the pool may be controlled by proportionally varying
the clectrodo speed v,, or the welding speed v, or the two speeds
simultaneously.

When pronounced disturbances are due to the groove conditions,
the pool can be maintained at the desired level by sharply changing
the electrode speed. This can be easily performed, provided power is
drawn from a constant-voltage power source. Appreciable variations
in the welding current due to changes in the electrode speed, however,
may result in great, sometimes prohibitively great, changes in the
depth of the metal pool and in crystallisation cracks. Therefore, con-
trol of the weld pool level through manipulation of the electrode speed
is not an attractive proposition.

Control of the pool level through manipulation of the welding
speed seems more advantageous. The salient feature of this system
is that it controls a non-electric quantity—the level of the molten
metal benecath the moulding shoe. Therefore, the sensing element of
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the system has both to measure the level of the pool and to convert
the result obtained into an electric quantity.

The level of the molten metal under the moulding shoe may be
indicated either by a direct or an indirect method. In the first case,
it is gauged cither by differential thermocouples (Fig. 173a) which
measure the temperature difference in the wall of the moulding shoe
fitting to the weld, or by a radioactive level gauge (Fig. 173b), or
by an electric prod (Fig. 173c¢).

By the indirect method, the level of the metal pool is determined
on the basis of the welding voltage and current, which in turn de-
pend on the dry length of the clectrode. However, the many experi-
ments made at the Electric Welding Institute and ficld data on elec-
tric slag welding scem to show that thereis no clear-eut and unambig-

Raaiation
source

O F

Geiger
counter

Fig. 173. Level gauging in the metal pool.

uous relation between welding voltage and current, on the one hand,
and the level of the weld pool, on the other. This is why the indirect
method of level measurement cannot be recommended.

As a matter of fact, the method involving diffcrential thermocouples
also has fundamental weaknesses. The difference between the two
thermal emfs in a differential circuit is negligible in magnitude
and calls, consequently, for amplifiers with an extremely high gain
factor. Furthermore, results are to an extent dependent on the flow
rate of cooling water in the moulding shoe, and on the thickness of
the slag crust under the shoe. This type of controller is insufficiently
reliable, as the thermocouples built into the moulding shoe may e. s-
ily be damaged. For these reasons, the differential thermccouple
method cannot be recommended for wide use.

A radioactive level gauge simplifies level measurements apprecia-
bly, as there is no direct contact between the gauge and the slag and
metal pool. For its operation, a radioactive level gauge depends on
the difference in the absorption of gamma-rays by molten slag and
metal. Fig. 174 shows a schematic diagram of the automatic control-
ler built around a radioactive level gauge that was developed by the
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Electric Welding Institute. The radiation from Co* placed in a lead
container X in front of the moulding block passes through the hori-
zontal slit in the container to a Geiger counter GC enclosed in a case,
80 as to protect it from the heat. The lead container has walls 30 mm
thick, which provide sufficient biological shielding for the operator to
work safely within 25 to 30 cm of the
cobalt source.

The pulses from the Geiger counter are
amplified and averaged in an clectronic
anit EU (Fig. 174). The output of the elec-
tronic unit is fed into a power element
PE which varies the welding specd by
incans of a motor M. Naturally, the amount
of radiation has to be increased with the
Fig. 174. Schematic dia. thickness of the workpicce.
gram of weld pool-level The radioactive controller has proved
control employing radio-  cfficient on thicknesses up to 120 mm, main-

active source. taining the level of the metal pool accurate

to within + 2 mm. This controller, however.

is rather complicated and calls for special measures to sccure the

safety of personnel. This is why automatic pool-level controllers
based on radioactive isotopes have not found any practical use.

The simplest and most reliable way of gauging the level of the
metal pool is with an clectric prod. In the simplest case, a vertical
water-cooled prod is dipped
into the slag pool. Power for
the prod is drawn from a scpa-
raie source via a series resistor.
The voltage across the slag gap
between the prod and the met-
al pool is dircctly proportion-

al to the gap and becomes ]

zero when the prod touches ! W\
the molten metal. Experience /\-
has shown that the elementary %&

prod just described is too sen-
sitive to changes in the flow Fig. 175. Horizonlal copper prod:
ratc of cooling water and is  1—cooling water; 2—moulding shoe; 3—cop
therefore insufficiently re- Per prodi ¢—slagpool; 5—metal pool: 6—weld
liable.

More reliable results can be obtained with a horizontal prod built
into the moulding shoe, provided precautions are taken not to let
slag or molten metal cover the face of the prod, as otherwise the gap
between the prod face and the metal pool may be bridged. Nor should
the prod end jut out of the shoc into which it is built. As has been
found through a large number of experiments, best results are ob-
tained with a copper prod (Fig. 175).
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Fig. 176 shows the circuitry of the pool-level controller employed
by the Electric Welding Institute in A-372P units when welding
straight joints with clectrode wire.

The prod draws its power from the welding transformer secondary
via an air-gap choke Ch. The current at which slag will not stick to
the prod can be set by adjusting the air gap when the prod is short-
circuited.

The circuit from the prod is completed through the lamp L, the
step-up transformer UT, a rectifier SR2 to the resistor R, of the pi-
network measuring unit. The other resistance of the measuring unit,
the potentiometer R, draws power from an external a. c. source via
the rectifier SRI. Brought
into the ratio arm a-b in y Jovac
series with the detector D
is the control winding CW
of the rotary amplifier RA
which powers the vertical
travel motor VIM of the
welding apparatus.

When the prod is at zero
potential, the current trav-
ersing the control winding
CW of the rotary amplifier
will be controlled by the
position of the slide con-
tact on the potentiometer
R,. In this position, the ro-
tary amplifier RA is excit-  Fig. 176. Electric diagtam of metal-pool
ed to the nominal voltage, level control in A-372P welding apparatus.
and the weld proceeds up-
wards at a rate exceeding that of the metal pool.

As a result, the prod breaks away from the metal pool, a potential
isbuilt up atit, and the rate of vertical travel of the apparatus is re-
duced. The detector D (a Type AI-LI6 germanium diode) cuts off
the reverse current in the control winding CW and prevents the
traction motor of the welding unit from being reversed. '

When starting the weld, the voltage between the prod and the
workpiece is equal to that of the welding transformer. As the voltage
ratio of the transformer UT is 1/10, its secondary voltage might be:
as high as 400 v or even more. To avoid that, transformer UT is
so designed that its magnetic circuit reaches saturation when the
primary voltage is 7 or 8 v. The excess voltage is swamped across the:
non-linear resistance of the lamp Z. This lamp also serves to indicate
controller operation, as its brightness shows the position of the prod
rclative to the metal pool.

Experience has shown that the controller operates steadily under
any welding conditions. When necessary, it permits manual opera-
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tion. In that case, the circuit to the prod is opencd by the switch
SW, while the desired speed of travel is set by means of the poten-
tiometer R,. The deviation from the set level does not exceed + 2 mm
at the top welding speed, which meets the requirements of sound
welding practice. )

Automatic control of the pool level on slag-welded circumferen-
tial seams. As the surface of the prod face lies in one plane with the
surface of the moulding groove of the shoe, the automatic controller
just described may be applied to slag-welded circumferential scams as
woll. In the casc of straight seams, the welding unit is moved verti-
cally by a 0.5-0.7 kw motor, which is powered directly by a rotary
amplifier. In the case of circumferential scams, the welding apparatus

Fig. 177. Schematic diagram of weld-pool level control on circumferential seams.

remains stationary, while the workpicce is rotated by an electric
motor of a higher power rating (5 to 10 kw) in order to take care of
the idling speed.

The Electric Welding Institute has developed a standard circuit-
ry for a two-motor electric slag welding outfit for circumferential
seams. The idling speed is provided by a relatively powerful induction
motor driving the rolls of the stand via the idling-speed reduction
gear.

Working speeds are provided by a 2-2.5 kw d. ¢. motor coupled
to thoe stand rolls via the idling-spced reduction gear and an addition-
al reduction gear R. The additional reduction gear can be engaged
and disengaged by means of a claw clutch operated by an electromag-
not M.

A schematic diagram of automatic pool-level control for circum-
ferential seams is shown in Fig. 177, while its operation is clear from
Fig: 176. In Fig. 177, the detector D is shunted by a resistor R, so
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as to eliminate the residual magnetism of the generator G, jandstop
dead theroller stand motor M, ;. The rotary amplifier RA encrgises
the field winding FW of the roller stand generator G, ,. The control
winding CW of the rotary amplifier is connected across the armature
of the generator G, ;. via a detector D, and prevents the voltage po-
larity of the gencrator from changing. :

Naturally, the rotary amplifier in Figs. 176 and 177 may be rc-
placed by some other components, such as magnetic amplifiers.

The pool-level controllers illustrated in Figs. 176 and 177 have
proved cfficient in sustained operation under shop conditions.

Automatic control of the slag pool level relative to the moulding
shoe is a much easier task. In the simplest case, this purpose can be
served by a prod which will complete the circuit as soon as it comes
in contact with the surface of the slag pool. The output pulse will
actuate the clectromagnetic gate valve of the batch-weigh scale
feeding flux into the slag pool. Thistype of controller operates well,
provided the batch-weigh scale and its gate valve are of a rcliable
construction. lixperience has shown, however, that in most cases
the slag-pool level controller may be dispensed with, as the small
amount of flux consumed in electric slag welding can be conveniently
fed manually.

Controlling the pool level in electric slag welding with plate elec-
trodes. Plate electrodes may be employed in conjunction with suit-
ably reset units A-372P and A-480, etc. In these units, the plate
electrodes are fed downwards into the slag pool as they melt, and no
other motions are employed.

The sides of the weld are usually moulded by cither copper or
steel water-cooled strips which are removed after welding.

In welding with plate electrodes, the function of an automatic
control system is to maintain the welding voltage and current con-
stant or change them in a predetermined manner and to keep the
depth of the slag pool unchanged.

The absence of moulding shoes and the upward vertical travel
of the welding unit complicate systems with which the depth of
the slag pool may be gauged.

Radioactive level gauges would give reliable readings. Welding
with plate electrodes, however, is usually applied to heavy sections
(with thicknesses up to 1,000 mm), and the amount of radiation
necessary in such cases would be dangerous to personnel. That is
why automatic pool-level controllers based on radioactive level
gauges may not be applied as yet to welding with plate electrodes.

The simplest way of gauging the depth of the slag pool is by means
of a dipstick submerged into the slag pool at regular intervals. The
dipstick may be fusible or non-fusible. The initial pulse in the cir-
cuit will be produced when the dipstick touches the top surface of
the slag pool, and another pulse will be generated when it comes
in contact with the metal pool. The time between the two pulscs
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will give a measure of the depth of the slag pool. When using a fu-
sible dipstick, the size and rate of descent should be so chosen as to
reduce the melting of the dipstick, as it goes down, to the minimum.
Of course, the circuit may incorporate a facility which would cor-
rect the indication for the melting of the dipstick. When using a
non-fusible dipstick, it should be water-cooled. Utmost care should
be taken that the slag does not adhere to the stick face and stick is
safe to handle.

In the scheme presented below, the result may be easily expressed
in volts. When the tip of the dipstick comes in contact with the
surface of the slag pool, the quick-action relay R1 operates to close
an r-C network (Fig. 178). The network is opened when another
relay R2 operates in response to the dipstick touching the molten

metal. If the time constant of the

R k2 r c network is chosen properly (T==rC),
Bt the voltage across the capacitance

v will be proportional to the holdirg
sé time and the depth of the slag

pool. This voltage is compared with
the reference voltage, the difference
is amplified and fed into the final
control element—in this case the
gate valve of the batch-weigh scale
feeding flux to the slag pool.

The value of the welding current
Flg. 178. R-C circuit for measuring may be easily maintaincd con-

the depth of the slag pool. stant by varying the electrode feed
rate. An automatic controller for

this application poses no particular difficulties. In fact, it is similar
to the arc current controller employed in welding heads. The welding
voltage may be maintained constant or changed in a predetermined
manner by means of the automatic controller discussed elsewhere.

Controlling the depth of the slag pool in hard-facing by the electric
slag process. Large flat surfaces and bodies of revolution are usually
hard-faced with clectrodes made in the form of wire. Therefore, the
depth of the slag pool, as well as the welding current and voltage,
arc controlled in much the same manner as in welding straight and
circular joints with wire electrodes.

The most efficient way of depositing a large quantity of hard-
facing metal on small areas is by mecans of large-size electrodes, and
the hard-facing conditions should be controlled as they are in weld-
ing with electrodes of this type. The side surface of the deposited
metal is usually moulded by water-cooled copper chills. Hard-facing
may be stopped by an electrical prod mounted on the inside of the
chill at the desired height. This technique, for example, is employed
in hard-facing tong bits for ingot cranes by the A-528 welding unit
developed by the Electric Welding Institute.
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Controlling the conditions of resistance slag welding. The purpose
of resistance slag welding is best served by constant-voltage power
sources. The desired welding current is maintained by regulating
the approach time of the top electrode or any other part. In many
cases, satisfactory results may be obtained by feeding the top elec-
trode manually. The automatic welding current controller does not
practically differ from the one employed in electric slag welding
with large-size electrodes.

In resistance slag welding, there is no need to control the depth
of the slag pool, as the weld time is relatively short (1 to 6 minutes),
but it is a good plan to incorporate a timer in the circuitry of the
vesistance slag welding unit.

Automatic voltage regulation in electric slag welding and hard-
facing. The function of an automatic voltage regulator is to main-
tain the welding voltage constant
or to vary it in a predetermined
manner. Elcctric slag welding and
hard-facing usually employ con-
stant-voltage power sources. This
precludes any possibility of regu-
lating the welding voltage by vary-
ing the inductive reactance of
the welding circuit. Instead, the
welding voltage may be maintained
constant with the desired accuracy
by changing taps on the sectional-
ised primary of the welding trans-
former.

As was mentioned in connection iz 179. Diagram of automatic
with the TIIC-1000-3 and the voltage control for electric slag
TIHIC-3000-3transformers,tap chang- welding.
ing can be effected either manu-
ally by means of a switch mounted on the operator’s desk, or by a
system of sensitive voltage and pilot relays operating power contac-
tors. In the second case, the welding voltage is regulated in steps
by a relay-contactor system.

A continuous voltage regulation system is better. Fig. 179 shows
the regulator schematically. The welding transformer WT is brought
into the line by means of two ignitrons JG, and IG, connected in
reverse parallel. As distinct from submerged arc Wcl(fing, this type
of connection is tolerable, as interruptions in the welding current
flow during cach half-cycle do not impair the stability of welding.

The measuring unit MU compares the reference voltage from the
voltage stabiliser V.S with the controlled voltage V| from the primary
of the welding transformer WT. The result of this comparison, rep-
resenting an error, is converted by the controller unit CU into pulses
which are used to control the grid circuits of the trigger thyratrons
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incorporated in the ignitor control circuits of the ignitrons. At the
samg time, the controller unit CU reccives a voltage from the d-c
component compensator DCC, which is proportional to the d-c
component of the voltage across the welding transformer primary.
The d-c component compensator is essential, as the d-c component
due to differences in the characteristics of the thyratrons and ignitrons
may result in a sharp increase in the no-load current of the welding
transformer, which is intolerable under conditions of sustained
operation.

The system cxhausts its “control margin” and loses control of the
voltage while the arc in the ignitrons is still maintained. Besides,
the system loses control cach half-cycle after the arc in the ignitrons
is initiated and until the primary current of the welding transformer
goes through zero. This, however, is of minor practical consequence,
as the melting of the parcnt and electrode metal is a process of high
inertia.

In most cases, it is a good pohcy to employ an ignitron contactor
to compensate variations in the mains voltage. Therefore, a welding
transformer ought to have scctionalised windings, and be tapped
so as to take into account the likely mains voltage variations and
the welding voltage desired. If the r.m.s. welding voltage is to re-
main unchanged while the mains voltage fluctuates anywhere be-
tween 0.85 and 1.05 of the rated value, the firing angle of the igni-
trons should be increased from 30°to 77°. If the welding voltage is
to be programme-controlled, the rcference constant voltage V, ap-
plied to the input of the measuring unit M U should be replaced by a
voltage varying in a predetermined manner.

The ignitron contactor may well be employed when the power
for clectric slag welding is drawn from a three-phase source. A three-
phase ignitron contactor is a combination of threc identical single-
phasc ignitron contactors. This “unitised” design offers additional
advantages in service.

In fact, the ignitron contactor may be employcd on single-, two-
and three-phase power sources. The welding voltage is maintained
constant with an accuracy of 1.5 to 3 per cent against mains voltage
variations as large as 25 per cent. The contactor has a high speed of
response and is capable of handling any transient changes in the sup-
ply voltage. Welding may be performed with any voltage across
the clectrodes and with any sequence of voltage regulation.

It is advantageous to have four limbs in the magnetic circuit of
the transformer employed in three-phase electric slag welding in
conjunction with an ignitron contactor. To this end, a magnetic
shunt may be made for the TIUC-1000-3 transformer.
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Chapter VIII

WELDING PROCEDURES
FOR CARBON AND ALLOY STRUCTURAL STEELS

1. Killed Carbon Steels

Killed open-hearth steels, which are widely used in heavy engi-
neering and essential structures, contain less impuritics and possess
better weldability, as compared with rimmed steels.

In most cases killed open-hearth carbon steels are obtainable in
castings and forgings, standard-quality hot-finished steel or high-
grade hot-finished structural commercial carbon steels, etc. These
steels differ mainly in carbon content and less in sulphur and phos-
phorus content.

As the carbon content of a steel increases, itsstrength also incrcases
and the weld metal has also to be stronger, if a full-strength weld
is to be obtained. A higher carbon content complicates welding pro-
cedures, as the danger of cracking increases. From this angle, carbon
stecls may be classified into three groups:

1. Easy-to-weld steels containing up to 0.25 per cent of carbon;

2. Difficult-to-weld steels containing anywhere from 0.25 to 0.5
per cent of carbon, and

3. Steels containing more than 0.5 per cent of carbon. It should
be noted, however, that such stecls have not been used yet in prod-
ucts welded by the electric slag process, although they can be suc-
cessfully hard-faced by this method.

Though in electric slag welding the parent metal is heated under
more favourable conditions than in multipass arc welding, appreci-
able stresses are set up in the welded joint, which may aggravate
the susceptibility of the weld metal to hot cracking and even lead
to the brittle failure of the parent metal. This tendency may’ some-
what be moderated by preheating and concurrent heating. In the case
of circumferential welds made in steels containing 0.25 to 0.3 per
cent C and with a wall thickness of 200 mm, the weld metal tends
to develop cracks immediately before the joint is closed. However,
no cracks were found when the electrode speed had been reduced (or,
which is the same, the aspect ratio of the weld had been increased)
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and the beginning of the joint had been reheated prior to closing.
Indeed, there were no cracks in circumferential welds made in steels
as thick as 350 mm and containing up to 0.4 per cent C.

It has been noted elsewhere that the susceptibility of welded joints
to crystallisation cracks increases with the electrode speed. As has
been found in experiments and demonstrated more than once in com-
mercial practice, electric slag welding has a limiting (critical) elec-
trodclspecd at which no crystallisation cracks develop in the weld
metal.

An increase in the joint gap may, as has been noted, raise the crit-
ical electrode speed. The welding voltage has a similar, though less
pronounced, effect.

There is little, if any, difference between the critical electrode
speeds in welding with one or with two electrodes.

An increase in carbon content in the parent metal, on the other
hand, reduces the critical electrode speed.

The choice of a particular welding procedure is governed by the
following considerations:

(1) Electrode wire and flux should be cheap and accessible for
large-scale welding.

(2) The production rate should be as high as possible.

(3) Auxiliary operations, including preheating and concurrent
heating, should be kept to a minimum.

(4) Post-welding heat trecatment should be avoided or simplified
as far as possible.

As will be recalled, the chemical analysis of the weld metal is de-
termined by the proportion of the electrode and parent metal in it
and by the nature of exchange reactions between the metal and the
slag.With the low-carbon electrode wircand fluxes currently employed,
the carbon content in the weld metal depends almost exclu-
sively on the proportion of the clectrode and parent metal. There-
fore, with other conditions being equal, an increase in the carbon
content of the parent metal results in an increase in its content in
the weld metal. As a result, the strength of the weld is enhanced,
but cracks are more likely to devclop.

There are two ways to obtain full-strength welded joints: (a) by
increasing the carbon content of the weld metal and (b) by alloying
the weld metal with silicon and mangancse while keeping the carbon
content relatively low. In the first case, special measures have to
be taken to prevent cracking during solidification. This will be dis-
cussed in detail later.

In welding steels 15, 15JI, and Cr. 2 with the lowest carbon con-
tent, full-strength welded joints may be obtained if Grade Cs-08
or Grade CB-08A electrode wire is employed.

The electrode wire recommended for welding Grade Cr. 3 low-car-
bon steel in conjunction with ®I-7 or AH-8 flux is (a) Grade Cs-08T'A
for welding with one movable electrode, and (b) Grade Cs-08A,
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or a combination of Grade Cs-08A and Grade Ce-10I'C, for welding
with two clectrodes.

The chemical analyses of the parent metal, Grade Cs-08I'A clec-
trode wire and the weld metal are given in Table 36, while Table 37
presents the results of mechanical tests.

Similar data for welded joints made with two electrodes, Grade
Cs-93A and Cs-10I'C, are tabulated in Tables 38 and 39.

As the below-given tables show, the weld metal, in the case of Grade
Cn-08T'A clectrode wire, has a high ductility but is of inferior
strength compared with the parent metal. The weld mectal in the

Table 26
Chemical analysis, per cent
Metal C | n l } st l S I P Note
Parent | 0.16-0.16] 0.57-0.57| 0.14-1.26{ 0.034-0.026 | 0.029-0.026 | Welding
conditions:
electrode
speed 200-
260 m/hr
Elec-
trode, welding
Grade current
Cp-08I'A 0.09 0.99 Traces 0.021 0.030 500-600 a
Weld 0.11 0.84 0.05 0.024 0.028 welding
voltage
42-44 v
Table 37
Yield point, Unlm'at(‘ Elongation, Reduction Toughniss,
Metal | Cigagmm' | prensth | Cwereent’ | etarn, | kgm sy on

Parent 19.1-25.6 | 39.3-50.6 | 18.6-30.0 | 53.7-61.5 9.1-20.9

20.8 42 .4 T26.1 58.7 12.5
“;fi‘?h “t';‘(’f 23.6-26.8 | 39.2-42.8 | 28.0-35.7 | 59.4-74.3 | 5.3-13.8
electrodes 24-8 40-3 31 .1 68.8 11 .2
Weld made . . -
ith onoe | 23.3-27.4 | 39.6-41.7 | 26.7-34.0 | 63.5-71.7 _

electrode 24.8 40.6 30.4 67.1

Note: The impact toughness of the parent metal in the heat-alfected
zone was 7——::1——6—— kgm/sq cm.
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Table 38

Chemical analysis, per cent
Wt 4 N
Metal C I Mn l 81 , s ' p ote
Parent . . . . . . . 0.15 | 0.60 l 0.24 10.025}0.032| Welding conditions:
Elcctrode, Grade electrode  speed,
CBU8A . ... L. 0.10 | 0.32 |Traces|0.022]90.007 200-260 m/hr; weld-
tlectrode, Grade ing current, 500-
cstorc ... 0.10 { 0.94 | 0.85 |0.021 {0.020 600 a; welding
Weld., . oo .. L. 0.13 1 0.72 1 0.25 | 0.024|0.026 voltage, 42-44 v
Table 39
Yield int, Ultimate El atlon, Reduction Tough ,
Metal kg 5q mm strength, por Gent | of area per | igm'sq oni
Parent . . . 21.2 42.7 24.7 — —
Weld 28.8-30.7 | 45.0-45.2 | 25.4-34.0 | 64.3-67.9 3.0-16.8
¢ B R T 8.7 656 127

case of two clectrodes, Grades Cs-08A and CB-10I'C, is superior to
the parent mectal both in ductility and strength.

[t should be noted that the use of two electrodes differing in chem-
ical analysis may only be recommended for relatively light gauges,
when the metal will be mixed intimately. However, the use of two
electrodes of different grades poses quite a number of problems under
commercial conditions. A more economical and convenient way
is to develop a new and simple electrode wire with an averaged
chemical analysis.

An idea of how the composition of the electrode wire affects the
chemical analysis and mechanical propertics of the weld metal when
welding Grade 25 steel 120 mm thick with one electrode and AH-8
flux is given by Tables 40 and 41.

Table 40
Chemical analysls, per cent

Metal c t Mn [ si | s P
Parent . . . . . . . . .. 0.28 0.79 0.24 0.029 0.025
Electrode, Grade C-08I' . .| 0.09 0.92 0.04 0.031 0.034
Weld . . . . . .. ... 0.14 0.80 0.07 0.023 0.019
Electrode, Grade Cs-10I2 I 0.09 l 1.64 | 0.03 0.021 l 0.019

Weld . . .. . . .. .. 0.15 1.18 0.07 0.021 -
Electrode, Grade Cg-10I'C 0.12 1.01 0.74 0.031 0.015
Weld « « ¢« v v v v 0o 0.14 1.30 0.62 0.021 0.028




Table 41

Tensile tests

. H a-
El‘;ﬁ,':de tr(-eaatt-' Yield Ultim-te Et'ﬁ?,f' Reduction | Tonghness,
ment point, strcngth, per cent of area. | kom gq cm
kgsq mm | kg sg mm 1= 5D per cent
32.3-32.7146.3-47.2 | 22.3-24.7 |51.0-57.8| 7595
Nome '\ =—3575 67 | 233 56.0 8.2
Cs-08I
Norma- {30.1-31.1 | 45.9-46.6 | 29.7-40.7 |41.2-66.0 [16.3-18.7
lising 30.7 46 .4 34.7 57 3 17.9
None |33:4-34.1/45.6-47.7 22.3-23.3 151.0-59.9 |11 8-12.5
i 33.7 45.6 22.8 55.4 | 118
CB-10I'2
Norma- |30.4-32.2 | 47.4-47 7 36.3-39.3 '69.8-69.8 | 18 8-18.9
lising 31.3 4715 37.8 69.8 188
Noge |336-36.4|55.1-55.7 | 27.3-33.3 |55.6-58.6 | 9.4-11.9
T 352 | 554 | 31.0 57.5 | 10.3
Ce-10IC
Norma- |32.2-35.252.7-54.2 | 31.7-32.7 |68 7-69.8
lising 773377 53.4 | 322 6927 7
Parent Nope |28:1-26.1149.1-53.0 | 29.3-33.7 |45.5-51.0 | 4.75-5.5
metal 256 | 50.8 32.0 484 5.1
Parent None =27.0 =45.0 =24.0 =35.0 6.0
metal,
according to
manufac-
turer’s
specs.

According to Table 41, the weld metal shows high mechanical
properties both after normalising and in the “as-welded” state, and
it meets the requirements of the manufacturer’s specifications for
the parent metal. However, only the weld made with Grade C-10I'C
wire shows a strength comparable with the actual strength of the
parent metal. It should be noted that the use of Grade Cs-10I'C wire
may result in appreciable variations in the composition of the weld
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metal along the length of a joint, due to the intensive interaction of
the metal and slag in the weld pool. Besides, with an increased
silicon content there is a greater likelihood of crystallisation cracks
developing in the weld. Therefore, of all the wire grades listed above
preference ought to be given to Grade Cs-101'2 wire when welding
high carbon steels. ITnercased manganese content in the weld both
improves its strength and its resistance to hot cracking.

Fig 180. Macrostructure of a welded joint in steel 40.

To sum up, anincreased silicon and manganesc content in the weld
metal makes it possible to obtain full-strength welds with as little
carbon as U.15 per cent, provided the parent steel contains relatively
little carbon (up to 0.25 per cent).

However. this carbon content in the weld metal is insufficient,
if full-strength welds are to be obtained in steels having anywhere
from 0.3 to 0.5 per cent carbon. Tn such cases, as has been noted
olsowhere, the weld metal may be strengthened by adding more parent
metal toit. However, the feed rate of electrode wire 3 mm in diame-
ter should be limited to 160 or 180 mhr, or crystallisation cracks
may develop.

Table 42 shows the chemical analysis of the weld metal of a butt
weld made in Grade 40 stecl 120 mm thick with two Grade Cs-10I'2
wire electrodes. The welding conditions were as follows: electrode
speed, 140 to 150 m/hr; welding current, 380 to 410 a; welding
voltage, 44 to 45 v a.c.; depth of the slag pool, about 50 mm; rate
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Table 42

223

Chemical analysis, per cent
Metal Mo | si | s p
Parent . . . . . . 0.39-0.41 0.75 0.23-0.26 l0.035-0.038 0.041
Grade Cs-10I'2
wire . . . . . . 0.11 1.69 0.06 0.029 0.015
Weld .. ... .| 0.250.27 1.15 0.13-0.14 [0.030-0.032| 0.033
Table 43
N - | Yield point, Ultimate Elongation, | Reduction
Metal lsing | "Wgsqmm | strength. | “percent ' | of area per
No 35.7-36.4 67.9-68.9 23 0;.’{)__()_ 43.5-43.5
361 68.3 241 435
Parent, along
direction of
rolling
Yos ﬁ‘)iz_7 _(i(_i_f)7()_/g_ 25.0-29.3 | 48.6-51.0
40.9 68 4 26.5 49.4
No | W45 | 63B6T.6 | 77483 |7.59.819.0
36.6 65.4 1.6 VR
Parent, across
rolling
Yes 36.4—_-’{(& Eig_.ﬁ-(iﬁ.i 16.7-23.0 | 16.0-27.8
38.4 - 65.1 19.6 19.9
No 37.1-37.1 57 .6-62.._2_ 23.3-25.3 | 51.0-55.6
371 59.9 24.3 53.3
Weld, along
Yes §§;2:38.8 63.6-€6.1 24.3-27.3 | 41.5-51.0
38.5 64.7 25.8 46
No — - - -
Weld, across
Yes 35.4-36.4 | 59.0-60.8 | 24.3-26.0 | 53.3-55.0
35.8 59.8 25.4 54.8
Grade 40 steel
at +20°C 32 57 19 45



of weaving motion, 39 m/hr; dwell of electrodes at the moulding
shoes, 3 sec, and electrode spacing, 50 to 60 mm.

Fig. 180 is a macrograph of this weld in the “as-welded” state.
As the parent metal in this weld accounts for not less than 50 per
cent, the carbon content in the weld metal is 0.25 to 0.27 per cent.

Tables 43 and 44 present data on the mechanical properties of the
weld prior to and after normalising, and comparative data on the
parent metal. On the basis of tensile tests (Table 43) it may be stated
that the weld metal is comparable with the parent metal both prior
to and after normalising and has an appreciable edge on Grade 40
steel up to 80 mm thick.

The weld metal prior to normalising shows a toughness comparable
with that of the parent metal (Table 44), while normalising sharply
improves this property. On the other hand, test specimens notched
along the line of fusion show an extremely low toughness prior to
hecat treatment, as do the specimens notched in parent metal some
2 mm from the line of fusion.

Table 44
Impact toughness, kgmsq cm
i Non-heat-treated Normalised speci
Metal tvmi’&:}ture, speelmen pretmen
deg C notched in notched notch~d in notched
centre of along line centre of along line
weld of fusion weld ot fusion
3.3-4.6 4.96.0
+20 S - — -
Parent, 3.9 5.4
along
rolling —20 _ _ 3.5-4.4 _
3.9
5-1.6 2.6-3.4
+20 2 - Ll el -
Parent, 1.5 3.0
across
rolling 20 _ _ 1.4-1.6 _
1.5
3.3-3.9 1.5-1.6 6.5-9.3 4.4-6.0
20 PRl
+ 3.6 16 X0 5%
Weld
—2 _ 1.0-2.0 _ 2.8-5.5
1.3 4.0

When normalised, welded joints display a better toughness in the
fusion area, comparing favourably with that of the parent metal.
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Fig. 181. Micrographs of welded joints in steel 40 without heat treatment
(magnification X 60):

a—weld metal; b—open-grain area near line of fusion; c—open-grain area adjoining
close-grain area; d—close-grain area; e—parent metal.
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In electric slag welding, the welding zone is subjected to intense
heating, which tends to step up grain growth. The microstructure

Fig. 182. Micrograph of a welded joint in Grade 40
steel after normalising (fusion area) (magnifica-

tion X 60).

of various areas in the heat-alfected zone is shown in Figs. 181a

through e.

Normalising or annealing rcfines the grain in the fusion zone
(Fig. 182), which partly explains the sharp inerease in the toughness
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I'ig 183. Brinellhardness of welded joints
before and after normalising.

of the ncar-weld arca, as
compared with the original
condition of the metal.
The welded joint is free
from hard spols (Fig. 183),
hut normalising somewhat
ceduces the hardness of the
melal in the near-weld area.
Killed carbon steels may
develop hair cracks in the
fusion zone. Fig. 184a
shows a typical hair crack
in a welded joint made
in rolled steel 25, and
Fig. 184b the one in steel 40
upon normalising. As can
be seen, increased edge
heating by, say, a higher

welding voltage, reduces the likelihood of separate hair cracks de-
veloping in the fusion zone, but does not climinate them entirely.
It should be added that the nature of hair cracks developing in
clectric slag welding has not been fully elucidated yet.
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Thus, for a full-strength weld to be made in Grade 40 steel, the
electrode speed has to be limited severely, i. e., low production rates
have to be tolerated. At the present time, two lines of attack are
taking shape, which seem to give a happy union of sound full-strength
welded joints and higher production rates in electric slag welding.

Fig. 184. Hair cracks in the fusion area of a welded joint (magnitica-
tion X 60):
a steel 25 without heat treatment; b — steel 40 after normalising

The first involves the use of what are known as oxidised fluxes, i.e.,
fluxes with an increased content of FeO (up to 6 per cent as against
1 to 1.5 per cent in conventional AH-8 flux). The second makes use
of fluxes based on CaF, and able to withdraw sulphur from the weld
pool efficiently.

An oxidised slag shows better conductivity and, with other condi-
tions being equal, seems to increase the electrode spacing, compared
with Grade AH-8 flux. As a result. heat in the weld pool is less con-
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centrated, the edges are better heated, and the metal pool is less over-
hecated. The overall improvement of the thermal cycle in the weld
pool goes a long way towards producing crackless welds, higher
clectrode speeds, and a higher carbon content in welding with plate
electrodes.

Fig. 185. Macrestructure of a welded joinl in stecl 40 made with two
CB-10'2 wire clectrodes at a welding speed of 370 m/hbr.

When welding carbon steels with oxidised AH-8 flux, the critical
¢'ectrode speed is much higher. A butt weld made in Grade 40 steel
120 mm thick had no crystallisation cracks, though the electrode
specd was 370 m/hr; the welding current, 580 to 620 a; and the weld-
ing voltage, 45 to 46 v. Fig. 185 is a macrograph of this weld, while
the chemical analyses of the parent metal, clectrode and weld metal
are tabulated in Table 45.

Table 45

) Chemical analysis, per cent

Metal c l Mn st s | P
Parent 0.39-0.41 0.75 0.23-0.26 {0.035-0.038 0.041
Grade

Cs-10T'2

electrode

wire 0.09 1.85 0.06 0.031 0.018
Weld 0.24-0.25 1.03-1.29 | 0.10-0.12 0.26 0.023-0.029




The properties of tensile-test coupons from the weld metal, tested
both prior to and after normalising at 870° C, are shown in Table
46, while Table 47 presents the results of impact tests.

As Table 46 shows, the weld metal has a somewhat higher strength
than is specified for Grade 40 steel, and a better ductility (elonga-

tion and reduction of area).

Referring to Table 47, the welded joint in the “as-welded” state
has a lower toughness in the heat-affected zone, while normalising
appreciably improves it.

Table 46
. Ultimat El tion, Reducti
Heat treatment ‘ézlgqu,‘,%t' strenng)t':ih? [?Slgacer?tn of ixr‘:‘(;r. Opr:‘r
kg 'sq mm I=5D cent
N 42.1-42.4 61.5-62.9 22.3-25.7 51.0-57.8
NOME - e e 421 61.8 238 55.0
N lising from 870° C 35.4-36 .4 59.0-59.3 25.0-33.7 33.0-62.3
ormatising from 35.9 59.0 30.6 55.0
Table 47
Impact toughness, kgmisq cm
Heat treatment notched notched Jotched at | notched at
along axis along line * line of line of
of weld of fusion fusion fusion
N 5.3-9.0 2.3-3.8 1.4-2.1 1.0-1.1
ONe . « v o & v o o .+ . TS 59 17 10
10.3-12.3 6.1-10.1 8.3-9.5 5.6-7.3
. o B
Normalising from 870° C 5 80 87 6

Areas of increased hardness in the near-weld zone were not detect-
ed either at an electrode speed of 370 m/hr or 140 to 150 m/hr; nor
were hair cracks found in the fusion zone under these welding condi-
tions.

Table 48
Chemical analysis, per cent
Metal c Mn sy s | P
Parent and electrode . .| 0.39-0.41 0.75 0.24 0.037 0.041
Weld., « « « v v v o o 0.41 0.72 0.20 0.024 0.035
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When welding steel 40 with a plate electrode of the same steel grade
and oxidised AH-8 flux, the weld metal had practically the same
composition as the parent metal (Table 48).

Table 49
Mechanical properties
Impact toughness,
CGondition of welded Y'le] e [iltlm't'ltp tﬁ:g:xgpa:f ltlic(')%ug kgmysq c¢m .
, | strength, ares
ke 89 mm | kg &1 mrh 8 et notch at | notch at
weld fusion
As welded 49.5-52.3(71.0-73.7| 4.0-5.0 0 0.9-1.8 | 1.0-3.5
Tt 50.9 72.5 4.5 14 1.8
Normalised 37.5-39.9(66.6-69.6123.0-28.0 (41 .2-45.913.75-5.25| 4.5-6.0
‘| 38.6 67.9 25.3 43.3 4.5. 5.2

Referring to Table 49, the weld metal prior to heat treatment has
a high strength and rather low ductility. After normalising, the weld
metal is comparable to the parent metal hoth in strength and duc-
tility.

Fig. 186. Macrostructure of a welded joint in steel 40 made with a plate
electrode of the same material
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Fig. 180 is a macrograph of a welded joint before heat treatment.
Fig. 188 shows the effect of normalising on the structure of
the weld metal and the coarse-grain arca. No hair cracks have been
found in the fusion
zone.

As  has been noted
elsewlhiere, fluxes  based

on  caleium fluoride
(CaF,-CaQ; Cal',-

ALQ,; CaF,-Ca0-Al0,
systems)  cagerly  re-
move sulphur from the
weld pool. Therefore it
is possible to make clec-
trie slag weldswethanin:
creased  carbon content
without any danger of
crystallisation cracks
developing.  Crack-free
welds may be obtained
in Grade 40 steel 70 mm
thick by means of a plate
electrode of a similar
composition (Table 50).
The welding  conde-
tions are as follows:
welding current, 1,300 a
a. c.; welding voltage,
24 v; flux, Grade AlL(-7
(80 per cent CaF,, 20 per
cent  CaQ); electrode
cross  section, 12.
Xx70 mm; joint gap,
32 mm; depth of the slag
pool, 30 mm. When the
flux used was Grade
AH-8, the sulphur con-
tent of the weld metal
was five times greater, Fig. 187. Sulphur replicas of two welds made
and there were cracks in in steel 40 with various fluxes: r
the weld. Fig, 187 A0 e et ek b~ AH®-T flux
shows, for the sake of
comparison, sulphur replicas of welded joints made with Grade
AH-8 flux (Fig. 1874) and with Grade AH®-7 flux (Fig.
187b). It can be easily scen that in the latter case the weld con-
tains appreciably less sulphur than when made with Grade All-38
flux.
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Fig 188 Micrographs of a welded juint in steel 40 made with
a—weld after welding; b—open-grain area after welding; ¢—
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a plate electrode of the same material (magnification X6
weld after normalising; d—open-grain area after normalising.
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Table 50

Chemlcal analysis, per cent
Metal C st | Mo s P
Steel 40. . .. . . . . .. 0.46 0.23 0.65 0.037 0.026
Plate electrode of steel 35| 0.30 0.32 0.56 0.022 0.027
Weld metal . . . . . . . . 0.35 0.21 0.59 0.004 0.024

It may be presumed that further improvement in fluxes for electric
slag welding will materially raise welding speed on steels contain-
ing 0.4 to 0.5 per cent of carbon.

2. Rimmed Low-carbon Steels

As compared with killed open-hecarth steels, rimmed steel suffers
from a number of basic drawbacks, the principal ones being pro-
nounccd chemical and physical heterogeneity. The internal layer of a
rimmed steel ingot is contaminated with liquated and segregated
structures and inevitably has deep-seated and honeycomb gas pock-
ets.

The rolling of rimmed steels calls for a sufficiently large amouny
of reduction and elevated temperaturessothat gas pockets may fuse
well, although gas pockets with oxidised surfaces and non-metallic
inclusions will not fuse. This is why rolled products from rimmed
steel show a heterogeneous structure and widely varying mechanical
properties which largely depend on what part of an ingot was rolled
into the piece taken for inspection.

On the other hand, rimmed steel offers a number of advantages
for industrial applications under certain conditions. Ingots of rimmed
steel have a cleaner surface layer; rimmed steel shows a greater abil-
ity lto deform in a cold state; and it is cheaper to make than killed
steel.

Electric slag welding as applied to rimmed low-carbon steel dif-
fers in metallurgical aspects from what it is in the case of killed
steel. Killed carbon steels may be successfully welded with Grade
CB-08A, CB-08I'A or CB-10I'2 electrode wire which does not contain
any silicon. The resulting welds are tight and have the desired me-
chanical properties. When silicon-free electrode wire is employed in
welding rimmed steels, the welds are not tight, even if a high-silicon
flux, Grade AH-8, is used. Apparently, the porosity is caused by
the violent evolution of carbon monoxide due to the absence or lack
of powerful reducing agents, such as titanium, aluminium or silicon,
in the metal pool. In rimmed steel, electric slag welded with Grade
Cp-08 rimmed steel electrode wire, the weld metal has pipes. Frac-
tures and exographs of welds made in rimmed steel show that the evo-
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lution of carbon monoxide from the weld metal occurs in the direc-
tion of grain growth, away from the parent metal towards the axis
of the weld. The periphery of the weld is affected hy pipes, while
the central section of the weld suffers from gas pockets. When the
weld  pool is deoxidised somewhat, for example, by adding ferro-
silicium to the slag, the evolution «f gas decreases to go on only in
the central part of the weld, thus forming an axial pipe.

Hydrogen has little effect on the formation of gas pockets in the
electric slag process. This has been borne out by the following expe-
riment. An ingot was cast by the clectric slag process, using alter-
nating current and electrode wire of killed carbon steel (0.19 per
cent C, 0.79 per cent Mn, and 0.37 per cent Si) and Grade AH-8 flux.
To cause the metal pool to absorb as much hydrogen as possible,
the surface of the slag pool was blown with steam. Though the hy-
drogen content of the metal pool was brought up to 9.6 ml/100 grams,
no pores were found in the crystallised metal of the ingot. Only the
top surface of the ingot showed shallow pin holes.

To prevent the weld metal of rimmed steels welded by the electric
slag process from having pipes or gas pockets, it is advisable to em-
ploy electrode wirc containing silicon or any other strongly deoxidis-
ing agent. Out of the welding wire grades available, preference
should be given to Grade Cs-10T'C. It is possible to obtain a dense
weld metal in Grade Cr. 3 rimmed steel 40 mm thick by welding it
with a Grade Cs-10I'C single stationary clectrode 3 mm in diameter,
fed at the rate of 292 m/hr (welding current, £40 to 580 a, welding
voltage, 40 v). The chemical analysis of the weld metal is given in
Table 51.

Table 51
Chemical analvsis, per cent
Metal
C Mn S1 s p
Parent . . . . ... ... 0.22 0.65 Traces | 0.018 | 0.043
Electrode, Grade Cs-10IC|{ 0.12 0.98 0.79 0.031 0015
Weld . . ... . .... 0.15 0.84 0.45 0.026 0.019

The mechanical properties of the weld metal and welded joint
without heat treatment arc tabulated in Table 52.

According to the table, the weld metal without heat treatment
has high mechanical properties. The spread of toughness values with
the specimens notched in the fusion area may be attributed perhaps
to the presence or absence of defects in the parent metal, inherent
in rimmed steels, near the notches. The structure of the weld metal
and the heat-affected area does not differ markedly from that of welds
made in killed steels. Therefore, normalising may, when necessary,
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Table 52

Toughness of

Weld metal notched sample, Bendin
kgm sq c¢m angle o
specimens
Yield Ultimate | Elongation, Reduction along in fusion 30%220 mm,
point, strength, per cent of area, per axis of z0ne deg
kg 8q mmn | kg 8§ mm l=5D cent weld ’

3% 9-40.0149.4-51.9| 26.3-30.3 | 62.2-69.8 |7.6-10.6 | 4.6-23.3| 175-175
366 | 50.1 27.7 65.6 9.5 10.7 175

considerably improve the mechanical properties and toughness of
the weld metal.

Grade Cp-10I'C electrode wire and Grade AH-8 flux may also be
used for welding Grade 0.5 rimmed low-carbon steel. The chemical
analysis of a welded joint made with plates 120 mm thick and of the
clectrode wire are given in Table 53, while their mechanical proper-
tics without heat treatment are presented in Table 54.

Table 53
Chemical analysis, per cent
Metal P Mo si ' s ' P
Parent . . . . . . . 0.03 [0.2-0.22 0.03-0.05 {0.021-0.032 | 0.013-0.015
Electrode . . . . . . 0.15 0.98 0.81 0.027 0.015
Weld . . .. .... 0.09 0.1 0.47 0.025 0.018

Welding conditions: two electrodes; 220-230 m/hr feed rate; 42 v welding voltage.

From Table 54 it will be seen that the weld metal has steady me-
chanical propertics superior to those of the parent metal.

Table 54

Yield potnt, Ultimate Elongation, Reduction Tough ,

Metel | “agaqmm | strength, | per eent” | of arca, ver | kgmsg om
Parent 20.2-27.0 | 31.5-41.0 | 6.3-25.0 _ 4.1-6.5

24.2 36.4 17.4 59

Weld 24.4-25.1 | 43.5-43.8 | 28.3-35.0 | 53.3-55.6 | 13.5-18.9
oot 24.9 437 3.7 54.4 15.9

Experience has shown that rimmed low-carbon steels may be
welded by the electric slag process, provided the electrode wire
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used has a lower silicon content than the standard Cs-10I'C wire.
The relevant data are given in Table 55. This wire produces sound
and tight welds.

Table 55
Chemical analysis, per cent
Metal c Mn si | s 3
Parent . . . . . ... .. 0.03 0.23 0.02 I 0.014 0.016
Electiode . . . . . . I 0.15 1.40 0.40 0.037 0.029,
Weld . . . oo o000 0.09 0.79 0.16 0.028 0.024

In some cases rimmed steel may also be welded by the electric
slag process,using two wire grades of different composition (Cs-08I'A +
+Cs-10I'C). The relevant data are given in Table 56.

Table 56
Chemical analysis, per cent
Metal ¢ | wmn | s | s | P
Parent . . . . . . . . .. 0.04 0.23 Traces 0.020 0.010
Electrode, Grade Cn-08A . 0.10 0.45 Traces 0.017 0.023
Electrode, Grade Cs-10I'C . 0.12 0.98 0.81 0.027 0.015
Weld . . . . .. ... .. 0.07 0.58 0.16 0.030 0.026

In some cases, when no killed steel electrode wire is available,
use may be made of rimmed stcel wire, Grade Cs-08 or its equiva-
lent, provided the rimmed steel structure to be welded is not intended
for critical application. However, the metal pool should be deoxi-
dised to avoid porosity. This can be done by adding small pieces
of aluminium or aluminium wire to the weld pool at regular inter
vals.

When welding rimmed steel, tight welds can also be made by
adding a relatively small amount of silicon to the metal pool. There-
fore, there is no nced to use Grade Cp-10I'C wire or the wire indi-
cated in Table 55. Wire of a killed plain low-carbon steel will do.

3. Boiler Carbon Steels

Electric slag welding is widely employed in the fabrication of
medium and high pressure boilers which are usually made of quality
carbon steels. The chemical analyses of these steels are given in
Table 57.

Use is made mainly of steel 22K whose mechanical properties are
as follows: ultimate strength, 44 kg/sq mm; yield point at 4-320°,
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Table 57

Steel Chemical analysis, per cent
grade c | Mo St s ] Pl o | m

0.17-0.37 | 0.040 0.040 0.30 0.30
5 10.15-0.30 | 0.040 0.040 — —
510.15-0.30 | 0.040 0.040 —_ -

22K 10.18-0.25{ 0.7-0.9
20K 10.16-0.24 [0.35-0.6
15K ]0.12-0.20 | 0.35-0.6!

18 kg/sq mm minimum; elongation, 20 per cent minimum in 1=10D;
toughness at +20°, 7 kgm/sq c¢cm minimum.

From these data it may be concluded that steel 22K is a killed
structural carbon steel with a somewhat increased mangancse con-
tent. For this reason, even heavy sections have high mechanical
properties, although the carbon content is relatively low (not over
0.25 per cent). Steel 22K goes to make boilers in which the tempera-
ture of the metal does not exceed 500°. Any further temperature
rise will sharply reduce the creep strength of carbon stecl and will
result in heavy scaling. Therefore special steels are employed for
sarvice under such conditions.

An important advantage of stecl 22K is its relatively low carbon
content, which reduces hot cracking in the weld metal and makes
it less likely for low-plastic hardening structures to develop in the
near-weld zone.

Duc to its excellent processability, steel 22K is also cmployed
widely in the fabrication of critical parts welded by the electric slag
process (hydraulic press frames, oil refining equipment, ectc.).

At the present time, girth and longitudinal scams are made by the
electric slag process in steel 22K with a thickness of 50 to 300 mm.

The welds and welded joints made in steel 22K have to meet very
stringent requirements.

The weld metal should be resistant to hot cracking, dense, homo-
geneous, free from gas pockets and slag inclusions, well formed, and
should have no poor fusion or undercuts.

After the appropriate heat treatment, the weld metal and welded
joint should be comparable in strength with the parent metal.

The resistance of the weld metal to cracking is governed by a num-
ber of factors of which the prevailing ones in welding boiler steels
are the direction of growth of columnar crystals. An indication as to
the dirsction of growth of columnar crystals is given by the aspect
ralio of a weld. The relation between the aspect ratio and the
critical carbon content of the weld metal for steel 22K welded by the
electric slag process is given in Fig. 189.

From Fig. 189 it will be seen that when the aspect ratio Y=1.5,
cracks develop with as low a carbon content as 0.17 per cent. When
Y=3, the carbon content may- be increased 1.5 times without any
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danger of hot cracking, provided all other conditions are equal.
As was shown in Chapter II, the aspect ratio of the weld pool is
determined by the welding conditions.
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Fig. 189. Carbon content in welds plotted as a function of as-

pect ratio at which no crystallisation cracks occur. 0.7-1.5 per
cent Mn; 0.35 per cent Si; Mn/Si=18.

Under commercial conditions, Grade 22K steel is.welded with
Cs-08r'A, Cs-15T, and Cs-10I'2 electrodes and AH-8 and ®II-7 fluxes.
With everything else being equal, the weld metal in the case of
Cs-08T'A or CB-10I'2 wire has a somewhat higher resistance to erys-
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tallisation cracks than in the casc of CB-15T" electrode wire. However,
as will be shown later, CB-U8T'A electrode wire does not produce a
full-strength weld.

Fig. 190. Crachs in the weld metal:

a—between end faces of crystalline grains along the axis of weld; b—between
branches of adjacent grains

Though the carbon content of the weld metal is limited when boil-
or steels are welded with low-carbon electrode wire (C-08T'A and
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Cs-10I'2), unfavourable conditions of crystallisation may result
in cracking (Figs. 190a and b). Therefore, the welding conditions
should be such as to ensure the optimum value of the aspect ratio
in each casc.

The welding conditions recommended for longitudinal and girth
scams in steel 22K should be corrected to take into account the actual
production conditions. Use should be made of alternating current
and AH-8 or ®L-7 flux.

Joint gap, mm . . . . . . L L0 e e e 282
Grade and diameter of electrode wire, mm . . . . . . . . .. C-10T2- 3
Dry length of electrode, mm . . . . . .. ... .. ..... 6515
Depth of slag pool, mm, at the following electrode speed, m/hr,
200 . . ... L. 45-40%
300 . ... .. 55 50
400 . .. 000 L 60-55
500 . . .. ... : 70-60
Rate of weaving motion, m/hr . . . . . . . ... .. L., 30-40
Distance from electrode to moulding shoe in extreme position, mm 7-9
Dwell of electrode at moulding shoe, sce:
for metal thickness per electrodeof 50mm . . . . . . . . . .. 2-3
for metal thickness per electrode up t0100 mm . . . . . . . . 3-4

Distance between adjacent electrodes in extreme positions, mm .  12-14
Maximum electrode speed, m/hr, and currents: ‘

for metal thickness per electrode of 50 mm. . . . . . . . . . 200m /pr; 450 a
for metal thickness per electrode of 400 mm. . . . . . . . .. 380m pr; 675 a
Welding voltage, v. . . . . . . .. . .00 e e 44-48

The maximum electrode speeds quoted above are valid for cases
when steel 22K has the highest carbon and sulphur content. The
metal of electric slag welds is of a high quality, but deviations from
the welding conditions specified in the table may resull in poor
fusion, undercuts and gas pockets.

No gas pockets or slag inclusions are observed, as a rule, in killed
boiler stecls. However, pores may somclimes appear in the weld,
should the scale forming on the edges in rolling find its way into
the weld pool. Therefore, a good deal of attention should be devoted
to the removal of scale from the edges to be welded. Cn-101"2 clectrode
wire improves the resistance of the weld metal to porosity.

The mechanical properties of welds and welded joints in boiler
steels are determined by the structure and chemical analysis of the
weld metal and the near-weld zone. When operating under the weld-
ing conditions usual for steel 22K, the structure is usually of the
first type. As has been noted elsewhere, this type is remarkable for
the presence of two areas (Fig. 191): one of coarse columnar crystals
around the perimeter of the weld, and the other of fine columnar
crystals in the middle of the weld. Microscetions of such welds some-
times show small isolated arcas of an equiaxial structure along the

* The left-hand column refers to the case when the thickness of parent metal
per electrode is 50 mm, and the right-hand column, when the thickness is 100 mm.
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axis of the weld. Miciosections of the weld metal and the near-weld

zone have shown that immediately adjoining the weld is an area
410 8 mm wide, of a coarse-grained Widmanstatten structure. The total
width of the near-weld zone is 20-23 mm. The size of grains in the

coarse-grained area of the near-weld zone is in excess of what is usu-
ally stipulated. Lying beyond the coarse-grained area is a fine-
grained arca usually of ferrite plus pearlite. The weld metal in the
coarsc-grained area has a ferrite plus pearlite Widmanstatten struc-
ture.

g, o Votrostruciure o1 a owela.,

The weld metal in the area of finc columnar crystals has a Wid-
manstatten structure, but somewhat coarser than in the first area.
The grains in this case are somewhat smaller than in the previous
area. The weld metal prior to heat treatment shows both ununiform
structure and widely varying mechanical properties. The weld metal
in the area of fine columnar crystals has lower mechanical properties
than in the arca of coarse columnar crystals. Therefore, test specimens
should be taken from the area of fine crystals.

Critical weldments of steel 22K made by the electric slag process
should he normalised at 900 to 910°C and tempered at 650 to 670°C
so as to relieve the residual stresses built up in welding, to refine
and cqualise the structure and properties of individual areas in
welded  joints.

After heat treatment, the weld metal has ferrite and sorbitic
pearlite ununiformly distributed, and axially oriented columnar
crystals. The grain size of the weld metal is No. 7 or 8.

In the near-weld zone, the Widmanstatten structure is completely
removed. The pearlite is distributed with sufficient uniformity. The
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graln size in the near-weld zone is No. 6 or 7 while outside the heat-
affected area it is No. 5.

The mechanical properties of welds made in boiler steels by the
electric slag process depend mainly on the chemical analysis of the
weld metal. I[n electric slag welding performed under normal condi-
tions, the rate of cooling of the weld varies within narrow limits,
and, as distinct from arc welding, has an insignificant cffect on the
properties of the weld.

Table 58 presents data on how the composition of electrode wire
affects the mechanical properties of non-heat-treated welds. Tests
were made on specimens of three types. '

The table also gives the chemical analysis of welds made with
various clectrode wire under average welding conditions.

According to Tables 57 and 58, the weld metal in the case of Cs-
08L'A is at the lower strength limit of the parent metal before heat
trecatment and will not have full strength after heat treatment.

If the strenglh of the weld metal is not to be impaired by a de-
crease in its carbon content, the weld should be alloyed with manga-
nese, which may be accomplished by using Cs-10I'2 electrode wire
(Table 59).

Table 59

Flux Wire Chemical  analysis of weld metal, per cent

grade wgrade I I Mn Si I S P

Cs-15I' | 0.17-0.20] 0.61-0.87 0.12-0.22 10.018-0.038 | 0.02-0.034
AH-R | Cn-08TA| 0.14.0.16] 0.60-0.84 0.14-0.24 |0.018-0.037 | 0.02-0.036
Cp-10r2}0.15-0.18 1.3-1 6 0.14-0.25 10.021-0.038 | 0.018-0.035

0.65-0 0.18-0.25 0.02-0.035 | 0.021-0.037

Cp-15T'A | 0.17-0.19 .8
0.63-0.85 0.14-0.21 [0.018-0.033 0.02-0.035

Cn 08I'A | 0.14-0.16

@117

|

Table 60 shows what effcet heat treatment (normalising and tem-
pering) has on the mechanical properties of the weld metal. Heat
treatment somewhat reduces the strength but improves the ductility
and toughness of the weld metal. Tensile tests on welded joints made
with Cs-10I'2 and Cs-15I" clectrode wire have shown that the weld
metal is comparable in strength with the parent metal. From Table
60 it may be inferred that welds made with Cs-101'2 and Ci-15I" and
heat treated fully meet the requirements for the parent metal.

However, as has been noted clsewhere, Cp-151 wire somewhat
reduces the resistance of the weld metal to erystallisation cracks.
Therefore, it would be good practice to weld steel 22K with Cs-10T2
electrode wire.

2:44
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Referring to Table 61, the strength of the weld metal as tested
at }+-320° C is comparable with that of the parent metal even if use
is made of CB-08T'A wire and ®I[-7 flux.

Table 61
weld Test tenggerature, Y‘:;);lqu)lgt, Ultiu;;}:q sl;r;ngtu.
27.5-32.0 54.5.56.0
As welded ~ 293 555
Upon heat treat- 320° 21.0-24.0 43.6-50.0
ment 22.6 48.0

Theo tests carried out on large specimens by the Electric Welding
Institute " showed that, when statically loaded, the weld metal
of joints made in steel 22K was not sensitive to a sharp concentration of

stresses (although the weld metal

7 30—5 developed crystallisation cracks).
A ; When tested at +20°C, the welded
a Jjoint showed plastic failure in the
520 } parent metal. The ultimate tensile
: strength of the parent metal was

y 27 more than 48 kg/sq mm.
H 8 The fatigue tests of welded
' d joints made in steel 22K were
f conducted "at the Central Heavy
Fig. 192. Test specimens for fa- Eng{neerlng .Besearch !nstltute on
tigue tests: specimens with and without rein-
a—specimen with reinforced weld; b— forcement (Flg- 192) The

specimen with reinforcement removed. 10'000‘000_(33,019 tests were made

on a ¥YII-50 machine. The loading
was alternate tension and compression of equal values obtained by
rotating the specimens while under a bending load. The results are
tabulated in Table 62.

As can be seen from the table, the lowest endurance limit was
shown by welded joints with reinforcement left intact and without
heat treatment (their endurance limit was 8.5 kg/sq mm as against
15.5 kg/sq mm for the parent metal). Heat treatment did not appre-
ciably improve the endurance limit of welded joints on which the
reinforcement had been left intact (the endurance limit was 11.5
kg/sq mm as against 8.5 kg/sq mm). The removal of weld rein-
forcement raised the endurance limit to 14.0 kg/sq mm.

Peening raised the endurance limit of welded joints to 17.8 kg/sq
mm even when the weld reinforcement was left intact. Thus, the
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Table 62

Specimen Heat treatment Endurance limit, kg/sq mm

Parent metal None . . .. ..+« .. 15.5-16.5
Reinforced weld None . . . . ...« .. 8.5
Ditto Tempering at 650°; held

for 2hrs. . . . . . .. 11.0
Ditto Normalising at 920°; held

fordhr. . . .. .. .. 1.5
Weld with reinforcement
removed None . . .. ..... 14.0
Ditto Tempering at 650°; held

for 2hrs. . . ... .. 15.5
Ditto Normalising at 920°; held

for 1 hr. Tempering at

650°; held for 2 hrs. . . 14.0
Reinforced weld after peen-
in None . . .. ..... 17.5
Weld without reinforce-
ment after peening None ... ...... 17.2

Note: The specimens were peened with a bobbing tool operating at the
rate of 1,000 blows per min, the specimens moving at the rate of 0.8 m/min;
“the distance between adjoining rows of identations was 2 mm, the force of
the spring when cocked was 44 kg, and the bobbing tool was 10 mm in dia.

endurance limit of welded joints made in steel 22K by the electric
slag process may be raised to that of the parent metal by removing
the weld reinforcement or by cold hardening.

4. Medium-alloy Steels

Alloy steels differ from plain-carbon structural steels in that they
have a higher strength. The use of alloy steels in modern machine
building is motivated by the desire to reduce the weight of structures
as greatly as possible and to obtain long-service life at elevated tem-
peratures and pressures, resistance to corrosion and some other
special properties.

Alloy steels are classified into (a) low-alloy, containing up to 2.5
per cent of alloying elements; (b) medium-alloy, containing from 2.5
to 10 per cent of alloying additions, and (c) high-alloy, containing
more than 10 per cent of alloying agents.

Critical thick-walled structures are made mainly of medium-
alloy chromium-nickel-molybdenum steels, such as 25X3HM,
30X H3M, 30X2H3M, etc. These steels are deeply hardenable; when
appropriately heat-treated or refined (which involves hardening fol-
lowed by tempering to sorbite) they have a high strength, impact
toughness, and ductility (ultimate strength, 80-120 kg/sq mm; yield
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point, 60-100 kg/sq mm; elongation, 13-17 per cent in {=5D; and
impact toughness, 18-6 kgm/sq cm).

The fact that medium-alloy steels contain alloying elements and
have an increased carbon content makes them sensitive to welding
heat.

As will be recalled, ncar-weld cracks may develop in these steels
when arc welded due to the overheating of the near-weld zone and the
formation of brittle hardening structures accompanicd by appreciable
welding stresses. The increased content of carbon, silicon and nickel
increases the danger of crystallisation cracking in the weld metal.

As has already been noted, a feature of clectric slag welds is a
broad ncar-weld zone incorporating an overheated area and a coarse
columnar structure in the weld metal. As a result, the weld metal
has lower mechanical properties. In plain low-carbon steels this is
somctimes of minor importance. In more critical structures, resort
has to be made to tempering-or normalising so as to relicve stresses
and to imprave mechanical propertics. When electric slag welding
is applied to medium-alloy steels, the near-weld zone has an increased
hardness as the parent metal is capable of hardening in the air. The
near-weld zone and weld show high strength, reduced ductility and
low toughness, especially at low temperatures.

If the welded joints made in medium-alloy steel are to be of full
strength, they should be quenched in water or oil and annealed, as
specified for the parent metal. Such heat treatment will completely
climinate the effect of overheating. When electric slag welding is
applied to plain carbon steels, the desired mechanical properties of
the weld metal are obtained by using Ce-10I'2, Cs-10I'C or Cn-08T"'A
clectrode wire. In the case of medium-alloy steels the weld metal
may be improved by adding the appropriate alloying elements,
depending on the desired mechanical properties and on whether the
workpicce will be heat-treated.

As was noted in Chapter II, the thermal cycle has an effect on the
increased resistance of the ncar-weld zone in medium-alloy steels
to quench-cracks. However, though cracks in the near-weld zone of
these stecls are rare, quench-cracks may develop in a combination
of unfavourable factors.

In some cascs, the workpiece welded by the electric slag process
cannot be fully heat-treated becausc of the lack of the necessary
cquipment and of the large size of the workpiece. Therefore, the
existing welding procedures for medium-alloy steels have cither to
dispense with post-welding heat treatment or make use of stress-
relief anncaling without preceding hardening.

Here are the basic fcatures of electric slag welding as applied to
medium-alloy hardening steels.

1. The near-weld zone. The structure and properties of the near-
weld zone are determined by the thermal cycle. As was noted in Chap-
ter [I, the thermal cycle of the electric slag process differs from tha
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of arc welding in that (a) the rate of heat input is considerably slowcr;
(b) overheating is more pronounced; and (c) the cooling in the pear-
litic and, especially, martensitic field is slow.

#, ; A,
400 ﬂ\\ 400
S / \
Jso 3 350
RS
)
300 r S 300
x>
S
X .
250 v 250
200 200

Jo 20 0 0 0 20 30

ig. 193. Microstructure and hardness of 30X2H3MA Cr-Ni-Mo steel in
near-weld zone alter eleetrie <lag welding (magnification 3300).

Let us cxamine the structurc of the ncar-weld zone in steel
30X2H3MA, which is a typical medium-alloy stecl. Running dircetly
along the line of fusion is a narrow streak of non-oriented troostite
(Fig. 193a). This streak owes its origin to the decarburisation of the
ncar-weld zone al the line of fusion when the solid and molten metal
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come in contact during welding. In this case, and due to the differ-
ent solubility of carbon in solid and molten metal, the carbon moves
from the solid to the molten metal, even if its concentration be the
same in both. Further, decarburisation may be conditioned by the
diffusion of carbon from the parent to the weld metal due to the
latter’s lower carbon content. The transfer of carbon may also take
place as a result of reactive diffusion when the weld metal has a high
content of carbide-forming elements.

As it moves away from the weld, the streak of non-oriented troos-
tite changes into an area of coarse acicular crystals (Fig. 193b) formed
in the intermediate and martensitic field.

Then the coarse acicular crystals gradually change into finer crys-
tals (Fig. 193¢) and again turn into a troostitic streak of considerable
width (Figs. 193d and e).

The wide streak of disoriented troostite at the end of the near-
weld zone is formed due to the segregation of the austenite caused
by the heating of this area to the lower austenitising temperatures.
The near-weld zone is wider in electric slag welding than in arc weld-
ing. Its width increases with the joint gap and welding voltage.

In electric slag welding, the maximum hardness in the near-weld
zone is 400 Vickers at a distance of 4.5 mm from the line of fusion,
while in arc welding it is 550 Vickers within 2 mm. This is an indi-
cation that pearlitic and intermediate transformations take place
and the martensitic transformation is suppressed in the near-weld
zone of hardening steels welded by the electric slag process. The
acicular structures in the near-weld zone in the case of electric slag
welding etch more readily than in arc-welded joints.

The suppression of martensitic transformation in the near-weld
zone in electric slag welding is facilitated by the lower rate of cooling
in the pearlitic and intermediate field and by the longer time when
the near-weld zone remains at elevated temperature which, in turn,
leads to high-temperature segregation (as has been established, the
high-temperature segregation of austenite followed by cooling favours
fts decomposition in the field of intermediate transformations).

As the stresses in the near-weld zone are relieved by the structural
transformations accompanying the electric slag process, and the
edges of the workpiece are heated simultaneously and symmetrically
across their thickness, while there is no distortion in most cases, no
quench-cracks form in this zone.

The high resistance of the near-weld zone to quench-cracks in elec-
tric slag weldmg has been confirmed under both laboratory and
shop conditions in carbon steels 40, 50 and 40H, chromium-nickel-
molybdenum steels, steel 30XI'CA and other steels liable to develop
cracks when arc-welded.

The properties of the near-weld zone and their response to various
types of heat treatment have been studied in detail for steel
80X2H2M. The quality of the near-weld zone was assessed on the
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basis of the toughness and fracture of notched specimens with notches
made in different areas of the near-weld zone.

Table 63 describes welds made in plates 100 mm thick with Cs-10T2
wire, AH-8 flux, a welding current of 450 to 500 a (per electrode),
a welding voltage of 40 v a. ¢., and a welding speed of 40 m/hr.

Table 63

Impact toughness, kgm/sq cm, in various areas of near-weld zone
at temperatures, °C

Heat
treatment C(o;:;g;:égﬂmea;?a Middie areas (4-12 mm End area (18 mm from
fusion) from line of fusion) Iine of fusion)
-170 +20 —170 +20 -70 +20
None 1.5-7.913.2.5.9|2.371 11.4-13.5 6.3-7.6 7.8-8.3
4.3 4.4 5.0 13.1 71 8.1
Anneal- | 1.9-9.5 | 7.3-8.5 10.4-16 .4| 19.6-22.1 13.3-17.4 21.8-22.1
ing 4.7 8.1 13.1 20.5 15.7 21.8
g}gdae;;& 12.6-4.6(11.6-13.7[19.4-19.8| 19.4-22.1 | 16.4-18.9 | 19.4-20.9
ann'ealing 13.3 13.1 19.0 20.3 17.5 20.2

As can be seen, the weld metal in the near-weld zone has a low
toughness at low temperatures. The fractures are coarse-grained or
flake-shaped in the coarse-grained area, and fine-grained in other
areas. They reflect the structural changes in the near-weld zone of
these steels and testify to the tendency of the metal to brittle failure.
Tempering (heating to 600° C, holding for 3 hrs. and cooling in wa-
ter) fully restores toughness in the middle and end areas of the near-
weld zone. The appearance of fractures is also improved, becoming
fibrous at normal test temperatures. In the overheated area the
toughness and fracture are not practically improved by tempering.

As will be recalled, the effect of overheating in medium-alloy
steels may only be eliminated by single and, more often, by double
recrystallisation, sometimes preceded by homogenising anncaling.

As follows from Table 63, the propertigs of the metal in the over-
heated arca of the near-weld zone are fully restored by hardening
and tempering. In hardening the metal was heated to 870°, held
at this temperature for 6 or 7 hours, and quenched in water, i. e.,
treated as the parent metal.

From the data obtained, it can be concluded that the effect of
overheating in the near-weld zone in the case of single-pass electric
slag welding can easily be eliminated, and it differs from the over-
heating which takes place in furnace heat treatment.

In some cases, hardening steels welded by the electric slag process
may develop cracks in the near-weld zone. There are two types of
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near-weld cracks: quench-cracks (Fig. 194) and transversec tears
(Figs. 190 and 196) runuing near the line of fusion in the overheated
ared.

AL Quenchi-cracks weve observed under the following unfavourable
conditions:

(a) an increased rate of cooling in the near-weld zone. ospeially
at the begimning of the weld, which does not occur when the welding

Fig. 1y4. Quench erach o near weld zoue in medium-alloy steel welded
by the clectrie slag process

procedure is normal, i ., goes on at a steady rate (at the beginning
of the weld, the thermal eycle of clectrie slag welding is similar to that
of single pass are welding 1 the downhand position  with heavy
current and high voltage);

(b) the plates being welded are rigidly held together by the
welds made before, which may take place when the weld was re-
started after an interruplion.

In some cases quench eracks appeared when there was poor fusion
along the edges and also when flux AHM-1 (fluorspar) was used in
order to reduce the width of the weld alfected zone. Poor fusion along
the edges promotes eracking, as stresses coneentrate there. Flux
AL L, as was noted in Chapter 1, calls for a low welding voltage,



Fug. 190, Tears anonea weld zone at line of luston m eleetne slag welding.

Fig. 196. Microsection of near-weld zone witl Lcars.
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which reduces the heat input and mpreases the rate of coohng of the
weld-affected zone.

When welding medium-alloy hardening steels, it is adwsable
to avoid high welding speeds (heavy currents), use of many clec-
trodes, reduced joint gaps, or low voltages which may be resorted to
in an attempt to reduce the width of the weld-affected zone. The
welding current should be limited to 300 or 350 a, i. e., the electrode
speed should be reduced accordingly.

In the case of rigid structures or parts clamped rigidly in place,
an efficient way of preventing cracks in joints slag-welded in medi-
um-alloy steels is to preheat the edges and to hold them at 150° to
200° C during welding, as in the welding of plain carbon steels.

In straight slag-welded joints in medium-alloy steels, quench-
cracks can be efficiently controlled by using starting tabs. These
tabs should be made longer so
that a steady-state condition
may be achieved before the work-
piece is reached (Fig. 197).

The tendency of medium-alloy
hardening steels to crack in the
near-weld zone in arc-welding is
well known. However, there is no

s b agrecd opinion as to the nature
Fig. 197. Tncorrect (a) and correct (b) and causes of such cracks. To date
use of starting tabs. twoworking hypotheseshave been

advanced: a quench hypothesis
and a hydrogen hypothesis. According to the first one, cracks are
brought about by the quench phenomena occurring in the near-
weld zone of medium-alloy steels. The proponents of the hydrogen
theory believe that cracking is caused mainly by the accumulation of
hydrogen in the near-weld zone due to of diffusion from the weld
metal. In practice, however, there have becn cases at variance with
either hypothesis. On the other hand, experimental data seem to
confirm the view that quench phenomena play a decisive rolein crack-
ing. Hydrogen also acts as a crack-inducing agent, but its influence
is of minor importance.

From the viewpoint of the quench theory, the electric slag proc-
ess has, as has been noted elsewhere, a number of advantages tending
to improve the resistance of fhe near-weld zone to cracking.

Meanwhile, from the viewpoint of the hydrogen theory, electric
slag welding also possesses positive features due to which hydrogen
is not likely to bring about cracking.

As has been found experimentally, the hydrogen content in electric
slag welds is but a fraction of what it is in downhand arc welds.

B. Near-weld tears. These cracks have poorly defined edges
and ‘occur along grain boundaries in the overheated area, in the vi-
cinity of the line of fusion (Figs. 195 and 196).
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Tears occur in the near-weld zone of most medium-alloy steels,
when welding conditions are unfavourable and use is made of ferrite
wire, but do not occur, when austenitic wire is employed. It has
been found that in most cases tears develop in the near-weld zone
of welds with poorly penetrated edges when the melting zone is far
from the surface of the metal pool. In welds with well-penetrat-
ed edges (10-15 mm) these cracks are usually not to be ob-
served.

It has been suggested that tears are brought about by the unfa-
vourable deformation cycle of the edges sweated by the slag pool far
from the surface of the metal pool. When the edges of the parent
metal begin to melt well above the surface of the mctal pool, some
areas of the parent metal over the metal pool may be cooled to below
the melting point. When cooling, these areas expand before the melt-
ed space fills with molten metal. As the overheated metal, especially
along the grain boundaries, has a low ductility and strength, this
gives rise to tears. When the space bounded by the sweated edges is
filled with molten metal, the tears on the weld side are partially
closed, while open tears grow to a macroscopic size in subsequent
cooling. There are also other opinions as to the nature of the tears
that are sometimes found in carbon steels.

Experience has shown that tears in the superheated area of the
near-weld zone may be prevented by using fluxes and welding proce-
dures with which the edges will begin to melt as near to the surface
of the metal pool as possible. It has also been found that an increase
in the depth of the slag pool facilitates the formation of tears. The
use of fluxes having high electric conductivity and, as a result,
reducing penetration, may also lead to tears.

2. The weld metal. As was noted in Chapter II, the proportion of
the parent metal in the weld metal, in the case of slag welding, may
be easily controlled within broad limits. Practically, the proportion
of the parent metal y may be varied from 10 to 60 per cent. Using
this factor, it is possible to obtain a weld metal of the desired compo-
sition by: (1) employing medium-alloy low-carbon electrode wire
and welding conditions under which the proportion of the parent
metal in the weld is reduced (low penetration) or by (2) employing
low-alloy electrode wire and welding conditions under which the
proportion of the parent metal in the weld is increased (deep pene-
tration). .

In the first case, as few electrodes as possible and direct current
are used. :

Welds with a low proportion of parent metal have a relatively
low carbon content. Therefore, the hardening procedures adopted
for the parent metal do not ensure a complete recrystallisation of
the weld metal and optimal mechanical properties.

As has been noted, welds with poorly melted edges show a tendency
to tears in the fusion zone. From the foregoing it may be concluded
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that it is not advisable to employ medium-alloy wire and welding
conditions resulting in minimum penctration.

Another way of alloying the metal of clectric slag welds involves
low-alloy wire and considerable penetration. This is a better method,
as it ensures higher production rates and welding conditions
based on alternating current, and more reliable at the shop. In addi-
tion, the wire contains less alloying elements and is therefore
cheaper.

If the cdges are to be penetrated more deeply, the number of
electrodes and welding voltage should be increased, the spced of
weaving motion and the dry length of the electrode decreased, ctc.

The best mechanical properties of the weld metal subjected to
hardening and tempering are obtained when the parent metal
accounts for 50 to 60 per cent of the weld metal*.

Naturally, the workpieces heat-treated (hardened and tempered
to sorbite) upon electric slag welding should be also heat-treated
prior to welding, the heat trcatment being determined by the re-
quirements of forging or rolling.

Medium-alloy steels are clectric slag welded with wire electrodes
whose composition is tabulated in Table G4. This table also gives
the chemical analyses of the welds made in steel 20X3HM plate
100 mm thick, and containing a large proportion of the parent metal.
The welds were made with AH-8 flux, two oscillating wire electrodes,
using 450 to 500 a at 38 to 44 v, and maintaining a welding speed of
40 m/hr.

According to Table 64, the chemical analyses of the welds depend
mainly on the composition of the electrode wire and proportion of
the parent mctal (when welding proceeds steadily) and less on the
exchange rcactions between slag and metal.

For medium-alloy steels use may be made of the fluxes that are
employed for common steels, such as the AH-8, a widely employed
flux developed by the Electric Welding Institute.

Table 65 prescnts the mechanical properties of welds made with
the suggested wire grades in the 25X3HM steel after hardening and
tempering. It should be noted that an increase in the proportion of
the parent metal above 50 or 60 per cent does not improve the me-
chanical properties of a weld.

For the welds made by the clectric slag process in medium-alloy
heat-treatable steels to have high mechanical propertics without
post-welding hardening and tempering, use should be made of aus-
tenitic or medium-alloy wires, meanwhile limiting the proportion
of parent metalin the weld. In the case of austenitic wire, an incrcase
inthe proportionof parent metal dilutes the weld with iron and impairs
its mecchanical properties. In the case of medium-alloy wire an
increase in the proportion of parent metal increases the percentage

* Thesc data relate to a wire grade of low-alloy steel.
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of carbon and alloying elements in the weld, thus impairing its
ductility.

Welds in medium-alloy steels that have a large proportion of
parent mctal and are not heat-treated show an increased strength,
and a reduced ductility and, especially, toughness. The mechanical
properties of welds made with austenitic wire and with a small
proportion of parent metal are an exception. These welds show a
high toughness and ductility at normal and low tempcratures and
a relatively low strength characteristic of austenitic welds (yield
point, about 30 kg/sq mm, ultimate strength, about 50 kg/sq mm).

Low carbon non-austenitic welds have an increased toughness
and ductility, when the proportion of parent metal in the weld is
limited. Ductility is appreciably improved and strength is pro-
portionally dccreased by high temper. Toughness is improved
insignificantly, especially at low temperatures.

As has been noted, electric slag welds in medium-alloy steels
tend to develop crystallisation cracks, especially in the case of deep
penctration, as it increases the percentage of alloying elements and
carbon in the weld metal.

Should such cracks appear, it is advisable to limit somewhat the
proportion of parent metal and to vary the welding conditions so
as to increase the aspect ratio of the weld pool. The welding condi-
tions for medium-alloy steels differ little from those for plain car-
bon steels.

In some cases workpieces of medium-alloy steels cannot be hard-
ened upon welding for various reasons: the absence of furnaces or
quenching baths, the large size of workpicces, etc. The hardening
of bulky workpieces may lead to cracks in the parent metal due. to
ununiform heating and cooling. This is why it is sometimes advisa-
ble to resort to three-pass electric slag welding, as the hardening of
the workpiece can be then dispensed with.

Three-pass welding consists in that a layer of metal is deposited
on the edges prior to welding, and the parent metal is fully heat-
treated.

The thickness of the deposited metal is so chosen that in the sub-
sequent passes the superheated area in the near-weld zone will shift
to the deposited metal, and the remaining portion of the near-weld
zone will be outside the deposited metal to refine the coarse grains
formed in the parent metal during the first pass. In this way, the
superhcated area in the parent metal will be eliminated in the proc-
ess of welding, and the post-welding heat treatment will be limited
to stress relieving and to eliminating unbalanced hard arcas, should
there be any.

The advantages of three-pass welding are evident from the macro-
and micrographs in Fig. 198. To make these advantages more no-
ticeable. the weld was made in Grade 35 medium carbon steel. One
edge had been faced with a layer of metal 12 to 15 mm thick, while
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the other cdge had not been faced. As a result, the unfaced cdge
showed usual structures with a superhcated area in the ncar-weld
zone, while the faced edge had an improved structure characteris-
tic of three-pass welding. Both in welding and hard-facing use
was made of Cs-10['2 wire and AH®-1 flux to reduce edge penetra-
tion. The weld was made with two electrodes, a welding current of

Fig. 198. Macro- and micrographs of welded joints made by one- and mul-
tipass electric slag welding (maguification X70).

600 a, a welding voltage of 26 v, a weaving motion speed of 40 m/hr,
a slag pool 25 mm deep, and with a joint gap of 20 mm.

From Fig. 198 it will be scen that three-pass welding completely
climinates coarse grains in the near-weld zone of the parent metal.
When tempered, the metal in the superheated area of the near-weld
zone in steel30X2112M welded by the three-pass technique has mechan-
ical properties comparable with those of the parent metal. The
toughness as mcasurcd in different areas of the near-weld zone at
—70° was as follows *:

* The minimum and maximum values of toughness are given in the numera-
tor, while the deuominator is the average toughness for 3 to 5 test specimens.
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17.4-20.7 . .
(a) ——?ﬁ——kgm/sq cm in the coarse-grained area;

(b) fﬁj‘s_s%)_o- kgm/sq cm in the middle arcas;

(c) 1-2-':3;————117'1 kgm/sq c¢m in the end arca.

If the weld made by the three-pass technique is to be sound the
properties of the facing mctal should remain sufficiently high after
the main weld is made. For this reason, the edges should be built
up with austenitic wire. Naturally, the main weld will have to be
made with austenitic wire as well. In this case, as has been noted
clsewhere, the welded joint will not be of full strength, as the aus-
tenitic metal of the built-up metal and weld will have lower strergsh.

It should be borne in mind that when medium-alloy steel tuses
with austenitic steel, a streak of metal of intermediate ¢ mposition
is formod along the line of fusion. Given unfavourable welding and
heat-trecatment conditions, this streak will show a tendency to embrit-
tlcment. These drawbacks may be prevented by avoiding austenitic
wire with an increased mangancse content and hcat treatment at
the temperatures of temper brittleness.

It should be stressed that the deposited metal is less subjected
to superheating than the rolled parent metal. From Fig. 198 it can
be seen that in the superheated arca of the deposited metal the ini-
tial columnar structure is completely destroyed, and this arca has
a considerably finer grain than the superheated area in the parent
metal *. The grain size in the deposited and parent metal is valued
at 1-2 and 0-1 respectively. The coarse-grained arca in the parent
metal is 3 mm wide, and in the deposited metal half this width, or
nearly as much as in the near-weld zone of downhand arc welds.

The toughness of specimens notched in the coarse-grained area
was 1.5 to 2 times greater for the deposited metal than for the parent
metal. The grain refinement and the increase in the toughness of
the deposited metal should be attributed to both the lesser tendency
of cast metal to superhcating and the lower carbon content in the
deposited metal. It is not unlikely that the alloying and modifica-
tion of the deposited metal will further improve its structure and
properties in the superheated area.

What is actually a modified three-pass electric slag process in-
volves the depositing of metal on to the edges in two passes. In this
way the properties of the near-weld zone in the parent metal may
be restored without post-welding annealing. By this method, the
component parts of a weldment are annealed after the two layers
of metal are deposited on the edges. The coarse-grained area in the

* When comparing the structures along the line of fusion in a butt weld, it
should be realised that the two metals differ both in structure (rolled and cast
respectively) and in chemical composition (Grade 35 and Grade 10I'2).
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parent metal is eliminated by the self-heat treatment that takes
place during the first two passes. It should be noted that three-
pass welding and its modification reduce the production rate of
welding. Besides, welding stresses remain in the finished weldment.
The magnitude of welding stresses has to be determined and the
method for their relief has to be chosen in each particular case.
Sometimes welded structures have to operate under insignificant
dynamic loads but at elevated temperatures (of the order of 400 to
500°C). As will be recalled, coarse-grained metal stands up to such
conditions better than fine-grained metal. For these applications,
use may be made of medium-alloy steels welded by the electric slag
process and subjected tostress-relieving alone. The mechanical prop-
erties of the typical areas of such welds made with 3M616 wire
in stcel 25X3HA after stress-relieving are illustrated in Table 6G.
Here are a few examples of electric slag welds in medium-alloy
steels.

Electric Slag Welding of Steels 26X3HM , 36X H3M and 30X2H2M

Typical welding conditions for steel plate 100 mm thick are as
follows:

Welding carrent . . . . . . . . .0 0t e e e .. 450-500 a
Feed speed of 3 mm wire . . . . . . ... ... .... 200 myhr
Welding voltage . . . . . . . . . . ..o 0. 40-42 v a.c.
Speed of weaving motion . . . . . . . ... ... .. 40 m/hr
Depth of slagpool . . . . .. ... ... ... .. 50-€0 mm
Joinb gap . . . . .. L. e e e e 26-28 mm
Number of electrodes . . . . . . . . ... ... ... 2
Electrode dwell at moulding shoe . . . . . . . .. ... 3-4 sec
Least distance between electrode and moulding shoe . . . . 7-10 mm
Dry length of electrode . . . . . . . . . .. ... ... 50-€0 mm
Electrode spacing . . . . . . . .. o000 35-40 mm

The welding voltage and electrode spacing have to be increased
with increasing thickness. The grade of wire should be chosen so
as to meet the requirements for the mechanical properties of the
weld metal. Sufficiently high mechanical properties may be ob-
tained with Cs-10I'2 and 91681 wire. If the weld metal has to have
increased strength and ductility, use should be made of special
wire grades 911616 and SM581.

Figs. 199 and 200, respectively, show typical macrographs of
a weld without heat treatment and after hardening followed by
tempering. The heat treatment has fully destroyed columnar crys-
tals and eliminated the near-weld zone which etches readily in the
macrosections without heat treatment.

After heat treatment, the weld has a sorbitic-pearlite structure
with a hardness of 200-210 Hp (Fig. 201) while the ncar-weld zone
is sorbite with a hardness of 216-220 Hp (Fig. 202). The fusion
zone is defined poorly in the micrographs. ‘
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Fig. 199. Macrograph ! « w.u . joint in Cr-Ni-Mo steel after
: welding.

Fig. 200. Macrograph of a welded joint in Cr-Ni-Mo steel after hard-
ening and tempering.
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The welding of circular joints in these grades of stecl has some pe-
euliaritics. In thick-walled cylinders appreciable internal stresses
sct in because of the rigidity of the workpioce and as a result of the
structural transformations in the near-weld zone. Thesc stresses,

coupled  with  brittle
superheated structures
in the ncar-weld zone,

may result in brittle.

cracks of considerable
length. These  cracks
usually appear after the
workpiece has cooled.

These cracks may be
prevented by (a) preheat-
ing the final length of
the circular scam to 150
or 200°; or (b) prcheat-
ing the cdges all along
the joint and reducing
the rate of cooling after
welding in the case of
an increased carbon con-
tent.

A more cfficicnt meth-
od of crack prevention
is to place the workpiece
into a furnace immedi-
ately upon welding.

Electric Slag Welding
of Steels 30XI'CA and
38X A. These are struc-
tural steels of medium
weldability. When heat-
trcated (hardening and
tempering), thesc steels
have high mechanical
properties and go into
critical welded strue-
tures. Downhand -arc
welds in these steels

Fig. 201. Micrograph of electric slag weld made
in steel 25 X3HM after hardening and tempering
(magnification X300).

Fig. 202. Micrograph of superhealed arca
near-weld zone in steel 25X3HM afler hard-
ening and tempering (magnification X300).

are sound if special measures are taken to prevent cracks im
the weld metal and the near-weld zone (preheating, use of
filler wire, multipass welding, etc.). For all the complexity of
arc welding procedures they fail to produce full-strength welds
in these stecls. Under the existing regulations, the mechanical
properties of the weld metal (after hardening and tempering)

should be as follows:
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Yieldpoint . . . . .. ... .. ... min 70 kg/sq mm
Ultimate strength . . . . . .. . ... min 90 kg/sq mm
Elongation . . . . . ... ... ... min 12 per cent

Sound welds in these steels with the desired mechanical properties-
of the weld metal can be made successfully and simply by electric
slag welding.

The suggested welding conditions for the electric slag process are
as follows:

Current . . . . . . v 4 v e e e e e e 550-600 a
Welding voltage . . . . . . . .. .. .. 32-34 v d.c.
Polarity . . . . .« v v v o v v v o e reversed
Electrode diameter . . . . . . . . . . .. 3 mm
Depth of slag pool . . . . . . . .. ... 45-60 mm
D1y length of electrode . . . . . . . . .. 45-50 mm
Jointgap . . . . . .. ... ... 20-22 mm
Flux . . . . . ... .0 0. AH-22 or ®II-7
Wire grade . . .. . ... ... ..., an616
Welding speed . . . . . . . . ... . .. 3.2 m/hr
Plate thickness . . . . . .. . .. ... 30 mm

Welds were made with one stationary electrode positioned in the
centre of the groove. When the above-stated conditions were main-
tained within reasonable limits, the welding proceeded steadily,
and the edges were penctrated uniformly (3 or 4 mm on each side).

The weld was shaped by a water-cooled copper moulding shoe on
the face side and with a water-cooled copper backing strip on the
reverse side.

When quenched in oil from 880°, tempered at 550° and cooled
in the air, the weld and the near-weld zone had mechanical proper-
ties comparable to those of the parent metal (Table GG).

The microstructure of welded joints (troosto-sorbite) after heat
trcatment was uniform and practically the same in both the weld
and parent metal.

Electric Slag Welding of Steel 15XMA. When selecting welding
conditions for this stcel, the objective was to simplify the
welding procedure and to obtain bigh-quality welds without any
defects both in the near-weld zone and the weld metal in plates of
.a relatively small thickness (40 mm).

The welding technique and procedure were similar to those for the
30XI'CA steel given above:

Current . . . . . i i et e e e e e e 400-500 a
Welding voltage . . . . . .. ... ... 38-40 v d.c.
Polarity . . . . ¢ ¢ v v o v v v v o0 o reversed
Speed of wire feed . . . . . . . ... .. 216 m. hr
Joint ga |p ................ 22 mm
Depth o slag pool . . . .. ... ... 35-45 mm
Dry length electrode ........ . . 80-100 mm
Flux . . ... e e e e e e e oo TK3-50 and
QU7
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As the weld and parent metal were similar in chemical composi-
tion, the wire was Grade Cs-12XMA to I'OCT 2246-54, 3 mm dia.
With the welding conditions maintained as advised above, the weld-
ing speed was 1.7 m/hr, or 5to 7 times the speed of manual multi-
pass welding. The welding had to be followed by normalising at
910-930°; cooling in the air to 400°; tempering at 640-650°; cooling
in a furnace at therate of 100° per hour to 450°; and cooling in the
air.

After heat treatment, the ultimate strength of the welded joint
was 47.2 kg/sq mm; the weld metal showed the following mechanical
properties at +20°: yield point, 30.8 kg/sq mm; ultimate strength,
46.8 kg/sq mm; clongation, 29.8 per cent in [=5D, and reduction of
area, 65.9 per cent. At 500°, the yield point was 24.8 kg/sq mm and
the ultimate strength, 42.9 kg/sq mm.

Electric Slag Welding of Steel 16'HM. Steel 16I'HM is a
manganese-nickel-molybdenum low-alloy steel employed in boiler
making. The steel should be normalised and tempered so as to
obtain optimum mechanical propertics.

A steel 16I'HM plate 135 mm thick was slag-welded using 91569
wire. 3 mm dia, ®II-7 flux, a single oscillating electrode, and 500
to 550 a at 50 to 55 v. The chemical analyses of the parent, electrode
and weld metal are given in Table 67.

Table 67
Chemical analysis, per cent
Metal C | Si ] Mn i Ni ' Mo Cr l S l P | Cu
16THM steel 0.1810.20 | 0.77 | 1.25 | 0.44 | 0.18 |{0.026{0.026| 0.10
9N569 wire 0.0910.23{0.64|1.15 ] 0.42 | none {0.012|0.015| none
Weld metal 0.1410.43 10.69 | 1.25 | 0.45 | none |0.015[0.030| none

The welded specimens were tested after tempering (heated to 650°C,
held for 3 hrs and cooled in the furnace) and after normalising
followed by tempering (heated to 930°, held for 30-45 min, and cooled
at the rate of 230-270° per hour).

The averaged mechanical properties of the weld metal and welded
joints are given in Table G8.

The tests were made at room temperature, at + 320° and at +370°C.
As Table 68 shows, the mechanical properties of the weld metal
are superior to those specified by the relevant standard even after
tempering

5. Austenitic Steels and Heat-resistant Alloys

As has been noted elsewhere, electric slag welding yields the best
results on metal thicknesses upwards of 40 or 50 mm. However,
austenitic steels and heat-resistant alloys of this thickness were
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used but seldom until quite recently. The rapid progress made in
power engincering (especially in nuclear power engincering), jot
propulsion, rocketry, aviation and other industries has necessitated
the use of acid-proof, stainless, heat-resistant steels and alloys of
incrcasingly greater thicknesses. Today, hcat-resistant materials
arc often welded in thicknesses of 100, 120 mm and more. They are
made into flanges, rings, and other parts and units. In such jobs
the welds are of short length and the workpicces are made of square
or rectangular bars. Long seams are rare; they may be encountered
only in thick-walled barrels, heads, tube sheets, cte.

Short scams are made best with plate electrodes, as the welding
procedure may be simplified to the utmost and the danger of defects
in welded joints may be reduced to a minimum.

As will be recalled, the wire electrode employed in electric slag
welding is a sized wire 3 to 4 mm in dia. The manufacture of this
wire from existing heat-resistant materials, so many of which have
a poor workability, is a difficult task. On the other hand, no par-
ticular difficulties arise in the manufacture of plate clectrodes.

However. this is not the only reason why a plate electrode should
he preferred to a wire clectrode when welding austenitic steels and
heat-resistant alloys by the electric slag process. Equally important
is also the fact that with a plate electrode a reliable and simple cur-
rent path may be established and the electrode may be appropriately
positioned in the groove.

On the other hand, all this is difficult to accomplish when
welding  with  austenitic or Ni-Cr wire (i.e., wire made
from a heat-resistant alloy of the X20H80 type). The point
is that this sort of wire offers an increased resistance to the passage
of electric current. The higher the resistance of the wire, the: more
reliable the current path to the electrode must be, and the dry length
of the electrode has to be reduced in proportion. By way of example,
the dry length of an austenitic electrode in submerged arc welding
in the downhand position should not exceed 20 to 25 mm for a di-
ameter of 2mm and 30 to 35 mm for a diamcter of 3 mm. Otherwise,
the stability of the arc is sharply upset, the shape of the weld is
impaired, and penetration of the edges is anything but uniform.

In clectric slag welding, such a negligible dry length of electrode
is unacceptable, as the current-conducting electrode guides will
then have to stand up to the heat radiated by the slag pool. For
this reason, the dry length of austenitic clectrodes has to be 50 or
60 mm and sometimes even 80 mm. Under such conditions, even a
short interruption of contact in the electrode guide due to dirt, oxide
film or grease on the surface of the wire, may upset the stability
of clectric slag welding. Besides, the ununiform hecating of the ex-

posed length of electrode may result in the vibration of the electrode
tlp, the edges will be penetratcd unsymmetrically and unevenly, and
there may be poor fusion at the edges.
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The vibration of the electrode in the groove is particularly no-
ticeable when use is made of stiff, cold-hardened wire. This sort of
wire must not be used at all when the electrode has to be bent (as

Fig. 203. Macrographs taken across butt welds made by electric
slag welding:
a —steel 1 X18HIT, 100 mm thick; b — steel 91481, 100 mm thick.

in the A-306 welding set). A better choice is annealed wire with
a bright pickled surface, or wire with a thoroughly sand-blasted
surface.

At the present time, the electric slag process can be successfully
applied to austenitic steels of the 18/8 type (1X18HIT, OX18H9,
otc.), heat-resistant steels of the X12H8I'8 type (9U481), etc., as
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well as heat-resistant nickel-based alloys of the X20H80T and
X20H80T3 types (9M435 and 3U437), etc. The chemical analysis
of these metals is given in Table 69, and the macrographsin Fig. 203.

As distinct from arc welding, where use has to be made of direct
current of reversed polarity, the electric slag process, when applied
to the above grades of steel, depends on alternating current. The
welding procedures for austenitic steels and nickel-based alloys
are conditioned by the physical and chemical propertics of the
steels to be welded. These properties are low thermal conductivity,
high thermal coefficient of expansion, susceptibility to hot cracks
in the weld and parent metal near the line of fusion, the likelihood
of the solid solution in the near-weld zone segregating under the ac-
tion of the thermal cycle, and the presence of alloying elements with
a pronounced affinity for oxygen (such as aluminium, titanium,
zirconium, boron, etc.).

The low thermal conductivity and increased heating of the edges
in austenitic steels and chromium-nickel alloys call for wider
moulding shoes and backing strips than plain carbon or low-alloy
steels do.

As austenitic welds contract appreciably in solidifying, the parts
to be welded (sheet, plate, boiler shells, etc.) have to be lined up
with a tapering gap, and the difference in the gap at the top and
bottom is greater than in the case of non-alloy steels. Short seams,
however, such as in bars 150 mm square in cross section, may be
assembled with a uniform gap (Fig. 204).

To avoid hot cracks, the welding conditions should be chosen so
that the aspect ratio of the weld is the highest, i.e., the depth of
the metal pool is the least for a given width of penetration.

In order that the welding pool take up as much as possible of those
easily oxidised elements, which impart their special propertics
to austenitic steels and nickel alloys, these metals should be welded
with fluorinated fluxes.

These fluxes, which are based on calcium fluoride, have val-
uable metallurgical properties. In melting, they form prac-
tically non-oxidising slags which have a fairly high electrical con-
ductivity, and thus electric slag welding may be performed at rel-
atively low voltages (20 to 25 v). A valuable property of these slags
is that they eagerly remove sulphur from the weld metal.

Grade AH®-1 flux made of commercially pure calcium fluoride
or fluoride concentrate gives a very short slag in melting, which
has a relatively high point of solidification (about 1,500°). Some
austenitic steels and nickel alloys have a considerably lower melt-
ing point. When these metals are welded with AH®-1 flux, poor fu-
sion is not unlikely (Fig. 205).

A better choice for stecls and alloys with a relatively low melting
point (compared with plain carbon steel) is the AH®-7 (3C-5) flux
consisting of 80 per cent CaF, and 20 per cent CaQ, which is very
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Fig. 205. Poor lusion in electric slag welding.

a — steel 91M654; b — alloy OM437B, c — steel 1 X18HIT
7 ¢magnification >X150).
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close to the eutectic 1n the CaF,-CaO system. Prior to welding. the
flux should be roasted so as to avoid gas holes (Fig. 200).

The welding conditions for austenitic steels and heat-resistant
nickel alloys welded with a plate electrode are given in Table 70.

Fig. 206. Gas pockets 1 ciccliic slag weld made with damp
flux; poor fusion can be secen on one side.

The plate electrode is of the same composition as the metal to be
welded.

Table 70
[P
Steel or atloy | _ Wﬁ!d Es‘egtl"gge Flux S :e(} of (‘:V"mms g% Joint
grade °‘rflm"' o | grade | WIR h?ed' u":nt' o5 o
25
1X18HI9T 5050 650 Alld-1 3.6 900 | 24-26| 25
1 X18HIT 100100 | 10100 | AH®-1 2.4 1,200 | 24-26] 30
IN654 100100 | 10100 { AH®-7
(9C-5) 3.1 1,500 |24-26| 30
IN481 1003100 | 10100 | AHD-1 2.9 1,800 | 23-24130-35
U435 125125 | 10125 | AHd-1 2.4 1,800 |23-24| 30
IN437B 100100 | 10100 | AH®-7
(3C-5) 2.9 1,800 | 23-25}30-33

The weld is started in a water-cooled copper pocket so as to obtain
ample penetration at the beginning of the weld. Instead of a pocket,
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use may be made of a starting tab. The weld should be terminated
in a finishing tab, as shrinkage cavities and cracks may develop at
the end of the weld.

The depth of the slag pool in welding with a plate electrode should
not excced 15 or 20 mm. If the depth is greater, poor penetration
may occur, while with a shallow slag pool the welding process be-
comes unsteady. The slag pool should be started with AH-25 or self-
fusing Cl fluxes, which both have a high electrical conductivity.

Table 71 illustrates the mechanical properties of welded joints made
in Grade 1X18H9T acid-proof austenitic steel 100 to 125 mm thick.
As will be scen, the electric slag process produces full-strength joints.
Morcover, they show the required resistance to intercrystalline cor-
rasion. This should be attributed to the use of plate electrodes made
of low-carbon steel 1X18H9T with an increased titanium content.

The weld metal has a twin austenite plus ferrite structure even
when welded with plate electrodes of purely austenitic 1X18H9T
stoel. This is due to the liquation of dendrites, so characteristic of
primary crystallisation in the weld pool. Thus, a weld with a twin
structure and 5 per cent of delta-iron was obtained in steel 1X18H9T
(0.10 per cent C; 0.74 per cent Si; 0.60 per cent Mn; 17.8 per cent
Cr; 10.1 percent Ni; 0.61 per cent Ti) welded with a plate electrode
of practically the same composition (both the stecl and electrode as
supplied had a single phase austenitic structure).

Electric slag welding gives rise to an appreciable gram growth
in steel 1X18HIT. The slowed-down cooling of the welded joint may
bring about the decomposition of austenite in the near-weld zone and
a tendency to corrosion. If a welded joint is to have a high resistance
to intercrystalline corrosion, it should be annealed for stabilisa-
tion (i. e., heated for 2 or 3 hours at 850 or 900° and either cooled in
the air or quenched).

The intensive growth of grains in the near-weld zone, especially
when accompanied by the appearance of high-temperature ferrite,
may result in a lower impact toughness. However, the drop in tough-
ness is insignificant; its lowest limit is about 8 or 9 kgm/sq cm.

When tested for destruction, welded joints without heat treat-
ment fail in the parent metal, far away from the weld. After temper-
ing at (50° the failure occurs in the superhcated arca of the near-
weld zone.

The mechanical properties of welded joints in high-strength auste-
nitic steel and heat-resistant stecl 9M481 are illustrated in Table
71. It is advisable to weld high-strength stainless steel with AH®-
7 flux, as the use of AH®-1 flux inevitably leads to poor fusion.
This steel has an austenite plus ferrite or even a ferrite plus austenite
structure. Welded joints also have a double-phase structure with
rather large flakes of ferrite. This stecl may also develop the sigma-

phase in the weld and near-weld zone with the result that the weld
metal will have a relatively low impact toughness of 4 or 5 kgm/sq

276



cm (Fig. 207). However, the impact toughness may bhe doubled by
heating at 1,100° for an hour and quenching in water,

In steel 31481 the danger of crystallisation cracks s particularly
grave due to the dendritic segregation of carbon aund theformation

of low-melting eutec-

tic streaks of the le- |
deburite type on the:

boundaries of colum-
nar crystals. To avoid
cracks, the joint gap
should be not less
than 32 or 35 mm and
the welding condi-
tions should be as ad-
vised in Table 70, so
as to obtain welds
with a high aspcct
ratio.

The mechanical
propertics of welded
joints made in heat-
resistant nickel al-
loys 9UN435 and
AN4376 are tabulated
in Table 71.

Alloy 91435 welds
well with AH®-1 flux
(Fig. 208). However,
this grade of flux is
not suitable for steel
IN437B, as it gives
rise to poor fusion.
Instcad, AH®-7 flux
should be employed.
With this flux, alu-
minium, titanium and
boron remain practi-
cally unoxidised. This
is important, as even

Fig. 207. Micrograph:

a— steel (austenite-f-ferrite) (magnitication)x 300, b—elec-

tric slag weld (austemte+llt:{%l)e+c-phasc) (magmification
X .

small amounts of boron make chromium-nickel-titanium-alumi-
nium alloys of the X20H80T3 type highly hcat-resistant.

On short welds, a relatively large quantity of electrode metal is
spent to fill the pocket at the beginning of the weld and to terminate
the weld outside the joint at the top. Austenitic steels and nickel
alloys will not be flame-parted. The removal of the weld at the he-
ginning and the end by mechanical means is also difficult. There-
fore, it is advisable to make short welds in several workpicces at
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a time, by stacking them one upon another. This technique appre-
ciably reduces the amount of machining involved. After welding,
the workpicees may be parted off from one another by are-cutting
or by the anode-mechanical method.

£ ~US Micrvgraph:

a — alloy 9H435 (magmfication X300), b — electric slag weld
(magmification X150).

The plate electrode employedis ol a relatively large cross section.
Therefore, it is heated little, though its ohmie resistance is high, In
making a weld 150 mm long with a current density of 15 to 1.8
a/sq mm, a plate electrode 1 to 1.2 m long will heat to not higher
than 80 or 100° in the space of 10 minutes.

Recently, electric slag welding has been successfully employed in
the fabrication of cast-welded structures from Ni-Cr-W-Mo heat-
resistant alloys of low workability. The intense healing of the edges
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characteristic of electric slag welding makes it possible to weld such
heat-resistant materials, which would otherwise tend to develop cracks
in the near-weld zone, due to reduced ductility at 800 to 1,100°C.

The electric slag process is also applicable to composite cast-
forged-welded structures, such as rotor disks of gas turbines. Inci-
dentally, the electric slag process may come in handy when welding
rims to these disks.

Circumferential butt welds on disks can be made with the disks
placed vertically. Both the rim and the disk are fitted up for welding
without edge preparation and with a circular gap. The fluxes used
arc of the fluorinated type. Welding may be performed with many
clectrodes; in the case of three-phase current, their number should
be a multiple of 3 (6, 9, 12, etc.). The best results are obtained with
throe plate electrodes. It is advisable to bend the electrode to a
radius equal to that of the circular butt weld. Use may also be made
of an electrode in the form of a tube having the diameter of the weld.

When long welds are made by the electric slag process in austenitic
steels and heat-resistant alloys, wire, rather than plate electrode,
has to be used.

Some opcrators make short welds in 18/8 steels with wire clec-
trodes and AH-348A flux Naturally, this flux is responsible for the
burning losses of such easily oxidised elements as titanium and
aluminium, and chromium. As a result, the welds have lower me-
chanical properties. Thercfore, austenitic steels and heat-resistant
alloys should be welded by the electric slag process with fluorinated
fluxes, when both wire and plate electrodes are employed. This
ensures the high stability of welding and the maximum recovery of
alloying elements by the weld metal. By way of example, when steel
1X18HIT is welded with a wire electrode containing 0.7 per cent
titanium and with a manganese-silicate flux, the amount of titanium
recovered by the weld does not exceed 0.25 per cent, and the weld
shows a tendency to intercrystalline corrosion. With AH®-1 flux,
the amount of titanium recovered by the weld is at least 0.5 per cent,
and the weld shows a high resistance to intercrystalline corrosion.

Here are a few examples of electric slag welds made with wire elee-
trodes in steel 1X18HIT. This typically austenitic steel is welded
with AH®-1 fluorinated flux, a 3 mm electrode wire, and alternating
current. .

The grade of wire electrode is chosen to meet the conditions under
which the workpicce is to be used. The chemical analysis of the wire
and of steel 1X18HIT are given in Table 72.

Grade Cs-0X18H9 wire is used when the resistance of welded
joints to intercrystalline corrosion is not essential, and weldments
are intended for operation in cryogenic equipment. Grade Cs-
0X18HIC2 wire is employed for welds which are to withstand ele-
vated tomperatures in the absence of corrosive agents. Grades Cs-
1X18HIT and O0X18HIDBC are advised for welds which should
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have a high resistance to intercrystalline corrosion. The latter grade
of wire imparts wclded joints a higher overall resistance to corrosion.

As distinct from the welding of plain low-carbon steels with wire
clectrode, the welding voltage for steel 1X18H9T should be almost
halved. The welding procedures for these stecls do not practically
differ from those described in the preceding chapters.

The welded joints made by the clectric slag process (with Cs-
0X18HYC2 wire) in stecl 1X18HIT have high mechanical properties
(Table 73).

Table 73
Weld metal [ Welded joint
- §| 2k | Eigne- w
- on

Yield | Ultimate | Rlonga- | &% 5|8, gz|S8&° ; £ .

strength, | point, tion, Sca® E‘é’u‘ 21 E g; 'ﬁ{f‘,’,’,‘,ﬁ; Fallure | B2
kgs(on | kgsy mm) percent | oo | =2 E LEy gange £ o
moca|—-Sas| “Hx léngth RS

18.5 | 58.7 60 6 |In parent] 180
metal

25.4 69.0 l 60.7 4.2

In view of the development of hydraulic power engineering, it may
be expected that the next few years will see the laige-scale employ-
ment of electric slag welding in the fabrication of stators for powerful
hydraulic turbines from chromium stainless steels 1X13 and 2X13.
The peculiarities of high-chromium ferritic steels will call for spe-
cial welding procedures to give sound welded joints. Of the many
peculiaritics mention should be made of the tendency to grain growth
and the accompanying embrittlement, and the tendency of welded
joints to cold cracking. 1t may also be expected that electric slag
welding will find application in the fabrication of thick-walled
vessels of composite plate, which is a plain low-carbon or low-alloy
stecl with a rclatively thin cladding of stainless steel. As will be
rccalled, the clad plate used in nuclear engineering has a total thick-
ness of 100 to 120 mm with a cladding of only 10 or 12 mm. Such
plate may be welded by the electric slag process. For this purpoese,
the stainless steel should first be removed from the edges of the work-
piece over a width somewhat greater than the depth of penetration.
This is essential so that the weld metal may not be alloyed with the
chromium, nickel or any other element in the cladding. After welding,
the cladding should be restored by depositing a layer of stainless
steel over the weld. This may be done by eclectric slag or arc welding
in the downhand position. In the latter case, it is advisable to usa
a ribbon clectrode.

6. Titanium

In recent years, thanks to their valuable mechanical and chemical
properties, titanium and its alloys have been coming into ever wider
use in many industries, Titanium has a high strength, a low specific
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gravity, a high resistance to corrosion in aggressive atmospheres,
and a good Workability. The combination of these propertics has
opened up a wide ficld of application for titanium in the aircraft,
ship-building, chemical. transport and some other industries.

Heavy scctions of titanium and its alloys (over 40 mm thick)
should be welded by the electric slag process, as argon-shielded arc
and submerged arc welding sharply impair the mechanical properties
of the metal weld and the near-weld zone. This is because a weld
made in many passes is heated several times. Furthermore, arc
welding is a very slow process.

At present, electric slag welding is applied to commercial titanium
(Table 74) and some of its alloys.

Table 74
Alloying elements, per cent (by weight)
w | re | s ! c | H | N 0,
=0 05 t <0.3 l <0.15 l <0.1 l <0.015 , =0.04 <0.15

As a chemical element, titanium has some physical and chemical
properties which make it difficult to weld.

At clevated temperatures and especially in the molten state, ti-
tanium shows a high affinity for oxygen, nitrogen and hydrogen.
At over 600° C it absorbs these elements from the air, while in the
molten state titanium reduces them from various chemical com-
pounds. Even in small amounts, these gases sharply impair its
toughness and ductility. Therefore, special measures have to be taken
when welding tilanium so as to shut out oxygen, nitrogen and hy-
drogen. The adjoining parent metal should also be protected from
atmospheric gases, as it is also heated to temperatures at which ti-
tanium may absorb them. Titanium and its alloys have a h gh clec-
trical resistance and a low cocfficient of thermal conductivity. By
way of comparison, its resistance is 5.5 times that of low-carbon
steel, and its thermal conductivity only one-fourth.

When welding titanium with wire electrode 3 or 4 mm dia, the
dry length should be as short as possible (15 or 20 mm), or the clee-
trode will be overheated. Experience has shown that an overheated
electrode is incvitably saturated with atmospheric gases, and the
mechanical propertics of the weld metal are appreciably lower.

The welding conditions in the case of titanium wirc may sometimes
be upsct as the wire has an increased hardness and wears the current-
conducting electrode guides rapidly. The use of titanium clectrode
wire 3 or 4 mm in diameter will be possible, if these difficulties are
overcome by means of specia'ised equipment. It is not at all unlikely
that a way out may be found through a combination of titanium wirce
and consumable clectrode guides.
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The best plan is to weld titanium with plate electrodes, as the
welding conditions may be maintained constant, and the electrode
is not overheated or saturated with atmospheric gases.

When titanium is being raised to elevated temperatures, its grains
grow rapidly. The existing methods of heat treatment do not elimi-
nate this shortcoming. This tendency to grain growth is particularly
pronounced when titanium is flash-welded. The appreciable growth
of grains in the superheated areas of the parent metal and the near-
weld zone may be prevented by using low welding currents and volt-
ages and thus limiting thesize of superheated areas and the time at
elevated temperatures.

The Electric Welding Institute has developed the flux AH-T2
specially for titanium. It is made up of chemically stable oxygen-
free compounds having high melting and boiling points. The flux
ensures steady welding, a well-shaped weld, high mechanical prop-
erties, and the absence of gas holes in the weld and the weld-affected
zone.

As has been noted in Chapter III, the slag alone cannot shield
the weld metal from atmospheric gases. The slag pool merely limits
rather than completely eliminates interaction between the atmosphere
and the metal pool. Thercfore, an additional gas shielding has to be
provided between the slag pool and the atmosphere. This purpose
can be served by pure argon, an inert gas of high purity, which is
spread over the slag pool by a tube mounted at the top of the chill,
back-up strip or moulding shoe.

With flux AH-T2 and argon shielding, the weld metal does not
practically differ in chemical analysis from the parent metal and
electrode. By way of comparison, Table 75 gives the gas contents of
the weld metal for slag welding with a water-cooled copper chill,
with and without argon shielding, and also the composition of the
plate clectrode employed. The conditions of the experiment were the

same in both cascs.
Table 75

Gas content, per cent
Metal
0, | N, H,
Plate electrode . . . . . . . . . .. 0.09 0.05 0.01
Weld metal (with argon shielding) . . 0.11 0.06 0.01
Weld metal (without argon shie%ding) 1.22 0.36 0.07

Titanium is welded with alternating current. AH-T2 flux, when
molten, has a high clectrical conductivity. Therefore, the welding
voltage may be reduced to 12 or 14 v. As a result, the overheating
of the weld metal and the near-weld zone is reduced to a minimum."
Penetration does not exceed 3 or 4 mm on each side.
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The steady melting of a titanium plate electrode (with other con-
ditions being equal) calls for higher current densities thanin the case
of a steel electrode. This may be attributed to the higher melting
point of commercial titanium (1,725° C) and to its higher heat ca-
pacity at the melting point as compared with steel. The minimum
current density necessary for the steady melting of a titanium plate
electrode is 2.5 to 3.5 a/sq mm, which is 4 or 5 times the current den-
sity required for a steel plate electrode.

The transformers for the electric slag welding of titanium should
preferably have a straight-line volt-ampere characteristic and a low
no-load voltage. Table 76 illustrates the electric slag welding of
titanium forgings measuring 70 mm by 100 mm in cross section. The
electrode was commercial titanium made of plates 8 or 10 mm thick,
while the width of the electrode was equal to the thickness of the
workpiece, or 70 mm. The joint gap was uniform (26 to 28 mm)
throughout. The gap of 26 mm should be considered optimal, asits
reduction to less than 24 mm upsets the course of welding.

Table 76
%3
Section of | Size of plate | Joint | o S Welding Welding Speed of
torgings, electrode, 82D, [ B4 voltage, current, [electiode fecd,
mm mmn mm | o« S v a mi/hr
Ra
5050 508 28 15 1415 1,100-1,150 4.5
70100 708 27 20 12-14 1,600-1,800 6.0

As titanium has a high electrical resistance, the dry length of a
plate electrode should not exceed 450 or 500 mm. As will be recalled,
the dry length of a steel electrode of the same cross section may be
as great as 3 m. Should a titanium clectrode have an increased dry
length, it will be excessively overheated. Therefore, when using
titanium electrodes, an intermediate conductor should be provided,
so as to keep the dry length constant.

In the molten state AH-T2 flux is extremely fluid. Therefore, the
edges should be prepared thoroughly. The clecarance between the
backing strips and the edges should not exceed 0.5 mm. Wet asbestos
or clay for packing the clearance should never be used, as water
vapour may find its way into the space above the slag pool, and the
weld metal will absorb impurities and hydrogen. In some cases the
clearance may be packed with dry asbestos.

Special attention should be paid to the cordition of the surface
of the workpiece and electrode. They should be free from dirt and
oxide film. Both the edges and electrode should be clean. The meta
should be pickled. In order that the metal of the near-weld zone,
which is usually raised to elevated temperatures, be protected from
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atmospheric gases, use should be made of wider backing strips,
moulbding shoes or chills than when welding steel.

The mechanieal properties of welded joints are close to those of
the parent metal. Table 77 gives some of the mechanical propcerties

Fig. 209. Macrosection tahen across butt weld made by the clectric slag process
in commercial Gtanium.

of the parent and weld metal for forgings of commercial titanium
measuring 70 mm by 100 mm.

Table 77

Yield Ultimate Elongation,
Metal puint, strength, per cent
kg/sy mm kg/8y mm - 5D

46.6-48.4 | 56.2-57.2 | 20.0-21.0

Parent . « « ¢ « v ¢« « o o 0 0. AT 569 203
48.0-50.2 | 56.8-59.7 15.0-17.7

48.5 58.3 16.4

Note: The lest specunens were cut across the weld.

Titanium welds made by the cleetric slag process have coarse-
grained micro- and macrostructures. Fig. 209 is a macrograph of a
weld.
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7. Cast Iron

Until quite recently cast-iron parts were welded or repaired by
the arc method or with oxy-acetylene flame (the so-called hot and
cold welding of cast iron). When hot-welded, cast iron has to be heated
to 600 or 650° C both before and during welding. This is done so as
to slow down the rate of cooling and to prevent chilling which is
usually accompanied by cracking. When cold-welded, cast iron may
be preheated to a relatively low temperature or may not be preheated
at all. In this case, it is essential to ensure the necessary graphitisa-
tion of the weld metal and the near-weld zone in conditions of rapid
cooling.

The welding of cast iron is difficult to mechanise. Thereforc,
the production rate of welding is very low. This is especially true
of hot welding when the workpiece has to be preheated to a high
temperature.

On the other hand, heavy sections of cast iron may be made or
repaired successfully by the electric slag process, using large-size
electrodes.

The technique of electric slag welding with plate or wire electrodes
as applied to cast iron differs little from the technique used for steel.
A big advantage offered by the electric slag process in this case is
that the heating and cooling cycle in the weld metal and the near-
weld zone may be contrelled within broad limits. In this way, chill-
ing and cracking of the weld metal and the near-weld zone may be
prevented.

In welding cast iron, it is cssential to obtain welds of the desired
chemical analysis.This is particularly true of high-strength magnesium
and alloy cast irons. This task may be accomplished by using appro-
priate welding materials, fluxes, and plate or wire electrodes. Studies
of the clectric slag welding of cast iron at the Electric Welding
Institute have elucidated some aspects of the process. Among other
things, it has been found that (1) the manganese silicate fluxes
(AH-8, L-7, cte.) usually employed in the electric slag welding of
carbon and low alloy stcels are unsuitable for grey and high-strength
cast iron; (2) the heating and cooling cycle in the weld metal and the
near-weld zone can be controlled by varying welding conditions,
composition of flux, etc.; (3) oxidation of alloying elements and
especially magnesium, can be sharply reduced when welding high-
strength cast iron (as compared with arc and gas welding) by using
non-oxidising fluxes based on calcium fluoride; and (4) there are
difficulties when starting the weld, as the melting point of cast iron
is lower than that of steel.

These studies have suggested the basic lines of approach to the
electric slag welding of cast iron.

1. The joint gap and clectrode size should be increased, as should
the welding current and voltage compared with the welding of steel.
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In some cases, the break to be welded up or the bottom part of the
butt weld can he preheated with a nonconsumable electrode (gra-
phite or tungsten). In this way, the heat input to the workpiece (the
amount of heat per unit length) is increased and the rate of cooling
is slowed down,

2. Cast iron, notably high-strength magnesium grades, should
be welded with fluorinated fluxes, able to officiently withdraw sul-
phur from the weld pool. These fluxes have a high clectrical conductiv-

Fig. 210. Macrosection taken across butt weld in grey cast iron.

ity, which property has a favourable effect on the stability of weld-
ing and on the thermal cycle of the weld metal and the ncar-weld
zone.

At the Electric Welding Institute, the electiic slag process has been
successfully applied to grey cast iron 80 to 100 mm thick. In me-
chanical propertics the welded joints were comparable and even
superior to the parent metal. The welds were free from cracks, gas
pockets and holes, slag inclusions and other defects. A macrograph
of such a weld is shown in Fig. 210. More recently, the electric slag
process has been used on high-strength magnesium cast iron.

Table 78 illustrates the quantity of sulphur removed from the weld
metal in cast iron welded by the clectric slag process.
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Table 78

Sulphur content in weld metal, per cent
Series of experiments Flux
design actual
1 AH-8 0.132 0 091
I JC-5
(Cak,-CaO) 0.140 0.047

8. Hard-facing by the Electric Slag Process

The hard-facing of carbon or low-alloy steel parts is an cfficient
way of saving high-alloy metal and making parts with a strong and
tough core.

[2lectric slag hard-facing somewhat differs from clectric slag weld-
ing. In hard-facing, it is essential that penetration be as small as
possible, so as to reduce the dilution of the alloyed clectrode metal
with parent metal. More than half the surface of the slag pool is
forced-cooled. Therefore, the slag poolis cooled rapidly, and the fluxes
for hard-facing should mect more stringent requirements. Thus,
short slags successfully employed in welding prove unsuitable for
hard-facing when the gap is narrow.

The intensive interaction between slag and metal results inasub-
stantial loss of alloying clements. Therefore, the fluxes employed for
hard-facing should preferably have the lowest possible oxidising
capacity.

Many hard-facing alloys tend to crack.To prevent thisthe workpicce
to be hard-faced should sometimes be preheated as well as be allowed
to cool slower upon hard-facing.

Grain growth in the as-deposited metal due to the slow rate of
cooling reduces its ductility. The subsequent heat treatment often
fails to improve mechanical properties materially. To refine the
structure, hard-facing has to be carried on with a small amount of
heat per unit length, and the weld pool has to be modified.

All these peculiarities must be taken into account in hard-facing
procedures.

[n electric slag hard-facing, a high-alloy deposit may best of all be
obtained by using a filler metal of the desired analysisin the form of
solid wire, shapes, castings, sintered wire, etc. For one thing, high
alloying with flux cannot be achieved, as much less flux is consumed
as compared with the arc process. Secondly, the addition of weighed
amounts of ferro-alloy and sintered metal to the slag pool for alloy-
ing purposes would inevitably complicate the cquipment, to say
nothing of the fact that the chemical analysis may be anything
but uniform.
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The electric slag process is a logical proposition for cases where
large quantities of hard-facing metal have to be deposited. The
same applies to large-batch and mass production, as less time will
be spent on preparatory operations.

Hard-facing procedures worked out to date cover various articles
made from several grades of X12 high-chromium ledeburite steels,
high-speed stecls, 3X2B8 chromium-tungsten steel, chromium-
molybdenum-vanadium steel, and austenitic chromium-nickel-
manganese stecls.

Hard-facing of high-chromium ledeburite steels. These are the follow-
ing types of steel: X12; X12d1; X12B1d; X12M; X12T®; ni-
trogen-containing X12, as well as No. 2 sormite. The principal alloy-
ing elements in X12 steels are carbon (1.2 to 2.3 per cent) and chro-
mium (11.5to 13.5 per cent). Some grades of this type are also alloyed
with small quantities of tungsten, molybdenum, nitrogen, nick-
el, vanadium and titanium. Bcing high in chromium and carbon,
these steels are extremely hard, resistant to wear, deeply hardenable,
and arc deformed little in quenching. After annealing they machine
reasonably well. Grade X12 stecls are indispensable in tools and parts
which have to stand up to heavy wear in service.

The hard-facing procedure for X12 steels has been worked out
with an cye to cone-shaped jobs. For its description see Chapter 1V.
The electrodes are of sintered wire, and the flux employed is Grade
AH-22. The chemical analysis of sintered wires intended for the
electric slag hard-facing of X12 steels is given in Table 79.

Table 79
Chemical analysis, per ccnt
Grade —

c | st | M | o |w| v l Mo | Ni

NJI-X12B®; 01 2.3-2.4 | 0.3 | 0.4 {16.0-17.0/1.2] 0.3 —
nI-X12M/91U1 2.0 0.3 | 0.4 15.5 |—| 0.3 | 0.7 —
MI-X12d1/311 2.0 0.3 | 0.4 16.0 |—| 1.2 —
TI-X12H4D/0 M 2.3-2.5 ] 0.3 | 0.4 16.0 [—] 0.3 — 4.0
MI-X412/31 2.3-2.51 0.3 { 0.4 16.0-17.0) —| — —

With a current of 220 to 500 a per electrode, a voltage of 30 to
35 v and a wire diameter of 2.8 to 3 mm, the chemical analysis of
the deposited metal will be that of regular steel X12.

The partial oxidation of the chromium, vanadium, earbon and
other alloying clements during hard-facing can be compensated by
a proportional increase in their content in the sintered wire. The
extent of oxidation varies with the current and voltage maintained,
type of current, polarity, flux composition, etc.

Both direct and alternating current may be employed in hard-
facing by the electric slag process. Preference should be given to
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alternating current, as simpler equipment will do in this case. It
is important to note that with alternating current alloying elements
will be oxidised at a slower rate than with dircct current. Besides,
with alternating current the chemical analysis of the deposited metal
will vary less sharply than when applied by the arc process.

Workpicces up to 20 or 25 kg in weight may be hard-faced by the
electric slag process without prcheating. Larger workpicces have to
be prcheated so as to avoid cracks in the hard-facing deposit. The
preheating temperature depends on the size of the work, but will be
higher for larger articles. Big jobs may sometimes call for concurrent
heating. The surfacing deposit of steel X12is of low ductility. There-
fore, the work should be heated at 700° C for an hour or two imme-
diately upon hard-facing and allowed to cool slowly upon heating,
or cold cracks will be inevitable. This precaution, however, will be
redundant, if cracks in the deposit do not affect the performance of
the article.

If a hard-faced product is to be machined, it should be annealed
upon hard-facing (slowly heated to 870 or 900° C, held for 1 to 4
hours, cooled to 700°, held at 700°, and cooled in the air). The
time between the beginning of cooling from 870° and holding at 700°
should total at least ten hours. When thus annealed, the deposit will
have a hardness of not less than 24 to27 R and machine reasonably
well.

The desired mechanical properties are obtained by hardening and
tempering. The procedure should be chosen with an eye to the fu-
ture application of a given job. If the hard-facing deposit is to be
hard, but the article will not have to stand up to shocks, quenching
from 950° or 1,000° C and tempering from 200° may be recommended.
The hardness will be 60 to 62 R,.

If the job is to cut well and to be red-hard, treatment to secondary
hardness may be advisable (quenching from 1,100 or 1,150° C and
tempering). The hardness will then be anywhere from 61 to 64 R_.
Parts designed for service under conditions of shock should have
a hard-facing deposit of an increased toughness. To this cnd, they
should be quenched to austenite from 1,100° and then tempered at
180 or 200° C.

In bardening with quenching from elevated temperatures, care
should be taken not to overheat the parent metal—low-alloy or
carbon steel. This point should be borne in mind when choosing the
material for the workpiece and heat-treatment conditions, so as not
to hold a composite article at a high temperature for too long a time.
A prolonged holding at a high temperature when heating for hard-
ening has a detrimental effect on the plastic properties of the de-
posited metal.

Fig. 211 illustrates the effect of quenching temperature on the
hardness and impact toughness of the surfacing deposit of the X12B®
type, while Fig. 212 shows the influence of holding time.
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Besides heat-treatment conditions, the structure of the surfacing
deposit also has an appreciable effect on its mechanical properties.
Table 80 presents data on the cffect of the rate of cooling of the

70 20
4o -+ RC } .
. 60 16
N Ve -
iy \ 5
550 2 2
; T / \ P 3 5
:‘;“ @0 I 47/ }“ Dai?’
< <
30t —- 04 E
B0 90 W00 {00 @00

Quenching temperature,”C

Fig. 211. Effect of quenching temperature
on hardness and impact toughness of X12B®D
deposited metal (tempering at 200° for 1.5

hours).

surfacing deposit (Grade
X12B®M) during crystalli-
sation on its toughness af-
ter quenchingfrom1,100° C
and tempering from 200°C.
As will be seen, the impact
toughness of the surfacing
deposit incrcases with the
rate of cooling.

Hard-facing of chromium-
tungsten steel 3X2B8. The
surfacing  procedure has
been worked out specifically
for the tong bits of ingot
cranes.

Tong bits have to handle
hot ingots which have to be
placed into or removed from
rcheating furnaces prior to
rolling. Until quite recently
tong bits were pressed from

plain carbon steel and then surfaced manually with No. 1 sormite, a:
hard alloy, or were used without surfacing. In both cases, the bits

stood up to wear poorly.

In view of the condi-
tions under which the
tong bits of ingot crancs
have to operate, surfac-
ing was then made with
high-alloy  chromium-
tungsten steel 3X2B8
which is remarkable for
its high thermal stabil-
ity, red hardness and
strength at elevated tem-
peratures. This steel has
proved to be ideal for
tools handling metal jobs
at white heat.

The surfacing electrode
is a rolled rod of steel

Fig. 212. Effect of holdiu%‘
temperature of 1,100° on
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toughness of X12B® deposited metal (tem-
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3X2B8, 20 mm in diameter, while the blank is made of Grade 45
steel. The flux is ground high-quality fluorspar which oxidises the
alloying clements little. The havd-facing conditions are as follows:
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current, 1,000 to 1,100 a; vollage, 18 to 22 v: electrode speed,
6 m/hr; and surfacing time. 1.3 min.

The surfacing deposit is approximately of the following compo-
sition: 0.3-0.35 per cent C; 2.0-2.5 per cent Cr; 7.5-9.0 per cent W;
0.2-0.3 per cent V; 0.2-0.3 per cent Mn; and 0.2-0.4 per cent Si.

Macro- and microscopic examination of the deposited mctal has
shown that it is dense and is free from any defects, such as gas
pockets and holes, cracks, slag inclusions, etc.

o

oI

Fig, 213. Sequence of operations in hard-facing ingot-cranc long bits
with large-size electrodes by the electric slag process:
u — blank; b — hard-faced blank; ¢ — fimished tong bit.

After surfacing and tempering, the steel 3X2B8 deposit has a hard-
ness of 52 to 54 R,.

Fig. 213 shows a blank to be hard-faced (at a), a surfaced tong bit
blank (at 4) and machined bit after surfacing (at ¢), while Fig.
214 illustrates the macrostructure of a surfaced bit. Hard-faced by
the procedure described above, the tong bits show a four- to sixfold
increase in strength compared with the bits surfaced with sormile.

Bits are surfaced in A-578 clectric slag welding machines. Power
is drawn from standard welding transformers like the TCI-1000-3,
the CT-2000, etc.

Hard-facing of high-speed steels. When heat-treated, high-speed
steels are hard, resistant to wear, red-hard, and strong at clevated
temperatures.
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Steel P-18 is a typical high-speed steel. It is surfaced in much
the same way as steel 3X2B8. The electrode is a wrought rod 20 mm
in diameter. The deposit applied without preheating and cooled in
the air upon hard-facing
shows  quench-cracks.
Prcheating to 550° C, on
the other hand, prevents
any crackingin the hard-
facing layer.

Immediately after sur-
facing, articles  are
charged into afurnace at
(90" €. held for 1.5 hours
and allowed to cool in
the air. After complete
caoling, they are double-
tempered at 560 to 580°
and held for 1.5 hours to
a hardness of 63 or G4 /2.
The surfacing deposit is
dense and free from de-
fects, such as gas pock-
ets and holes, cracks,
slag inclusions, etc. The
) o ~ microstructure of the sur-
Fig. 214. Muoi\oﬁ?ld!::l(‘(.(l)l:};\o:?ﬁ&blt hard-faced .faclngdepo.sit(st.eelp—ls)

is shown in Fig. 215.
This is a solid solution
surrounded by a carbide network and containing cxcess carbides.

Ground fluorspar, which has a low oxidising capacity, reduces
the burning loss of alloying element to a minimum. Table 81 pre-
sents the results of a spectral analysis of the electrode and parent
metal.

Table 80

- Chemical analysls, per cent

Instantaneous rate Toughness

Depostt grad f m

crostt grade cr wo| Mo | v | 2005 degicises | KEmsI cm
X12BdD 1.72 112.7 | 1.1 — | 0.17 1.4 0.92
20 |14.6]1.38| — [0.2 4.6 2.99

Table 82 presents the chemical analysis of sintered wire employed
for the surfacing of high-speed steels and the chemical analysis of
the surfacing deposit. (The surfacing was made using 360 a at 35
to 38 v, and All-22 flux.)
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Table 81

Content, per cent

Metal c | s Mn cr w | v
Electrode . . . . 0.80 0.50 0.38 4.15 17.8 1.20
Deposit 0.75 0.35 0.31 4.05 171 1.12
Table 82

Content, per cent
Metal
‘ [ Cr w v Mn
I

Wire'. . 1.28 2.83 13.3 1.51 0.66

Deposit . . 0.84 1.57 13.0 1.58 Not found

The surfacing deposit is rcasonably homogencous in composition.
The hardness throughout the volume of the deposit varies from 1 or
2 R.. After tempering at 580° C, the hardness of the surfacing de-
posit is 64.5 R.. For g ain refincment, it is advisable to speed up the

cooling of the work-'
piece. The wear re-
sistance of the surfac-
ing deposit is half
as high as that of steel
P-18.

An increase in the
carbon content of the
deposited metal re-
duces its hardness due
toa higher proportion
of residual austenite.
A coarse ledeburite
network appears at the
grain boundaries, and
the metal becomes
embrittled. With sin-
tered wire of the chem-
ical analysis given
in Table 82 it is pos-

Fig.215. Micrograph of P-18 deposited metal (mag-
nification X100).

sible to make composite lanks for large hobbing cutters, mor-
tising tools, disk cutters, etc.

Resistance slag welding of heavy sections. It is uncconomical to
turn surfacing into a process by which large gqnantities of metal are
made into a finished product. Instead, it is simpler to cast or forge
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the worn-out part of a tool from a high-alloy metal and to weld it to
the tool to be reconditioned or a blank from carbon or low-alloy
steel. So far the highest production rates in this operation have heen
obtained with resistance flash butt-welding. However, the appli-
cation of this method to heavy scctions calls for custom-made in-
tricate equipment and high-power sources of cur-
rent, which is only warranted in large-scale pro-
duetion.

The manual and semi-automatic welding meth-
ods employed in small-batch and picce produc-
tion arc inefficient, while the human factor has
a direct bearing on the quality of the welds
produced.

Heavy sections of similar and dissimilar metals
can be conveniently welded by the resistance slag
method deseribed in Chapter 1.

Fig. 216 shows a resistance slag weld made in
two bars of Grade 45 steel 120 mm in diameter.
while Figs. 217a and 6 are macrographs of welded
joints. To date, resistance slag welding has been
successfully applied to parts with a cross-section-
al arca of up to 25,000 sq mm under laboratory
conditions. Table 83 shows the mechanical prop-
certies of a welded joint made in a workpicce of
Grade 45 steel 120 mm in diameter.

According to Table 83, the mechanical proper-
ties of the weld are comparable (upon welding)
with or even superior (after normalising) to those
of the normalised parent metal.

Suggested conditions for resistance slag weld-
ing of hars of various cross section are given in
Table 84.

Resistance slag welding may be advantageous-
Fig. 216 Welded ly applied to parts with a cross-sectional area of
joinl between two (6,000 sq mm or more.
bars d.i_‘z“ o The main merits of resistance slag welding are

tameter. simple equipment, high production rates, applic-

ability to heavy sections with relatively weak

power sources, very sound joints, applicability to high-alloy and
carbon steels, and to parts differing in cross section.

A comparison between resistance slag welding and the most perfect
resistance welding method—flash butt welding—will show, among
other things, that flash butt welding as applied to round bars with
a cross-scctional arca of about 800 sq mm, calls for a welding trans-
former of 600 to 800 kva and an upset force of 40 or 50 tons. Resist-
ance slag welding on similar jobs can be performed with a 100 or
120 kva transformer and with an upset force of several ten kilograms,
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Table N3

. Yield Ultimate '"a':,',’ff" Reduction| Impact
Aetal Heat treatment point strength. | Lo eent | of area. |toughness,

kg sy mm kg/sq mm 1=_5D per cent |kgm/sq cm

Weld None . . . . 39.6 62.5 12.2 36.8 5.0
Ditto Normalising . 38.9 62.1 17.3 58.9 4.98
Parent Ditto . . . . 29.8 58.2 14.9 35.4 3.17

as the edges are upset in a metal pool. The weld time is approximately
the same in both cases. It should he noted that jobs with a compact

Fig. 217. Macrosections of welded joints made by resistance slag welding:

a — Grade 45 steel4-Grade 45 steel 120 mm in dia; b — Grade 45 steel4-Grade X12d1
steel 130 mm in dia.

cross-sectional area of 18,000 sq mm or more have not been welded
by the flash-butt method to date.
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Table 84

Bar grade Total weld
Har dla, mm bottom top Current, a Voltage, v time, min
50 X121 45 1,000-1,100 20-15 2.0-2.5
60 y8 45 1,200-1, 300 20-15 2.5-3.0
80 45 45 1,600-1,800 20-15 3.0-3.5
100 Cr. 5 Cr. 5 3,000-3, 500 25-20 4.0
120 X1201 45 3,500-4,000 25-20 5.0-5.5
150 x 130 X42H 4D 30J1 4,200-4,800 25-20 6.0

Resistance slag welding may be applied to heavy sections and
various shapes: round, rectangular, ete., such as cast-welded and
rolled-welded links, forks, shafts, gears, and the like. It can be
employed in hard-facing parts from structural steels with high-
alloy wear-resistant steels (drill bits, cutters, large reamers, etc.).



Chapter 1X
ELECTRIC SLAG WELDING OF HIGH-PRESSURE VESSELS

1. Types of Welded Vessels

The first time the advantages of clectric slag welding were clearly
revealed was when this method was employed in the fabrication of
thick-walled drums for high-pressure high-temperature boilers. The
first drums to be welded by the electric slag process were made at the
Krasny Kotelshchik Boiler-Making Factory in Taganrog in 1952.
At the outset only longitudinal seams were made by this method.
In 1953-55, the process proved to be successful also in the making
of girth scams. In 1954, the manufacture of boiler barrels was started
at the Barnaul Boiler-Making Factory, and since 1956 in China and
Czechoslovakia. ’

A welded drum made by the Krasny Kotelshchik Factory for a
type TH-230 boiler is shown in Fig. 218. It consists of a cylindrical
shell 1,300 mm ID and with a wall thickness of 90 mm, and two
heads. The cylindrical shell is 11,400 mm long. The drum is intended
for boiler units with a steam raising capacity of 230 tons per hour
at 110 atm. It is made of boiler steel 22K.

Prior to 1952, thick-walled drums were all-forged or forged-welded.
They were of two courses joined together by a girth seam at the
middle. Smell drums were all-forged integral with heads. That was
an cxpensive and complicated method. Each drum required an ingot
weighing up to 150 tons. Later drums were made of a long shell and
two heads pressed separately, or of two forged shell courses and two
heads. The sequence of operations in making forged blanks for boiler
drums was as follows: (a) a large ingot was cast; (b) the ingot was
reheated in a furnace and forged in a 10,000 ton press. In forging,
the blank had to be put into the furnace for reheating several times;
(c) thesquare ingot was rounded, its cope and drag sides were trimmed
by a press, the blank was upset, and the forging was pierced by
a hollow piercer; (d) the pierced shell was then rolled on a mandrel
from middle to ends with reheatings in a furnace; and (e) the forging
was heat-treated and machined on a lathe. The waste in shavings
and cuttings was as much as 50-60 per cent of the net weight of the
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blank. A set of two high-pressure drums on a purpose-made lathe
with 1,200 to 1,500 mm centre distance took about 4 or 5 wechs to
make.

The high labour requirements and costs of forged and forged-
welded drums spurred a change-over to drums welded of several shell
courses. Each course was rolled and had one longitudinal seam. A
large high-pressure drum would consist of three or four courses each
2,850 to 3,500 mm long and 90 mm thick. The shell courses were
joined together by girth welds. A small drum with a wall thickness of

Fig. 218. Drum for Type TI1-230 boiler

70 mm would be composed of two shell courses and two heads. The
longitudinal and girth scams of the shell courses were welded by the
multipass submerged arc method. The manufacturing technique for
welded boiler deams was as follows:

(1) A plate was marked out and flame-cut with large allowances.

{2) The plate was then heated in a furnace to 1,050° and formed into
an open shell on rolls. Experience showed that when the edges were
first prepared for welding and the plate then roll-formed into a shell,
the included angle of the joint would strongly depend on how accu-
rately the edges were made to meet on the rolls. To avoid this diffi-
culty, the edges were not brought abutt. Instead, a gap of about 300
or 350 mm wide was left so that each edge might be machined for
welding on a planer after the plate had been bent on rolls.
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(3) The blank was marked out again, the allowances were removed,
and the longitudinal edges of the shell were planed for the first
time.

(4) The shell was reheated and bent to closure.

(5) Upon descaling, the shell was mounted on a rotator where
it was fitted with clamps and other line-up fixtures on the inside
and outside and with starting and finishing tabs.

(6) The scaling weld was made manually in two or three passes
on the inside. To avoid hot cracks in the sealing weld, the shell was
prcheated to 200 or 250° C.

(7) After the sealing weld was completed, the clamps on the out-
side were removed.

(8) The shell was then mounted on a planer for another planing
and grooving of the edges, including the removal of defects in the
manual scaling weld.

(9) Prior to the automatic welding of the main weld, the shell
was reheated again.

(10) The main weld was made automatically in 18 to 20 passes
(with a metal thickness of 90 mm) on the outside, with the slag
chipped away after cach pass.

(11) Immediately after the main weld had been automatically
welded with the submerged arc, the shell was heat-treated for a
third time—by tempering—to prevent cracking.

(12) The line-up fixtures were then removed, the sealing weld was
chipped out and made anew on the inside‘of the drum. Inthe case of
multipass welds in heavy sections, they had a reinforcement of 60
to 80 mm wide and 6 to 7 mm high. This reinforcement could not be
left when a shell had to be sized.

(13) The shell was mounted on a planer for a third time for the
removal of the outside reinforcement. Inside the shell, the reinforce-
ment was removed by an air chipping hammer. In all, the original
plate and the shell were worked at 14 stations and were rcheated in
a furnace five or six times.

When starting the fabrication of welded boilers the Barnaul
Boiler-Making Factory was able to draw upon the experience of the
Taganrog and other works. At Barnaul, rolls for forming shell courses
were replaced by presses, and both shell courses and drum heads
were pressed from plate in heavy 8,000 ton hydraulic presses. Two
production layouts were adopted:

t. Drums with a wall thickness of 48 to 50 mm and a diameter
of more than 1,000 mm were made of two cold-pressed shell halves.

2. Drums with a wall thickness of over 50 mm were made of two
larce hot-pressed shell halves.

After pressing and marking out, the halves were flame-cut to
size, and the edges were prepared for welding on a planer. The halves
were welded by the multipass submerged arc process, using one
eleetrode.
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After the longitudinal scams had heen made, the ends of the shell
were trimmed and bevelled on o lathe for girth scams between the
shell and heads, The girth scams were also welded in many passes.
There were plans to change over to automatic welding with a three-
phase are. The advent of electric slag welding, however, brought
about sweeping changes in the fabrication of high-pressure boilers.

As compared with the method adopted by the Taganrog Factory,
the technique employed at the Barnaul Works offered the following

TR

I'ig 219 High-pressure cylinder with walls 155 mm thick

advantages: (a) pressed shell halves could be made up to 6 m long,
while roll-forming could only produce courses under 3.5 m long.
Particular difficulties arose in forming plate thicker than 100 mm,
while Torming in heavy presses posed no problems; (b) it is hard to
voll-form a shell half or a shell course of true geometrical shape.
Shells made by roll forming and subsequent welding had to be sized,
while in the case of shells made of pressings this operation could be
dispensed with.

The class of high-pressure vessels also includes eylinders for hy-
draulic presses. These eylinders are intended for hydraulic-accumula-
tor stations and are designed to withstand a pressure of 320 atm.
A general view of a 10,000 litre exlinder of this type is given in Fig.
219, These cylinders can be made in capacities of 2,000 and 4,000
litres.
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Prior to 1956, high-pressure cylinders were drop-forged from large
ingots on custom-made equipment and machined on large lathes.
The bottoms of cylinders were either beaded on presses or pressed
separately to be then welded to an all-forged hollow. By this method,
cylinders with a capacity of not more than 10,000 litres could be
made, as the ingots required for their manufacture had to be more
than 150 tons in weight. The forging of ingots called for custom-
made forging presses with a force of not less than 10,000 tons and
heavy lathes. In the manufacture of all-forged cylinders, some 40
per cent of the ingot weight was wasted in forging, while another
30 or 35 per cent was wasted in cuttings when the outside and inside
surfaces of a forged shell were machined. Conscquently, not more
than 25 per cent of the ingot weight went into the finished product.
Electric slag welding has made it possible to fabricate pressed-welded
cylinders in capacities that were beyond reach to the old equipment.

At present the electric slag process is employed to fabricate drums
for boilers opcrating at clevated and high pressures. For instance,
steel 20K is welded into drums with a diamecter of up to 1,600 mm
and a wall thickness of 50 mm. Mcanwhile, steel 22K goes to make
drums with an inside diameter of 1,300 mm and a wall thickness of
90 mm, as well as with a diameter of 900 mm and a wall thickness
of 70 mm; cylinders for the accumulator stations of heavy-hydraulic
presses, 4,000 litres in capacity, 20.2 tons in weight, 820 mm in
diameter, 110 mm wall thickness, and 8,255 mm in length; and
cylinders 10,000 litres in capacity, 49.7 tons in weight, 1,170 mm
in diameter, 10,000 mm long and with walls 155 mm thick.

Similarly, electric slag welding may be applied to the construction
of thick-walled stills for the synthesis of ammonium, synthetic fuel
and other chemicals.

2. Slag-welded Vessels from Roll-formed Plate

An apt instance of a drum slag-welded from roll-formed shells is
provided by the type TII-230 boiler.

A plate is marked out and flame-cut to size. After cutting, the plate
is heated in a furnace to 1,000 or 1,050°C and is immediately roll-
formed into a shell course with flat arcas 100 or 150 mm wide along
the joint (Fig. 220). The plate should be roll-formed so that the axis
of the joint runs parallel to the axis of the shell.

After cooling, the formed plates are clcaned of scale with an air
hammer, are fitted with clamps, and their edges are squared with an
oxy-acetylene torch. The clearance thus obtained between the
abutting edges is 26 to 28 mm wide. The edges are not machined.

The next step is to mount and tack-weld starting and finishing
tabs and to remove the flash left by flame-cutting from the edges.
Then the longitudinal seam of the shell course is checked for proper
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fit-up. The edges may have a local offset of not more than 3.5 mm.
The difference in the clearance between the abutting edges on the
inside and outside should not exceed 4 mm.

To hold the edges in line and properly separated in welding,
clamps are tack-welded inside the shell course at every 400 mm
(Fig. 221). One clamp should be placed within 50 mm of the weld
end. The openings in the clamps should be large enough for the rear
tractor and rear moulding shoe of the welding apparatus to move
through them frecly. The clamps are corner-welded with single
fillet welds having a leg of 6 mm, using type 942A, Grade YOHHN13/55
electrodes 5 mm dia.

Fig. 220. Shell cours¢ formed on Fig. 221. Arrangement of fit-up clamps
rolls in preparation for welding. and finishing tabs on shell:
1 — finishing tabs; 2 — clamps.

Simultancously a test plate is welded. The welding conditions
for the test plate are the same as for the workpiece. The plate is then
gamma-raycd, coupons are taken from it for mechanical tests, and
chemical and metallographic analyses so as to see whether the welded
joint meets the specifications for high-pressure boiler drums.

The assembled shell course is mounted on the welding apparatus
vertically, and the longitudinal seam is welded. The welding condi-
tions are given in Table 85. After welding, the shell courseis trans-
ferred to a station where the clamps, starting and finishing tabs are
removed. Then the shell course is reheated to 1,000 or 4,050° C in
a furnace and sized on the forming rolls.

After cooling, the shell course is cleaned of scale and transferred on
to a rotator for gamma-ray examination. Defects likely to develop
when the welding is stopped for any reason and restarted are removed
with an air chipping hammer or with a gas torch. The chipped spots
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Tabls &5

Specification A-340 apparatus Aﬂiﬁ:’,ﬂ,ﬁsb
Steel grade . . . . . . . ... .. 20K 22K
Thickness, mm . . . . . . . .. .. 90 90
Joint gap, mm . . . .. ... ... 26+* 28+2
Wire grade . . . . ... .. ... Ce-08TA Cs-15T
Wire diaineter, mm . . . . . . .. 3 3
Number ol electrodes . . . . . . .. 1 2
Current type . . . . . . .« « ¢« . .. d. c., reversed a. c.

) polarity
Speed of wire feed, m/hr . . . . . . 300-340 200-220
(per electrode)

No-load voltage, v . . . . . . ... 60 50
Welding voltage, v . . . . . . ... 42-46 42-48
Current, a . . . . . . ... .... 700-720 550-600
Depth of slag pool, mm . . . ... 35-40 40-50
Waler pressure, kgisqem. . . . . . 2.0 2.0
Dry length of electrode, mm 60-70 80-100

are welded up manually by electric arc welding, with the slag re-
moved after cach pass.

It would be relevant to dwell on the technique used for restarting
the welding when it has to be stopped on a longitudinal seam. If,
upon removing the cold slag, the welding is restarted in the same
manner as at the beginning of the weld, poor fusion and poor penc-
tration at the end of the restarted weld are inevitable. This is because
the parent mectal solidifies during stoppage. When the slag pool is
being re-established, the heat is insufficient for complete fusion and
penetration to be obtained across the thickness of the edge. To avoid
this, it is advisable to restart the weld as follows (Fig. 222): (a)
cut out or melt out the portion of the weld having a shrinkage cavity;
(b) bevel the upper portion of the weld at an angle of 45°; (c) set the
clectrode and guide to the extreme position, where the bevelling
is largest; (d) rcheat the weld with a gas torch prior to welding;
(e) restart the welding with the stationary clectrode, then move it
in a weaving pattern, gradually increasing its swing; as soon as the
slag pool has reached the top of the bevel, switch on the automatic
weaving-motion drive.

In some cascs, when the welding has been stopped a short distance
from the beginning of the weld, it will be well advised to chip out
the deposited metal and start the weld anew.

After inspection, the shell course is mounted on a facing lathe where
both ends are squared. The machined shell course is then transferred
to the assembly station where shell courses are assembled into a com-
plete shell by means of clamps and tabs. The shell is assembled
without heads, with water-cooled copper rings placed on the inside.
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In all, it takes 8 tabs measuring 250X 100X 15 mm to assemble a
shell. The tabs are mounted on edge across the girth scam on the
outside and corner-welded to the shell with a single fillet weld with
a leg of 8 mm by using type 342A (YOHU13/55) electrodes, 5 mm dia.
In assembly the abutting edges are separated an equal distance over
the entire length of the girth scam by means of spacers 20X 26X
%30 mm, tack-welded to the ends of the shells. Prior to welding,

Parent metal Parent metal

Electroae
wire

Defect awe
10 interr
ion e Shrinxage
cavity

Boundary of
chipping
|~

Defect upon
re-welging X

Fig. 222. Deseaming a weld after inadvertent stoppage of electric
slag welding.

the spacers are removed from the gap. On the inside, the parts are
held together by 8 clamps which are tack-welded to the shell in the
same way as the tabs. Thanks to these clamps, the joint gap will not
change in the welding operation. These clamps also fasten a split
water-cooled copper ring which forms the weld on the inside of the
shell. Fhe ring is mounted by means of wedges in the manner de-
scribed in Chapter V. In assembly the edges may have an offset of
not more than 3 mm. The clearance between the abuttingedges in
the girth scam should not vary by more than +2 mm. The assembled
shell-is then mounted on the roller stand of the welding unit. Si-
multancously with the shell a test course about 1 m long is assembled
for welding. The test course is welded ahcad of the shell and helps
to determine the mochanical and other propertics entered in the
certificate of the welded drum.
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Prior to welding, the outside tabs are removed, the traces of the
tack-welds are chipped and ground so that the outside moulding
shoe is frce to move along the joint. The welding conditions for
girth scams are given in Table 85 (the welding of a girth scam is
shown in Fig. 223). After the shell is welded, its inside clamps are
remjoved, and the girth scams are cleaned, the shell is rcheated to
1,000 or 1,050° C in a furnace, and then is sized on rolls. After cool-

Fig. 223. Welding a circumferential seam on Type TII-170 boiler drum.

ing, the ends are machined on a facing lathe so as to prepare the
edges for welding the heads to the shell. Then the heads are welded
to the shell by the multipass submerged arc method,

The next step is to place the drum in a furnace for stress-relicving.
After cooling, scale is removed from both the inside and outside of
the drum.

3. Slag-welded Vessels from Pressed Plate

An example of high-pressure vessels fabricated by electric slag
welding from pressed blanks is provided by 10,000 litre cylinders.
Pressings made in a 8,000 ton press are planed or flame-cut along
their edges and clamped into a shell up to 7,100 mm long (Fig. 224).
In assembly the spacing between the abutting edges is maintained
constant by mcans of spacers, wedges and clamps (Fig. 225). The
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#ig. 224. Shell made up of Ltwo pressed halves with walls 155 mm thick, fitted
up for electric slag welding.

spacors are removed prior to welding. The two longitudinal scams
are then slag-welded. The assembled shell is placed vertically (Fig.

Alo. 5 .3

§

L N

Fig 225. Diagram showing a shell fitted up
for welding by means of spacers and wedges:
1 — upper uall, 2 — wedge, 3 — spacer; ¢ — pin;

& — lower hall.

2206), an A-372 welding ap-
paratus is mounted, and
welding is started. Fig. 227
shows the completion of
longitudinal scams. After
welding, the clamps are re-
moved. Fig. 228 shows a
finished shell stripped of all
line-up tools. The welded
shell is mounted on afacing
lathe where its edges are
prepared for the electric
slag welding of girth scams.
The welding of girth scams
is shown in Fig. 229. The
sequence of operations in
the fabrication of high-pres-
sure drums and cylinders,
with longitudinal and girth
scams made by the electric



Fig. 226. Shell 7,600 mm long and 110 mm thick fitted up for welding.
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Fig. 227. Welding of two longiludinal seams,
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Fig. 228. Shell with two longitudinal seams welded by the electric slag process.

Fig. 229. Welding a girth seam.
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slag process is given in Table 86. When a boiler is more than 7 m
long, it is made up of two long shells which are joined together by
a butt girth weld made by the clectric slag process. To this end,
operation No. 8 (Table 86) is followed by the line-up of the two
halves.

The stresses setting in in slag-welded longitudinal and girth seams
are discussed in Chapter V.

Work is under way to adapt electric slag welding to the construc-
tion of cylinders from two pressings 11 or 12 m long, pressed from
whole plates. The two vertical seams of the drum will be welded
simultaneously over the whole length on a special unit. All longi-
tudinal and girth seams of a welded cylinder are inspected by the
ultrasonic mothod and with gamma-rays, using powerful cobalt
sources.

Table 86
Nos. Operation Floor or station Equipment
.. 1 [Acceptance and inspec-| Blanking flogr Rack
tion of plate )
2 |Cutting to size and in-| Ditto Automatic gas cutter
spection
3 |Transfer into furnace and | Press station Chamber furnace with
heating to 1,050° C draw-out hearth
4 | Pressing Press station. 8,000 ton hydraulic press
5 |[Trimmming of edges to| Flame-cutling Automuatic gas cutter
size floor
6 |Assembly of shell from| Assembly floor Roller bed, welding trans-
two pressings tormer
7 |Simultaneous electric slag [ Longitudinal seam| Special unit and A-372
welding of two longi- welding station | apparatus
tudinal seams
8 |Squaring - Aulomatic gas cutter or
1athe
9 |Assembly of shell and]. —_ Roller bed
heads
10 |Electric slag welding of —_ Circular seam welding
girth seams unit, A-460 apparatus
11 | Removal of line-up tools —_ Roller bed
and scale
12 | Inspection - Ultrasonic and gamma-
rays
13 | Repair of defects - Roller bed
14 |{Marking out for drilling —_ Ditto
15 |Drilling of holes for pipes - Drilling machine
16 | Welding of pipes - Automatic welding ma-
chine for pipe connee-
tions '
17 |Heat treatment of drum - Chamber furnacé
18 |Hydraulic lests —_ Special equipment
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4. Heat Treatment of Thick-walled Boiler Drums
and High-pressure Vessels

The automatic multipass arc welding of boilers in the downhand
position involves the fallowing types of heat treatment: (1) pre-
heating; (2) concurrent hcating; (3) tempering immediately after
welding; (4) normalising of longitudinal seams after welding; and
(5) single or double tempering of girth seams after welding.

Preheating is carried to 250° C; concurrent heating, to 250°;
tempering at 670° with the workpiece held in a furnace for two hours
and cooled in the air; normalising at 900 or 910° with the work-
piece held for 45 min and cooled in the air.

In electric slag Weldmg, the heat treatment of a workpiece is
greatly simplified: there is no preheating or concurrent heating, or
immediate tempering upon welding. These three types of heat treat-
ment are necessitated by the danger of cracking during arc welding
and cooling. In electric slag welding, this danger is ruled out, as the
welding speed is low and the heat input per unit length is insignif-
icant. Besides, the molten slag performs a kind of preheating when
it comes in contact with the edges of the workpicce. Conscquently,
only post-welding heat treatment has to be employed. This heat
treatmant is specified by the Boiler Code and is applied so as to (a)
relieve residual internal stresses and (b) refine the grain of the weld
metal and the near-weld zone.

R ssidual internal stresses may be relieved by tempering from
650 to G70° C.

There is no need for heat treatment to improve mechanical prop-
erties, for with the wire and flux properly selected (see¢ Chapter
VIII), the mechanical properties of the weld metal will be high
enough.

No final conclusion has been reached as yet concerning heat treat-
ment for refining the metal structure of the weld and near-weld
zone. As will be recalled, electric slag welds show a pronounced coarse-
grained structure. The effect of open-grain structures on the scr-
vice life of a welded joint under the operating conditions of a boiler,
i. e., at high pressures and temperatures, has not been studied ade-
quately. There is no indication that the coarse-grained structure of
the weld metal adversely affects the performance of welded joints.
or impairs their mechanical properties with time. All the same,
there is a large body of expert opinion claiming that open-grain
structures in the welds of boilers are undesirable, as they may pre-
sumably give rise to alkaline brittleness. Laboratory studies have
established that electric slag welds are more resistant to alkaline
brittleness than welds made by the automatic multipass arc process.
Although boilers with multipass arc welds have opcrated trouble-
free for many years there is no similar experience as regards boilers.
fabricated by the electric slag process. Therefore, it is advisable to
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retain, for the time being, heat treatment in boiler-making so as to
improve the metal structure of the weld and near-weld zone, notably
to refine it. This purpose may be served by normalising from 900
or 920° C.

Before 1956, boilers made by the electric slag process were given
the following post-welding heat treatment: (a) normalising at 920-
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Fig. 230. Heat treatment of TI1-230 boiler drum welded by the elec-
tric slag process:
a — small drum; b — large drum.

930° and cooling to 200° on the draw-out hearth, and (b) tempering
at 650° and colling on the draw-out hearth.

Table 87 illustrates the mechanical properties of welded joints
made in 70 cylinders with walls 140 mm thick after various heat
treatme t.

As follows from Table 87, specimens normalised without subse-
quent tempering show a somewhat higher strength than specimens
which were both normalised and tempered. The ductility of the weld-
ed joints is high in both cases. The mechanical properties are su-
perior to those stated in the relevant specifications (yield point
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=24 kg/sq mm; ultimate strength = 44 kg/sq mm; impact tough-
ness = 8 kgm/sq cm; bending angle, 100°).

For the reasons given above, it has been possible to dispense with
tempering after normalising. Tempering has only to be employed
when normalising is to be followed by machine-straightening or by
a large amount of welding work (a large number of pipe conncctions
arc welded or much repair work is done).

The conditions of heat treatment adopted at the present time are
given in Fig. 230.

Table 87
Heat Yield Ultimate Reduction Impact Bending
treatment point, strength, of area, tonghness, angle, dog

kgfsq mm kg/sq mm per cent kgm/sq cm

Normalising | 57 7.3p.3 | 43.3-50.7 | 47.466.2 | 11.220.7 | 156-180

tempering 29.8 463 57.8 16.5 19

Normalising | .
wilhout 29.8-35.9 | 47.8-55.5 | 42.2-64.4 | 11.8-21.7 180-180

tempering 31.9 50.9 57.2 T 16.3 180

5. Distortions of Boilers Due to Heat Treatment
in Gas-fired Furnaces and Their Control

In normalising, a shell is heated to 920 or 950° C. This appreciably
distorts the shape of its cross section. Furthermore, the shell is also
distorted along the axis. An idea of the distortion due to hcating
may be deduced from the data obtained for a shell 6 m long with an
inside diameter of 1.3 m and a wall 80 mm thick. After sizing on
rolls, the shell was reheated to the normalising tcmperature in a
furnace. The measur¢ments upon sizing and reheating.in a furnace
to 950° C are tabulated in Table 88.

Table 88
Distortions due to normalising
L3
Points of diameter measurement spaced :
1 m apart along shells . . . . . . . .. 1 2 3 4 5
Changes in vertical diameter, mm . . . .| —17 | —10 | —11 | —12 | —8
Changes in horizontal diameter, mm . . .| +15 | 49| + 9| + 9| 5

Prior to heating, the sized shell had a negative out-of-roundness
not exceeding 6 mm. After heating, the out-of-roundness becamo
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positive, reaching 13 to 19 mm and even 28 mm in some places,
which is in excess of tolerances on out-of-roundness (7 mm).

It should be borne in mind that a distortion of this magnitude is
dangerous only when it cannot be eliminated during normalising
or after heat treatment. When boilers are made from roll-formed
blanks, normalising can be combined with hot sizing. In this way,
distortion of the shell is eliminated. This is not the case, however,
when boilers are made from pressings. The sizing operation in this
case is redundant, and the distortion brought about by heating is
not eliminated.

To determine distortion, a drum 12,000 mm long, 1,300 mm ID
and 40 mm wall thickness was mounted on cast-iron supports inside
the furnace at 600°C. The furnace was brought up to the normalis-
ing temperature in 5.5 hours at the average rate of 80° per hour.
The drum was held at the normalising temperature for 3.5 hrs.
In the range 430-650° C, the drum was allowed to cool on the fur-
nace hearth at the averagerate of 120 to 150° per hour. Upon remov-
al from the furnace, the drum was taken off its supports at 200° C
eight hours later. The measurements of the drum before and after
normalising showed the following:

1. Prior to normalising, the drum had a sag and an ovality (the
vertical diamcter was 8 mm larger than the horizontal one).

2. After normalising, the drum buckled. The total flexure was
31 mm.

3. Upon normalising, the horizontal diameter was 12 to 14 mm
longer than the vertical one.

Another drum 11,400 mm tong with a wall 70 mm thick and with
an inside diameter of 900 mm was laid on a sand bed and held in
the furnace under the same conditions as the first one. It had been
expected that the sand bed would cqualise the load of the drum on the
furnace hearth. Though the ovality of the drum proved insignificant,
the flexure rcached 30 mm. The drum buckled upwards, which might
be attributed to the fact that the ends of the hearth had drooped
while its middle buckled and that the drum had been hcated une-
venly: its bottom, which had been insulated with sand, had received
less heat than its top.

To straighten it, the drum was rcheated, being placed on the cast-
iron supports of the furnace hearth so that it bore on the two outer
supports. The drum was placed with the buckle up. During norma-
lising, the drum sagged under its weight to come to lie almost evenly
on all the sup rorts.

To control the axial flexure brought about by all the preceding
operations—hot pressing, flame cutting and electric slag welding—
the drum should be laid on the hearth so that the distortion due
to normalising would oppose the previous bending of the drum.
However, this measure will not eliminate the distortion com-
pletely.
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The ovality of drums with welded-on heads may in principle be
controlled by means of inside mountings and strufs of cast iron or
refractory material. However, this is a labour-consuming method.

At the Barnaul Boiler-Making Factory it bas been suggested to
pormalise welded vesscls while maintaining an elevated pressure
inside them. The drum to be normalised is placed on suitable supports,
while mountings are spaced 700 to 900 mm apart along the drum
so that the outer mountings fit closely to the girth seams joining
together the shell and heads. Excess pressure within the drum builds
up due to its being hermetically sealed. I'he heating of a sealed drum
to 950° C results in an excess pressure of 3.2 atm (gauge) due to the
expansion of air alone. Before sealing the drum, some 3 to 4 kg of
charcoal or 6 to 8 kg of firewood is placed inside it. In this way, the
formation of scale on theinside is prevented, and the pressure within
the drum is further increased by the evolution of carbon monoxide.
To control the inside pressure, a thick-walled steel tube 15 to 20 mm
in diameter is welded into the plates covering the manholes in the
drum. Outside the furnace the tube terminates in a coiler which is
placed in a water-filled vessel. The open circuit of the tube is at-
tached to a Tee piece fitted with a cock and a pressure gauge.

A pressure of 2 kg/sq cm and higher arrests the increase in ovality,
while a pressure of upwards of 4 kg/sq cm may prove sufficient for
sizing purposcs. 3 kg/sq cm is considered the optimum pressure.

6. Economic Gain and Technical Advantages

The application of electric slag welding to boiler-making has
given a sizcable economic gain.

From Table 89 it will be seen that electric slag welding has made
redundant 50 per cent of the basic operations. At the same time,
production floor space has been better utilised.

Table 90 compares technically and economically multipass sub-
merged arc welding with single-pass electric slag welding as employcd
at the Taganrog Boiler-Making Factory in the fabrication of high-
pressure vesscls with walls 90 mm thick.

Consumption of flux has been reduced to one-twentieth of what it
is in the arc process, while the weld time and power consumption
have been halved.

With fewer operations to be performed, the distance covered by
a boiler shell in the process of fabrication has been reduced by a
factor of 2.5 or 3. The crane work involved has been halved. The
substitution of flame cutting for planing has made it possible to
dispense with a purpose-made planer.

Heat treatment is a labour- and money-consuming operation.
It involves considerable capital outlays for the construction of large
reheating furnaces, gas producers, etc. The dwell of a part in a fur-
nace during a single heat-treatment operation may be anywhere from
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Tuble 89

Old manufactnring method vsing multipass
submerged arc welding

New manufacturing method
using single-pass electric
slag welding

1. Acceptance, marking out and cutting of plate Retained
2. Heating of plate in furnace . . . . D.tto
3. Bending or pressing of plate into blanks Ditto
4. Marking out and tnmmmg of lougltudmal
odges . e e e e Ditto
5. Machmmg of shaped edge e e o e oo o) Left out
6. Assembly of shelr e e o e e e« e .| Retained
7. lealing for weldmg e e e e e .| Left out
8. Welding of first longitudinal seam on ontsu]e
after welding manually the sealing weld on
the inside, with concurrent heating . . . . .| Simultaneous single-pass
electric slag welding
of two longitudinal
seams without concur-
rent heating
9. Tempering of second longitudinal seam under
same conditions e e e e e e e e
10. Tempering . . e« v e e Lelt out
11. Inspection of outside seam . . . . . ... .| Retaind
42. Starting of inside longitudinal seams . . . Lelt out
13. For plates 100 mm thick, completion of out~
side ﬁ)ng tudinal seams with preheatmg Left out
14. Tempering . . . . .| Dilto
15. Overall |n'~p9(‘tlon of longxtudmal seam . . .| Ditto
16. Bevelling of edges . . . . . . . . . . .. .| Preparation of edgesinto
open square groove
17. Assembly of shells or of shells and heads . .| Relained
18 lleating for welding . . . . .. . ... . .| Leftout
19 Welding of outside seam . . . . .. ... .| Retained
20. Heat treatment . e e e e e e .+ .| Ditto
21 Preparation of insice seam for \\eldlng « « .| Left out
22 Starting of inside seam . . . . .| Ditto
23 rFor plates more than 100 mm (hlck com-
pletion of outside seams with preheatmg . .| Ditto
Table 90
Multipass Single-pass
Welding varlables Unit submerg'd | electric slag
g arc welding welding
Weld time per unit length of weld per cent 100 R 44
Consumption of power per kg of de-
posited metal . . . . kw-h 1.96 1.05
per cent 100 53
Flux consumption per kg of dep031t.ed
metal e R %] 1.07 0.05
Melting vate . . . . . . .. ... g/a-hr 19.6 36.5
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9 to 18 hours, the cost of one hour of furnace time being about 400
rubles. In other words, the reduction of heat trcatment by one oper-
ation may save some 5,000 rubles on the average. The old manufac-
turing method included more than ten types of heat treatment. In
the new method, their number has been reduced by seven. The si-
multancous welding of two longitudinal scams sharply reduces
labour requirements. Table 91 illustrates the efficiency of clectric
slag welding as applied to the fabrication of pressed-welded high-

pressure cylinders for heavy hydraulic presses.
Table 91

Galn and source Unit Saving

Economic gain due to change-over from| Rubles per
forged to pressed-welded structure . . . cylinder 95,000
Economic gain due to change-over from
multipass submerged arc welding to sin-

gle-pass electric slag process . . . . . . Ditto 24,000
Shorter  production lime per cylinder
4,000-4,700 litres capacity . . . . . .. Days From 31 to 15

From (0 to 30
Reduction in department burden and factory

overthead due to shorter production time Per cent 50
Less flux consumed in electric slag welding| Rubles per 4,300
cylinder
Reduced amount of heat treatment . . . . Ditto 6,000
Reduced capital outlays . . .. .. ... Ditto 27,000
Increased output per square metre of pro-
duction floor space . . . . . . . . ... - 1.95 times

By the new method employing clectric slag welding, it takes
482 hours to manufacture a 10,000 litre cylinder, while the Arm-
strong-Vickers Ltd. make a similar cylinder in about 1,600 hours,
The fabrication costs of forged blanks for a drum was 480,000 1ubles,
while pressed blanks cost 220,000 rubles.

With less time spent on the fabrication of boilers and high-pressure
vessels, a boiler-making factory may operate smoothly and its fort-
night and monthly plans fulfilled without rush work.

All in all, electric slag welding, as applied to boiler making,
appreciably increases production rates, improves the quality of
welded joints, and sharply cuts down production time and capital
outlays on custom-built equipment.



Chapter X
TYPICAL APPLICATIONS OF ELECTRIC SLAG WELDING

The electric slag process has come into wide use in the construc-
tion of forging presses, heavy engineering goods, thick-walled bar-
rels, shafts, and a varicty of products from heavy sections. The
electric slag process has been successfully used to unite parts from
heavy rolled sections, castings and forgings. This process has opened
up new venues in the making of extremely large hydraulic presscs,
thick-walled high-pressure vessels and other articles which are next
to impossible to produce by any other method. Electric slag welding
has affected the manufacture and design of both component parts
and final structures.

Before the advent of electric slag welding, forging presses, especial-
ly heavy hydraulic machines, were made of large forgings and cast-
ings. Some of the castings and forgings could only be made at works
equipped with purpose-made presses and hammers and incorpo-
rating large foundries with high-capacity crancs. With the clectric
slag process, Soviet manufacturers have come to turn out heavy
enginecring goods, some parts of which could not be made even by
the biggest works. By way of example, the all-cast hecad frame of
a heavy hydraulic press weighs over 200 tons, and it is a job of work
to make such a component.

With the electricslag process, it is possible to design large struc-
tures in two or more smaller forged or cast parts and to assemble
these by welding. However, this is not always the best proposition.
Therefore, its advantages should be weighed in terms of economics in
each particular case. The current trend is to replace rolled-welded
structures with cast-welded and forged-welded ones. The forged col-
umns of heavy hydraulic presses are being replaced with heavy rolled
sections. Cast-welded press hecads are giving way to rolled-welded
ones. This is an economically sound policy, as appreciably less la-
bour and time is spent to make a structure.

Publications abroad also bear out the advisability of the change-
over from cast- to rolled-welded structures. According to foreign
sources, parts for forging presses and hammers are imuch cheaper
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to roll and weld—even should manual arc welding be employed—
than to cast.

The same applies to other products, such as shafts for hydraulic
turbines and turbo-alternators, the frames of rolling mills, ete.

Formerly, the shafts of large hydraulic turbines were all-forged.
Electric slag welding has radically changed their design, and cur-
vently they are either forged-welded or forged-cast-welded. As a
result, the weight of individual component parts has been sharply
reduced, as has the amount of labour involved. At present, work is
well ahead towards replacing forged shafting by shafts welded from
heavy rolled sections, which is hoped to cut down labour require-
ments and to simplify the fabrication of shafts, as forging—a la-
bour- and moncy-consuming operation—may then be dispensed with.

The stands of large rolling mills may also be made from castings
joined together by clectric slag welding. At present, the possibility
of making large rolling mill stands from hcavy rolled sections is
being studied.

Weldments fabricated by the electric slag process may be grouped
into four general classes:

(1) Structures welded from heavy rolled sections (rolled-welded
structures);

(2) Cast-welded structures;

(3) Forged-welded structures;

(4) Combination structures in which some component parts may
be rolled, and some cast or forged.

1. Rolled-welded Structures

The rolled-welded structures currently made by the electric slag
process include:

(1) Parts of hydraulic presses;

(2) Thick-walled stcel drums (high-pressure boiler drums, cylin-
ders of hydraulic accumulators, cte.);

(3) Tube sheets for boilers, disks for turbo-alternators;

(4) Welded girders (buckstays for open-hearth furnaces, press
components, ctc.).

Except for parts of hydraulic presses whose fabrication started
a relatively short time ago, the above-mentioned structures have
been largely welded by the manual, semi-automatic or automatic
submerged arc process. In all cascs, the edges of workpieces have had
to be appropriately prepared for welding. Heavy sections have becen
joined together by multipass welds, and the articles have had to be
repositioned many times during welding so as to avoid angular dis-
tortion. Abroad, the current welding practice as applied to heavy-
gauge steel is to use multipass welds. In the United States, parts
for one heavy hydraulic press, made from steel about 300 mm thick,
were welded in 180 passes by the automatic submerged arc process.
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The parts had to be repositioned many times so as to control distor-
tion. This technique is labour-consuming and, therefore, economi-
cally unattractive, and the difficultics grow with increasing plate
thickness.

Rolled-welded structures are mainly made from carbon steel
MCt.3 and 22K plate. Because of its usefulness in the fabrication
of thick-walled boiler drums (Chapter IX), steel 22K is chiefly
made into parts for heavy hydraulic presses, while steel MCr.3
goes into other types of rolled-welded products. The quality of welds

Fig. 231. Baumann replica of steel 22K plate 250 mm thick in the
area corresponding to the head of an ingot.

made in steel plate largely depends on the quality of the steel itself.
Heavy-gauge and large-size rolled scctions have to be made from
comparably large ingots. As will be recalled, the larger ingots sulfer
from ununiform chemical composition throughout their mass, open-
grain structure, and lower mechanical propertics. This ununiformity
in the propertics and structure of the steel, especially variations
from arca to area, may have an adverse effect on the quality of welded
joints.

Studics of variations in the chemical analysis of steel 22K (250 mm
thick) revealed a pronounced scgregation of sulphur in the form of
sulphide streaks (Fig. 231), which is usually observed in rimmed
steels only in the area of plate corresponding to the top portion of
ingots. In the other areas less sulphur was segregated, and its seg-
regation was progressively less noticeable towards the edges of the
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plate. In the ingot-bottom portion of plate sulphur was distributed
practically uniformly, as usually is the case with killed steels. It
should be noted that no sulphide streaks were, as a rule, observed in
steel 22K from 70 to 90 mm thick. The chemical analysis of drillings
from various areas of a steel 22K plate indicated that: (1) carbon,
silicon and manganese were distributed throughout the plate rather
uniformly. In some cases, more carbon was concentrated in the middle
of the plate. (2) Sulphur and phosphorus were distributed less uni-
formly than C, Si and Mn. In some cases, sulphur content in the mid-
dle of the plate exceeded its content elsewhere in the plate by 0.007
to 0.01 per cent.

Table 92 gives the mechanical properties of specimens cut from the
ingot-head portion of plate. As can be seen from the table, the metal
was of satisfactory quality.

Table 92
Yield Ultimat Elongation, Reduct! Impac
Sc"‘ff '{ﬁ,",{}’ pofnt. stre\lrrnzzhe, I?g:*gge notr.’ o(; :rcea,o n : tonrgt?n'\l:a;s.
kg'sq mm kg sq mm 1=5D per cent kgm 'sq cm
e or) | 20.3-30.3 | 48.449.5 | 26.827.0 | 44.447.0 | 7.3.9.1
portion 29.8 488 26.9 45.3 8.2
ifg‘fﬁ‘ffw‘;f, 28.7-29.7 | 49.4-49.7 | 27.6-29.8 | 53.7-55.2 _
portion 28.7 49.6 28.7 54.2

An example of rolled-welded structures made from steel plate by
the electric slag process can bc provided by parts for hydraulic
presses. ‘

These parts (crossheads, bedplates and columns) are flat-plate
structures made up of several elements 130 to 270 mm thick.

The steel plate that goes into them is first hot-straightened in a
press so that its deflection does not exceed 5 or 6 mm. Upon straight-
ening, the plate is laid out: outlines of the parts are drawn on it,
holes are marked, etc. The laid-out plate is then flame-cut to size.
The edges of the parts to be welded are machined on a planer or a
milling machine. Before the parts of a crosshead are assembled,
holes are drilled in them and studs are welded on by automatic arc
welding machines. The holes are drilled with liberal allowances for
changes in the distance between the holes on mating parts upon
weldirg

A station for fitting up and welding press parts is a plating block
with supports mounted on it (Fig. 232). A support is a substantial
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welded structure with two side guides receiving the part to be weld-
ed. The part is clamped in a support in a strictly vertical position
by means of two screws. As Fig. 232 shows, a press crosshead is assem-
bled on six supports. Each part of the crosshead is placed on two
supports by a crane and secured in place by bolts. The desired spac-
ing between the parts to be welded is set by means of spacers. The
clearance is made to taper as a precaution against uneven trans-
verse contraction in electric slag butt welds. At the bottom of the

Fig. 232. Floor for welding parts of hydraulic presses by the electric slag process.

joint, the clearance 1s 20%* mm, while at the top the gap depends on
the height of the joint. As has been found empirically, the difference
in the gap width should be about 3 mm per metre of weld. For a
crogshead 3,800 mm high, the gap at the top of the joint is 40 to
42 mm. To oblain a tapering gap, the outer clements are slightly
inclined in the plane of the crosshead. For this purpose, the middle
plate and the adjoining cdges of the side plates are set somewhat
higher than the outer edges of theside plates by means of shims. The
shim for the middle plate is so chosen that the gap at the top is
40 to 42 mm. The parts thus assembled for welding are held in place
by the clamps of the supports. No fitting-up clamps are employed
psually for the plates of crossheads
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Upon assembly, starting and finishing tabs are tack-welded at
the bottom and top of the joint so that the weld may be started and
completed outside the workpiece.

The requirements for the fit-up of a crosshead are as follows: (1)
the width of the gap should not differ from the nominal one by more
than +2 mm; (2) the edges should have an offset of not more than
4 mm; (3) the edges to be traversed by the copper moulding shoo
should be filed to metallic lustre.

Fig 233. Column of a hydraulic press being welded by the electric slag process.

fhe butt welds on hydraulic press parts are made by the electric
slag process by means of an A-372M or an A-372P unit. The unit may
be set up in the welding position by means of an overhead travelling
crane or a jib and electric hoist. Fig. 233 shows a column for a hy-
draulic press being welded by the electric slag process.

The electric slag welding of steel 22K up to 270 mm thick uscs
Ce-10I'2 wire and AH-8 or ®L|-7 flux. Upon heat treatment (nor-
malising and tempering), welded joints have the following mechan-
ical properties: ultimate strength, at least 44 kg/sq mm; yield
point, at least 22 kg/sq mm; eclongation, at least 18 per cent;
and impact toughness, at least 6 kgm/sq cm. The welds made with
other grades of electrode wire (Cs-08A, Cs-08'A, Cs-10I'C, etc.)
have lower mechanical properties and show a tendency to hot crack-
ing. Therefore, they may not be recommended for welding steel
22K plate.
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The parts for hydraulic press 200 to 270 mm thick were butt-
welded with two electrodes, using 480 to 500 a at 48 to 54 v and
an electrode speed of 200 to 220 m/hr. The dwell of the electrodes at
the moulding shoes was 5 sec, and the rate of weaving motion was
37.6 m/hr. The depth of the slag pool was maintained at 50 to 55 mm,
while the clectrode spacing was 95 to 98 mm for plate 200 mm thick,
and 120 to 123 mm for plate 250 mm thick.

The mechanical properties of the welds and welded joints both
before and after heat treatment are given in Table 93, while Table
94 shows their chemical analyses.

Static mechanical tests (Table 93) as well as tests for fatigue
strength (Chapter 1V) have shown that electric slag welds are
comparable with the parent metal, steel 22K.

The welded joints in the parts of hydraulic presses are thoroughly
inspected. According to the existing regulations, specimens for
mechanical tests and metallographic examinations are drilled out
of crossheads and bedplates at the middle of the weld. Besides,
welded joints are given visual inspection and checked by means of
an ultrasonic fault detector. Welds with a large number of cracks,
poor fusion and penetration, and large slag inclusions should be
completely removed and made anew. The same rule applies to the
defects in welds interrupted for any reason and then restarted. These
welds should be cut out and made anew from beginning to end. It
should be recalled that in the fabrication of boiler drums of steel 70
to 90 mm thick welds may be restarted after stoppage, provided the
weld is repaired where dropped.

Welds are inspected for quality and the defects revealed are re-
paired before the welded components are heat-treated. The cross-
heads and bedplates of hydraulic presses are given heat treatment
in a furnace (normalising and tempering). The columns of hydraulic
presses cannot be heat-treated in a furnace because of their large
size. Therefore, heat. treatment is given to columns divided into two
halves. After the two halves have been welded into a column, the
last welded joint is given local heat treatment—normalising and tem-
pering by means of suitable induction heating equipment. After
heat treatment, the press components are machined.

The fabrication of rolled-welded structures, such as tube sheets,
disks for turbo-alternators, buckstays for open-hearth furnaces, etc.,
fs much the same as the construction of parts for hydraulic presses.

The techniques and procedures for the electric slag welding of
high-pressure boilers and cylinders for hydraulic accumulators are
described in detail in Chapter IX.

Tube sheets are disks 70 to 80 mm thick and up to 2,200 mm dia
made of killed steel Ct. 3 or Cr. 4. Tube sheets are welded by the elec-
tric slag process on the A-372M specialised welding outfit. The
outfit (Fig. 234) incorporates a fixture fitted with moving wedges
for the mounting of a tube sheet by plummet, clamping screws and

326



010 010 91’0 020°0 1€0 0 4% mﬂ“« n«”o 052
910 1o €2°0 €e0°0 %20° 0 Lo om..« 61°0 002 . pem
80°0 €0°0 €r'o 020°0 0%0° 0 61°0 oh.o wm.o 042
01°0 90°0 rA] 820°0 120°0 2¢°0 €60 92°0 002 1uaereq
m | o d s | s i ° wowom | RN
U0 13d ‘sis{[euvy 2jeld
76 1900
¥6 917 9°LY 8°0L €1 €18 £°3¢ sax
6°€I-1'9 0°€-1°01 0°6%S GY 0°2L6'89 0°¢€-0"6¢ G 15018 G'2e-0'2¢
052
] L'l 8°G¥ 629 £'87 8°2S | 344 oN
Pero'y 1689 G'670°¢Y 0°CLG'¢9 | $'820'82 0°€5-0°¢S 0°'%¢-0"1¢
ST €8 _ 029 X 9°1¢ 0°¢e s0K
¢'SI€'6 9°01-%"'9 0°0L-6°29 G'826°9% | 0°25-0"hy G'6g-6' %
- 002
€9 6°'G _ A 0°67 1SS 2%t oN
6'88'¢ 6'88'€ G'69-0" IS G L2-0°¢3 G'68-0°%9 0°GE-0" €€
U0z pIom
-Ieau Uj eale pIaa .ﬂ.wnw_mowm_m - . ; Supreauue
s | et | g, | amiey | gmoen | SR
wo bs iy g%mmw_ﬁ uor;onpIy ‘uopjeSuold | 9jeWRIN proLg mE.uuN.:w a- [B19W
gsauydno; 3oeduy ajeu1}}

€6 219

327



Fig 234. General view of unit lor welding tube sheet by the electric slag process.
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a rack rail for the welding head. Before fitting up, the edges of a tube
sheet are flame-cut for welding and cleaned of slag and scale. Tube
sheets are fitted up for welding by means of clamps. The gap is 26
mm at the bottom of the joint, and 30 mm at the top. Use is made of
CB-08I'A wire and AH-8 flux.

Welded tube sheets are normalised from 890°. The electric slag
welds and joints made in them have high mechanical properties.

The application of electric slag welding instead of automatic multi-
pass arc welding to the fabrication of tube sheets has almost trebled
the production rate, eliminated the straightening of sheets after
welding, and cut down their fabrication costs.

Another example of rolled-welded structures made from plate by
the clectric slag process is provided by buckstays for open-hearth
furnaces. Formerly, they were cut out of solid blanks (Fig. 235),
and the wasted metal accounted for

50 to 60 per cent of the ingot '

weight. By the electric slag process, j

these buckstays are made from

slabs of killed or rimmed steel

Cr. 3 or Cr. 4. M
Because of their odd shape,

buckstays are welded on a special- 4, ] . )
purpose welding outfit (Fig. 236). Fig. 235 h‘:::t‘;lbtfﬁna:gg. A open
The outfit incorporates a truck

which rides a rail track and a type A-372 rail-riding welding appa-
ratus. The frame and rack for mounting the buckstay to be welded
are hinged to the truck. For the accurate positioning of the buckstay
relative to the welding apparatus, the frame and buckstay together
can be swung in or out by means of jack screws.

The selection of electrode wire depends on the chemical analysis
of the parent metal (which may be killed or rimmed). For killed
steel, CB-O8'A or CB-10I'2 wire may be recommended. Buckstays
from rimmed steel should be welded with either Cs-10I'C or with
Cp-10I'C wire in combination with Grade Cs-08T'A. These grades of
wire coupled with AH-8 flux produce high-quality welded joints.

With the electric slag process, metal consumption in the fabrica-
tion of buckstays for open-hearth furnaces has been cut from 11.6G
to 7.5 tons per part.

Other types of heavy-gauge structures made currently by the elec-
tric slag process include heads for high-pressure boilers, disks for
turbo-alternators (Fig. 237), stator parts for large electric machines,
etc. These structures are usually made from low-carbon steel plate
60 to 160 mm thick. These articles are fitted up and welded by means
of simple devices with which the parts to be welded can be placed
and reliably clamped in a vertical position. The welding equipment
employed usually is the A-372 apparatus, using AH-8 flux and
Cg-08T'A or CB-10I'2 wire. With these materials and optimal welding

329




Fig. 236. Unit for welding open-hearth furnace buckslays by electric slag
welding.
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conditions, the resultant welds and welding joints are of high quality
and fully mect the requirements of specifications.

Only critical structures are heat-treated (normalised and tempered).
Non-essential components may only be given a temper. In rome cases
heat treatment may be dispensed with altogether.

Fig. 237. Turbo-alternator disk welded by the electric
slag process.

The fabrication of rolled-welded structures by the electric slag
process appreciably reduces production time and costs. For the time
being, it is not always possible to assess the economic gain that may
be derived from the application of electric slag welding. Where the
clectric'slag process has ousted other welding processes in some appli-
cations, such as boiler drums, the resultant savings are not difficult
to calculate by comparing the old and new mecthods. If the clectric
slag process is used in the manufacture of products which were ot
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made at all by welding or whose manufacture by welding has become
possible only on the basis of the electric slag process, any comparison
will only reveal a negligible proportion of the total saving. An
example in point is provided by parts for hydraulic presses.

Here are a few facts and figures about the efficiency of electric
slag welding. At the Elektrosila Works, the fabrication costs of disks
for turbo-alternators 60 to 140 mm thick and 2,200 to 4,800 mm in
dia have been cut down by the electric slag process by a factor of
2.8 as compared with automatic submerged arc welding and by a
factor of 5.3 as compared with manual welding. At the same time,
the cranes now have to handle appreciably less materials, and the
output of welded structures per unit area of production floor space
has been increased.

At the Volgograd Engineering Works, the change-over from forged
rods to rolled-welded rods made by the electric slag process resulted
in a substantial saving

2. Cast-welded Structures

As has been noted clsewhere, foundries are unable at times to turn
out large castings for heavy forging and metal-making equipment.
In these cases, large components are designed in two or more smaller
parts which are then assembled by clectric slag welding. The insuf-
ficient capacity of foundries is not the only reason for this. There
are castings which are difficult to make because of their odd shape,
and their fabrication entails a high rejection rate. In some cases, the
substitution of smaller for larger castings makes it possible to employ
machine moulding, reduce the amount of machining on special-
purpose machine tools, distribute the assignment among a larger
number of work stations, and cut down production time.

Cast-weld~d parts fabricated by the electric slag process include
rolling mill stands, heads for heavy hydraulic presses, crossheads
for forging presses, roller tables, etc.

In most cases, cast parts for engineering goods are made of carbon
steels 25J1 and 35J1. The chemical analysis and mechanical prop-
erties of these steels are given in Table 95.

The casting properties of steel 35J1 are better than those of steel
25J1. Infact, this is why steel 35J1 is widely employed to obtain large
castings, although its higher strength also is of importance. On the
other hand, steel 25JT with a lower carbon content has a better weld-
ability. When designing the cast parts to be welded by the electric
slag process, account should be taken of the peculiarities of this
process. Apart from the general requirements for products welded
by the electric slag process (straight seams, no projecting parts
standing in the way of the welding equipment and moulding shoes,
etc.), cast parts have to meet some additional requirements, i. e.,
proper gating and risering relative to the surfaces to be slag-welded,
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absence of abrupt changes in section
and sharp angles, especially near the
joints.

There should be no risers or gates on
the surfaces to be welded. As will be re-
called, the distribution of the consti-
tuent elements, especially carbon and
sulphur, in the arcas where risers and
gates were removed from castings, is unu-
niform. In some cases, the sulphur and
carbon content in such arcas may be sev-
eral times their average content through-
out a casting. This is why risers and
gates should be positioned far from the
surfaces to be joined.

An example of cast-welded structures
made by the electric slag process may
be provided by rolling mill stands. When
all-cast, such stands may weigh up to115
tons; the stands are moulded manually,
and they have to be roughed and finished
on special-purpose machines.

A cast-welded stand is an O-shaped
frame made up of four parts: the top,
the bottom, and two sides (Fig. 238). As
a rule, cach stand has four butt joints
between the top and bottom on the one
hand, and the two sides, on the other. At
the joints, the cross scction of a stand
may be from 450 mm square to 800 mm
square or more. For example, the cross
section of the bottom part of the stand
for th¢ Asha Works rolling mill is
780x750 mm, and that of the top,
750 x 725 mm. The total net weight of the
stand is 90 tons.

The parts of a stand are made from
steel 25J1. After casting and fettling, the
parts are machined, the working surfaces
are roughed, while the surfaces to be
welded are planed or milled.

The stand to be welded is fitted up on
a plating block which has edge supports
for stand parts. The parts are fitted up
with a tapering gap between them. At the
bottom, the gap is 30 to 32 mm, while at
the top it is 33 to 35 mm. Starting tabs
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Mechanical properties, mirimum

Impact
toughness,

kgm/sq cm

Reduction
of area,
per cent

Elongation,
per cent
1=5D

19

Ultimate
strength,
kg sy mm

Yietd
strength,

kgfsq mm

Chemical analysis, per cent

Up to

0.05
ditto

50

Si

0.05
ditto

Mn

0.23-0.3| 0.5-0.8 [0.15-0.37| Up to

0.32-0.4| 0.5-0.8 [0.15-0.38

Steel
grade

25J1

35J1



80 to 100 mm long are provided at the bottom of the joint. The side
tabs are 60 to 80 mm thick, and the bottom tab, 40 to 50 mm
thick. The tabs are continuous-welded to the stand parts manually
by an open arc. The finishing tabs, which are a continuation of the
weld, are attached at the top of the joint. After welding, the start-
ing and finishing tabs are cut off by an oxy-acetylene torch, as
arc the beginning and end of the weld. Instead of starting and
finishing tabs, the stand parts should preferably be cast with ap-
propriate bosses comparable in size to the tabs.

After the four butt joints have been fitted up, backing-up strips
are installed. The backing-up strips may be either of the water-
cooled copper type or fusible steel strips. The backing-up strips may
be continuous on one side and made up of separate lengths from 150
to 200 mm (Fig. 239) on the other side, so as to provide a convenient
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Fig. 238. Sketch of a rolling mill . Fig. 239. Butt weld with com-
stand; IV-I—butt welds. posite backing strips.

check on the progress of the weld. After the groove has been filled
with electrode metal, another length may be added to the intermit-
tent backing-up strip. In the case of copper strips, they are held
tight to the edges by mcans of clamps and wedges. Fusible steel
strips are held in place by tacks. After welding, these strips are re-
moved by an oxygen torch. Preference should be given to copper
backing-up strips.

The butt joints of stands are welded with plate electrodes and
an A-480 welding apparatus, which may be replaced by an A-372P
sct incorporating an additional unit. In order to control distortion
and to relieve internal stresses, the welding of two butt joints (top
or bottom) at a time is strongly recommended.

The electric slag welding outfit for the butt joints of stands may
be either simplified or specialised. The former is suitable for cases
where stands are manufactured in small numbers, while the latter
is intended for the quantity production of stands.

A simnlified welding unit is a metal frame on which are mounted
two A-480 welding sets. The distance between them corresponds to
that between the joints to be welded. The frame and welding heads
are installed on supports arranged on either side of the plating block
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(Fig. 240). The supports should be high enough for the frame and
welding units to be slightly above the projecting parts of the fitted-up
stand. The frame and welding heads are positioned over the joints
by means of an overhead travelling crane which also moves the frame
and welding heads in position for the welding of another pair of hutt
joints on the stand. The welding heads are made fast to the frame;
therefore, the frame should be so positioned that each welding unit
is in the desired position over the joint to be welded. Their position
is checked by a plummet.

Fig. 240. General view of a welding unit with two A-480 welding apparatus.

The positioning of welding sets over joints is much simpler in a
specialised welding unit. The diagram and description of such a
unit ace given in Chapter VI. The floor for the fit-up and eclectric slag
welding of stands has two stations served by one welding outlit.
This is a gantry-type outfit travelling on the rail track laid on either
side of the welding jigs. The gantry is driven by an cleetric motor and
has guides for two trucks carrying A-480 welding heads. The other
equipment provided includes two THIC-3000-3 transformers and
control boxes. In this outfit the welding hcads can be easily posi-
tioned for welding. The gantry is manocuvred so that the welding
heads are above the respective joints. The distance between the weld-
ing heads varies with the width of the stand to be welded, and may
be changed by moving the trucks onthe guides. After the first pair
of joints are welded, the gantry and welding heads are moved to the
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next pair of joints. While the
welding heads are set up to
make welds at the first station,
another stand may be fitted up
for welding at the other sta-
tion. In this way, the time
required for thesettingup and
positioning of welding sets is
reduced, and the setting up
procedure is simplified. At the
present time, stands are slag-
welded with plate electrodes,
as commercial practice has
confirmed its superiority to.
multiclectrode welding.

Electrodes for steel 25J1 are
made of low-alloy steel 10I2 or
MC-1. The considerations go-
verning the selection of steel
grade for plate electrodes are
as follows. Steel 25J1 contains
up to 0.30 per cent carbon.
For full-strength welds to be
obtained, the clectrodes should
be of a similar chemical anal-
ysis with the parent metal,
i. c., they should have an in-
crcased carbon content. Or
they can be made from low-
alloy steel in which the car-
bon content is considerably
lower, and the desired strength
can be obtained by adding al-
loying clements, such as man-
ganese, silicon, ete. Electrodes
with an increased carbon con-
tent are undesirable as hot
cracks may develop in the
weld.  Therefore, preference
has been given to electrodes
of steel with a decreased car-
bon content.

The size of plate electrodes
varies with the size of the
joints to be welded. For joints
with a cross section of 780 by
750 mm, use is made of elect-



rodes 3,000 mm long, 250 to 253 mm wide and 10 mm thick. Butt
joints are welded with three plate electrodes connected to the
respective phases of a welding transformer. The electrodes are spaced
10 or 12 mm apart.

The width of plate electrodes is governed by the thickness of the
workpicce. It is approximately one-third of the thickness of the job
minus 20 to 25 mm. In welding with electrodes
10 to 12 mm thick, thcir length should be
three times the height of joint (including the
finishing tabs). As a rule, the actual length
is somewhat greater (by 400 to 500 mm), so
as to make up for the likely cxpansion of the
deposited metal due to variations inthe width |.
of the gap. When a welding head is being set N
up for welding, plate clectrodes are positioned ] Nate ol
in the middle of the gap so that the outer ﬁféeswi{oslitlfotf.(-éhﬁ;
edges of the first and third clectrode align with  the groove in electric
the surface of the parts to be welded (Fig. 241). slag welding:

As has been already noted, the clectric slag 5:%}!}{’{2%2?33{%5‘;'&
welding of stands is performed with two weld- workpiece
ing heads simultaneously. In fact, welding
is started with one apparatus, and the other is switched on when the
first one begins to operate steadily.

The welding conditions for the butt welds made in rolling mill
stands are as follows:

Welding current per phase . . 1,200-1,300 a
Welding voltage . . . . . . . 35-37 v
Speed of plate clectrode feed . 1.2 m/hr
Number of electrodes -

Electrode spacing . . . . . . 10-12 mm
Depth of slag pool . . . . . . 25-30 mm

A butt joint with an overall height of about 950 mm takes 90 to
100 minutes to complete by the clectric slag process. After welding,
the finishing tabs are removed by an oxygen torch. The kerfs are
cleaned with an air chipping hammer and an emery wheel, and the
stand is moved on for heat treatment which includes normalising
and tempering. A general view of a stand welded with plate electrodes
is shown in Fig. 242. Electric slag welds made in cast-welded stands
of steel 25JI are remarkable for high quality and soundness. The
mechanical properties of the welds and welded joints are given in
Table 96.

The average chemical analysis of the welds made with electrodes
of steel MC-1 and AH-8 flux is as follows: 0.19 per cent C; 0.72.per
cent Mn; 0.27 per cent Si; 0.026 per cent S; 0.028 per cent P; 0.27
per cent Cr and 0.21 per cent Ni.

As has been noted earlier, stands and similar structures may be
welded with slender wire electrodes. An example of structures welded
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Fig. 242 Rolling mill stand welded with plate electrodes.
338




by the multielectrode electric slag process may be provided by the
stand of a scale breaker with a cross section of 450 mm square at the
joint. The clectrode wire was Grade Cp-08T'A, 3 mm dia, and the
flux was OILI-7.

The welding conditions were as follows:

Number of electrodes . . . . . 9
Electrode spacing . . . . . 50 mm
Speed of wirefeed . . . . . 60 m/hr
Welding current per phase . . 600 650 a
Welding voltage . . . . . . . 35-37 v
Depth of slag pool . . . . . . 40-45 mm

The electrodes were connected to cach phase of the welding trand-
former in banks of three. The quality of the welds was fair. T
main drawbacks of the method are comphcated welding equipmen
and techniques.

An outstanding cxample of a cast-welded structure made by the
electric slag process is provided by the crowns of heavy hydraulm
presses.

Originally, the crowns were designed all-cast from steel 35J1. I‘he
fabrication of the first all-cast crowns showed that the further operar
tions—hoisting, conveying, and machining—called for extremely
powerful handling equipment because of the very large weight of
castings (about 300 tons including cores).

For this reason, it was decided to cast crowns in two parts and t(L
assemble them by the electric slag process.

Fig. 243 shows a crown half. The weight of the casting was about
150 tons. The crown was split across the middle in the longitudina
direction. In all, the crown had five butt joints. At two of them, th
thickness of the wall was 260 mm with a length of 2,330 mm; a
two other joints the thickness of the wall was 365 mm with a lengt
of 2,330 mm; and at the remaining joint, the wall was 400 mm thic
with a length of 3,220 mm. Prior to joining, the mating surfaces o
the two halves were machined on a milling machine.

The crown was fitted up for welding in a horizontal position. One
half was laid on a jig with the mating surfaces up. After it was
checked for proper alignment, the other half was fitted up. The edges
were separated by a tapering gap with suitable spacers. At the bot-
tom of the joints the spacing was 30 mm wide, while at the top (level
with the middle joint 3,200 mm high), it was 55 mm wide.

The tapering gap was made so as to compensate for uneven contrac-
tion along the joint during the welding of the first joints. After the
fit-up, the assembled head was erected vertically. The joints were
welded simultaneously with two A-372M welding sets.

The main difficulty in this case was that the completion of the
first joints turned the remaining portion of the crown into a very rigid
structure, and the welding of the other joints gave rise to appreciable
stresses both -in the cast metal and the welds. The danger of hot
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cracking was aggravated by the high content and ununiform distri-
bution of carbon in the casting.

To prevent ceracking and failure of the structure, the following
procedure was adopled.

Before the first joints were welded, the erown was heated with pro-
dneer gas 1o 80 or 100™ G throughout. The lirst two joints were welded
simultanconsly with two welding units. Before commencing the
third joint, the workpicee was unevenly heated with gas torches on
the inside. The top was heated more so as to widen the gap in the
upper portion of the third joint. In welding the third joint, the heat-

R

Fig 243 Half of the crown of a hydraulic press.

ing was stopped, so that the distortion brought about by the ccoling
of the workpicee could act inthesame divection as it does in the cool-
ing of the weld. Tn this way, stresses were relieved to a great extent,

The last two (fourth and fifth) joints were welded simultancously
by two welding units. Preheating was performed in the same way as
on the third joint.

The wire was Grade Cs-10I'2, 3 mm dia, and the flux was AH-8.
The welding conditions were as follows:

Number of electiodes . . 3 Rate of weaving motion 39 m/hr
Speced of wire teed .. 160 m.hr Dwell of electrodes at

Welding corrent . . .0 . 400-420 a moulding shoes . . . . 5 sec
Welding voltage . . o . 50-b2 v Depth of slag pool . . . 40 mm
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Immediately after welding the crown was normalised and tempered
at high temperature. For a gencral view of the welded crown see
Fig. 244.

Designing the crown intwo halves, as has been deseribed earlier, is
not a happy solution, as the plane of split runs across the twoeylin-
ders and the two guide bores which are of smaller diamecter, thus
forming five joints. The welding of such a structure involves great
difficulties for the following reasons.

1. Welding is performed by automatic machines under adverse
conditions, in cylinders of a relatively small bore.

Fig. 244. Welded crown of a heavy hydraulic press.

2. It is extremely difficult to anticipate the distortion which is
likely to occur in the five butt joints.

3. Both preparatory operations and welding are labour-consuming
jobs.

At the present time, structures like the crown deseribed earlier are
designed with a split in a transverse direction, so that the planc of
split runs along the transverse axes of the large cylinders and divides
the workpiece into three parts. In this casc welding is appreciably
simplified, and it is possible to predict the distortion likely Lo take
place in the two pairs of joints.

In cast-welded structures of some other shape, for example with
one, three or five holes, the split is made in the plane containingthe
transverse axis of thec middle hole, so that the workpiece is divided
into two parts. These parts are simple to weld.
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Apart from heavy unique structures, the electric slag process can
be successfully applied to simpler and lighter articles such as the
crossheads of 6,300 ton forging presses, rolling mill accessories
(roller tables, walls for shearing conveyers of continuous billet mills),
tyres for cement kilns and the like.

.The crossheads of power forging presses with a force of 6,300 tons
are made of two cast parts: a base weighing 30 tons and a shank
weighing 7.5 tons, which are joined together by electric slag welding
at two joints.

The crosshead parts arc cast of steel 35. At the joints they are 280
mm thick. The joints are 800 mm high. The welding procedure is the
sajne as for other articles of steel 35J1, and includes a preheat of 150
or'200° at the joints. The electrode wire is CB-08I'A or Cs-10I'2, and
the flux is AH-8.

A crosshead fitted up for clectric slag welding is mounted on a jig.
Welding is performed either with an A-372P or an A-401 welding
apparatus. The joints may be made either consecutively or simul-
taheously with two welding heads. A general view of a crosshead
and an A-401 welding unit positioned for welding is shown in Fig. 245.
After welding, the crosshead is normalised and tempered.

Tyres for cement kilns are more difficult to slag-weld. A tyre is a
ring made up of four segments. An example is provided by a cast-weld-
ed tyre with a cross section of 450 x 235 mm and an outside dianieter
of 4,200 mm. In slag welding such tyres two important points should
be borne in mind: (1) tyres are made of steel 45J1 with a high carbon
content (up to 0.5 per cent); (2) distortion (bends) may take place at
the joints and the length of the circumference may be different at
the top and bottom of the tyre due to ununiform contraction along
the height of the welds.

To prevent hot cracking in welded joints, the mating surfaces of
the segments are heated to 200 or 300° C, and welding is performed
with small currents.

It is strongly recommended to provide a tapering gap between the
abutting edges so as to avoid twisting at the joints. At the bottom of
the joint, the gap is usually 29 or 30 mm, while at the top it is 33
or 34 mm.

The welding equipment employed is cither the A-372P or the
A-372M using water-cooled copper backing strips. Two opposing
joints should be made with two welding units simultancously. The
preparatory time for setting up and adjusting the welding units may
be reduced by welding two or three tyres at a time, stacked one above
another. The tyres should be separated by spacers 60 or 70 mm high
so as to facilitate the subsequent parting into separate tyres. Weld-
ing is performed with Cs-10I'2 wire and AH-8 flux. Post-welding
heat treatment is tempering (heating to 500 or 550° and cooling in
the furnace).

The welded joints of cast-welded structures are rather difficult to
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Fig. 245. Electric slag welding of the crosshead of a 6,300 ton power torgiug press.
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control, for X-ray examination is out of the question because
of the heavy section of workpieces. Ultrasonics is the most efficient
quality control procedure. Ultrasonic fault detectors should be used
preferably in conjunction with straight rather than oblique prods.
Oblique prods may reveal defects in the parent rather than the weld
metal, and judgement of weld quality may prove erroneous.

Data on the cfficiency of electric slag welding as applied to cast-
welded structures are scarce. According to one manufacturer, cast-
welded rolling-mill stands differ little, in terms of fabrication costs.
from all-cast stands. The explanation is that the savings on casting,
fettling and machining barely compensate for the cost of fitting up
and welding. However, the manufacturer finds it more profitable to
make cast-welded frames, as in this case the total production time
is reduced, and less work has to be done by the foundry, and by the
special-purpose machine equipment of the works. Besides, with frames
designed in a larger number of smaller parts, work may be distributed
among a largec number of workers, and use can be made of me-
chanical moulding.

As can be seen from the electric slag welding of heads for heavy
hydraulic presses, this process enables cast-welded structures to be
made of practically any size and weight. This point is of important
significance for the expansion of the production potentialities of
engincering works without any addition to the existing physical
plant.

3.- Forged-welded Structures

The electric slag process has proved handy in the manufacture of
some odd-shaped parts from forgings. These are cylinders for large
hydraulic presses, shafts for hydraulic turbines, crankshafts, etc.
The manufacture of all-forged crankshafts is a complicated job,
while the manufacture of all-forged cylinders for heavy hydraulic
presses is beyond the reach even of some large engincering works.

The quality of forged-welded structures depends mainly on the
quality of the constituent forgings. Therefore, the materials for forg-
ings and the forgings themselves should be thoroughly inspected for
compliance with specifications.

Table 97
Chemical analysis, per cent
Steel
S . P
grade C Mn st
max

30 0.27-0.35 0.5-0.8 0.17-0.37 0.045 0.040

35 0.32-0.40 0.5-0.8 0.47-0.37 0.045 0.040

45 0.42-0.50 0.5-0.8 0.47-0.37 0.045 0.040




The material for forgings may be carbon steels 30, 35 or 45. The
chemical analysis and mechanical properties are tabulated in Tables
97 and 98.

Table 98
, Ultimate Minimum Minimum reduce
Steel grade \]:e};iq pnolllgt, strength, elongation, tion of area,
g kg/sq mm per cent [=5D per cent
30 29 48 41 50
35 AN 52 20 45
45 34 60 16 40

In designing forgings to be welded into a larger composite work,
two points should be taken into account. For one thing, the joints
between the component parts should not be located at abrupt changes
in section, sharp angles, etc., as stresses usually concentrate therc;
secondly, blanks for forgings should be properly taken out of an ingot
so as to leave out gates and risers. The surfaces to be weldcd should
be on the bottom side of the ingot.

An example of a well-designed forged-welded structure may be
provided by cylinders for heavy hydraulic presses. A cylinder consists
of a barrel 2,200 mm dia and a bottom, the wall of the barrel being
350 mm thick. The total weight of the eylinder is over GO tons.
Cylinders of this size have not yet been forged in one piece. Their
manufacture has become possible only with the advent of the electric
slag process. The barrel and bottom of a cylinder are joined together
by a butt weld. The joint is some distance from the bottom. The
position of the butt weld relative to the bottom is determined mainly
by the size of the moulding arrangement mounted on the inside of
the cylinder. To reduce labour requirements, the joint between the
barrel and bottom should be placed preferably as close to the bottom
as possible.

The blanks for a barrel and a bottom are roughed to a tolerance
of not more than 0.5 mm on the outside and the inside diameter.
The finishing allowance is at least 15 mm on each side. After prelim-
inary machining, the outside and inside surfaces of the barrel should
be free from black spots, ecspecially near the edges of the joint
and also where the barrel bears on roller supports. Prior to the fit-up,
the surfaces to be welded should be thoroughly cleaned of dirt, oil
and rust. It is advisable to fit up the barrel and bottom for welding
in a vertical position. Before fitting up the two parts, starting tabs
should be tack-welded to the end face of the barrel. The backing-up
strips which are also tack-welded to the workpiece, should be as high
as the gap is between the barrel and bottom.

The cyi)inder is fitted up for welding on a jig in a vertical position,
with the end of the barrel placed upwards. The bottom is then placed
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on the barrel and fastened to it by means of fit-up strips. The gap
between the barrel and bottom is of variable width. The maximum
width of 36 mmis at approximately one-cighth of the way out from the
beginning of the weld (in the direction of rotation of the cylinder).
At the opposite end the gap is 30 mm wide.

The eylinder thus assembled is then mounted on the roller bed
of the welding untt and is coupled to the cardan shaft of the drive.

The outfit for the electric slag welding of cylinders for hydraulic
presses and other articles with eircumferential seams (shafts for hy-

Fig. 246. General view of an automatic welding unit for girth seams on cylinders.

draulic turbines and the like) may be set up of non-standard pieces
of welding cquipment. Incidentally, the welding outfit at the Novo-
Kiamatorsk Kngincering Works has been st up in this way. It
includes an A-401 welding apparatus, a rotator, a roller bed, a rail
track, a closed-civeuit water-cooling system, the suspension for the
inside moulding shoe, cte.

The roller bed was made at the works. A general view of the weld-
ing outfit, with a cylinder mounted on it, is shown in Fig. 240.

After a ¢y linder is mounted on the roller bed, the platiorm carrying
the welding apparatus is brought close to the joint to be welded, so
that the electrode carriers are in one plane with the joint. Prior
to welding, the cylinder is preheated with gas torches. The temper-
ature of the edges to be welded should be at least 150° C. They are
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heated both on the inside and the outside. In preheating, care must
be taken to heat the workpiece evenly. The difference in temperature
round the seam and throughout the bottom should not exceed 50°C.
Preheating is essential for the prevention of hot cracks at the begin-
ning and, especially, at the end of the weld. This technique alsa
minimises the tendency of the parent metal to brittle failure.

It is particularly important to reheat the beginning of the weld
before the seam is completed. After heat is removed from the begin-
ning of the weld, a gradual contraction takes place when the seam
is completed, affecting a fairly large arca of metal ahead of the place
of welding. In this way, the edges are brought closer together before
the seam is completed, and therigidity of the final length of the cir-
cumferential seam is reduced.

The sequence of operations in the fit-up and electric slag welding
of a cylinder is roughly as follows.

A copper moulding shoc is mounted on the inside of the cylinder.
The shoe is held tight to the workpiece by a suspension which is
a portable three-beam support with a short shaft and a link. The
welding apparatus is sct up for welding on the outside of the cylinder.

The welding conditions for the beginning, the middle portion and the
closing length of the weld are different. Changes affect the speed of
wire feed, welding voltage, and, on some portions of the weld, the
dry length of the electrode and the depth of the slag pool. The weld-
Ing conditions for the circumferential scam of a cylinder are tabu-
iated in Table 99.

Table 99
Welding variables B((')s_?l&ré{(rllg pl?):“t?ldo‘: ggfﬂ“
Speed of wire feed, m/hr . . . . . . 120 187 187-52
Voltage per electrode, v:
bottom . . . . . . . . . ... .. 50 48 40
middle . .. ..o 50-48 48 43-40
op . - - . 50-46 48 46-43-46
RRate of weaving motion, m/hr 40 40 40
Depth of slag pool, mm . 50-40 40 40-30
Dry length of electrode, mm 100-70 70 70-80
Dwell of electrodes at moulding shoes,
SBC . . . e e e e e e e b} 5 5
Electrode spacing, mm . . . . . . . — ——-+; S —

As has already been noted, the closing of a circumferential seam

is a delicate operation largely determining the quality of the weld.
Prior to closing, the beginning of the weld should be cut out to a
templet by means of a suitable gas torch. The cut should be started
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on the inside of the workpiece after it has been turned through one-
eighth of the way from the initial position. After deseaming, the be-
ginning of the weld should be free from defects: poor fusion or pene-
tration, cracks, gas pockets, etc. The kerf should be 28 to 32 mm wide.
Care must be taken to make as straight a cut as possible and to clean
the edges thoroughly of scale. In closing the weld, the welding space
across the thickness of the metal varies continuously. Thercfore, it is
necessary to vary the electrode spacing and the swing of the weaving
motion. Diagrammatically, the closing of a circumferential seam
is shown in Fig. 95.

The closing technique for circuniferential seams was described
in detail in the chapter dealing with the welding technique for cir-
cumferential seams in gencral. Fig. 246 gives a general view of a unit
for the clectric slag welding of cylinders for hydraulic presses. These
cylinders are made from steel 35, using Cs-10I'2 wire and AH-8
flux. The mechanical propertics of the weld metal are given in
Table 100.

Table 100

Yield strength, Ultimate strength, | Elongation, per cent Reduction of area,
kg 8q mm kg/sq mm 1=5D per cent
30.7-32.3 51.8-52.3 30.3-32.3 62.4-64.0
32.6 52.1 31.2 63.0

According to the table, the welds made in steel 35 with Cp-10I'2
wirc meet the strength requirements of the relevant standards and
arc superior to them in terms of ductility.

Slag-welded circumferential seams are remarkable for their high
quality. The welds are free from all defects, provided the operator
has followed the welding instructions. Special attention should be
paid to the closing of the weld. After welding, the cylinder should be
normalised and tempered. The quality of the weld is inspected visual-
ly and with an ultrasonic fault detector.

The electric slag process is especially efficient in the fabrication
of thick-walled high-pressure vesscls, and may prove so in the
manufacture of crankshafts. As has been already noted, forged crank-
shafts are difficult and labour-consuming to make. Currently, work is
under way to replace all-forged crankshafts by welded ones. A welded
crankshaft may consist of forged components or blanks made of plate.

The layout of the welded joints between the component parts
depends on the outline, weight and size of a given shaft. The welded
joints may be located on the webs of the crankpins or on the shaft
journals (Fig. 247).

The components of a crankshaft may be assembled by welding
with-wire or plate electrodes. The number of wire electrodes or the
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size of plate electrodes is determined by the thickness of the work-
iece.

P Crankshafts can be successfully welded by the resistance slag proc-
ess. The components of crankshafts are welded with either wire or
plate electrodes by the technique usually employed when welding
compact sections. It is advisable to fit up and weld crankshafts on
a suitable jig, on which the shaft components may be quickly mount-
ed and clamped in place. Welding may be performed with either
an A-372M or an A-372P welding apparatus.

The welding procedure varies with the material of the crankshaft.
In most cases, crankshafts are made from steel 45 which requires
preheating. In view of the service conditions of crankshafts and he-
cause of the post-welding heat treatment they are given, it is advis-
able to have weld metal

of the same chemical ]
analysis as the parent ) )

metal. This may be ob- T

tained by using plate

electrodes made from

steel 49, 1. I U I T |
Resistance slag weld- L

ing may be applied to a b

crankshafts  of both Fig. 247. Forged-welded crankshaft:

mund an‘d reCtang_UIar a — welded joint across web; b — welded joint across
cross section, especlally shaft journal.

if the component parts

are joined together at a journal. This reduces the number of
welded joints and simplifies the welding cquipment required. It is
not unlikely that a universal welding outfit may be developed for
various sizes of crankshafts.

The electric slag process can sharply reduce the amount of forging
work. The labour requirements in the fabrication of crankshafts
may be further cut down by replacing forged components by rolled

arts.

P In some cases girder-type structures have to be made. They are
too complex and inconvenient to forge. In such cases, it is advisable
to design them in smaller and simpler parts for forging and to weld
the forgings into a finished structure by the electric slag process.

An examplein point is provided by ingot tipper bars. They are made
of steel 35 and measure 9,000x500x 140 mm and 12,000 x 600 x
x 160 mm, respectively. Each bar consists of three parts. The parts
are lined up for welding and welded on a welding outfit incorporating
a fixture and an A-372M or an A-372P welding apparatus. Fig. 248
shows this unit welding an ingot tipper bar. The welds are made
with a CB-10I'2 wire and AH-8 flux. ’

Information about the efficiency of the electric slag process as
employed in the fabrication of forged-welded structures is far from
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Fig. 248. Electric slag welding of an ingot tipper bar for a blooming mill.
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complete. By way of example, one manufacturer has reduced the pro-
duction time of power cylinders for hydraulic presses from 90—the
time needed to make all-forged cylinders—to 67 days. Metal consump-
tion has also been reduced from 220 tons to 180 tons, while the
fabrication costs of a forged-welded cylinder are much less than those
of an all-forged cylinder.

4. Composite Structures from Plate, Forgings
and Castings

Among welded structures made by the electric slag process there
are some consisting of cast and forged components, or of cast parts
and components made from plate.

For example, the frame of a forging press has parts which are
forged, cast or rolled. The shafts of hydraulic turbo-alternators are
madec from forged and cast parts; the hydraulic cylinders of walking
excavators are also combined from forgings and castings.

The considerations governing the electric slag welding of composite
structures are the same as for the electric slag welding of castings,
forgings and plate discussed earlier.

Here are a few examples of composite structures made by the
electric slag process.

The welded frames of forging presses consist each of two uprights,
a cast crosshead (steel 25 JI), a forged shaft (steel 30) and connecting
elements: lids, bedplates, etc. The total weight of rolled parts is
55.3 tons; the weight of the castings is 28.1 tons, and of the forgings,
6.7 tons. An upright of a press consists of two U-shaped halves and
a pedestal of a box section (Fig. 249). The uprights are made from
steel 3 plate 60 and 80 mm thick. The pedestal, which is the mid-
dle part of the upright, is made of rolled sections 80 mm thick.

The sequence of operations in the fit-up and welding of press frames
is as follows:

1. The pedestal is fitted up and welded by the electric slag
process.

2. The pedcstal is heat-treated to relieve residual stresses.

3. The upright halves are fitted up and welded to the pedestal.

4. The upright is heat-treated to relieve residual stresses.

5. The uprights and the cast crosshead are fitted up and welded
together.

6. The uprights and the crosshead are heat-treated together to
relieve residual stresses.

7. The connecting elements of the frame are fitted up and welded.

8. The welded frame is heat-treated.

The individual components of the frame and the frame as a whole
are fitted up for welding on‘conventional plating blocks. The ped-
estal and upright halves are fitted up for welding simultaneously
and independently of each other. The sides of the pedestal are first
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to be lined up by mecans of auxiliary gussets. The gap between the
sides is 25** mm. The edges may have an offset of not more than 3 mm.
The starting and finishing tabs should be tacked before welding.

The sides of the pedestal and the other components of the frame
may be welded by an A-372M or an A-372P welding unit. The joints
in the pedestal may be welded cither consecutively or simultancously
by two welding heads (making twe welds at a time). In welding the
sides, use is made of copper backing-up strips. After the sides have
been welded, the top and bottom plugs are inserted, and slag-welded
with fusible steel backing-up strips. The joints of the upright halves
arc not tack-welded. The joints of the upright may be as high as
5.0 m. Consequently, the operator stands on a suitable lifting plat-
form or scaffolds.

The joints of an upright are welded as follows: first to be welded
arc the joints between the upright halves and the pedestal; they
are then followed by the longer joints. For a gencral view of the
electric slag welding floor for uprights see Fig. 250.

Welding results in residual stresses which concentrate at abrupt
changes in section. These stresses may develop into cracks. To pre-
vent that, the welded upright should be annealed. Upon heat treat-
ment, a cut is made in the upright for the cast crosshead. It is not
advisable to make a cut prior to heat trcatment, as changes in the
cross section of the upright at the cut may result in appreciable de-
formation of the upright. The crosshead is a casting of steel 25J1.
In casting, riscrs and gates should be placed away from the surfaces
to be welded. If these surfaces have defects, they should be repaired
before the crosshead is mounted on the uprights.

For the reasons of design, it is not possible to weld all the joints
between the uprights and the crosshead by the electric slag process.
Therefore, after the uprights and the crosshead have been fitted up,
only four outside joints are welded by the electric slag process. The
four inside joints between the crosshecad and the uprights, being
inaccessible to electric slag welding, are welded manually. After
the forged shaft and connecting elements are welded to the frame,
it is tompered to relieve residual stresses. A general view of a welded
frame is shown in Fig. 251.

The welding conditions for the frame are as follows:

Joint gap for plate thicknesses:

80 mm ... . ... .o e e . 25-28 mm
IS0 mm . . ... 0oL s 27-30 mm
Offset of edges . . . . . . . . ... ... 3 mm
Wire diameter . . . . . . .. . ... .. 3 mm
Electrode wire . . . . . . . .. ... .. Cn-08I'A
Number of electrodes . . . . . . ... .. 2
Speed of wire feed . . . . . . .. ... 200-250 m/hr
Electrode spacing . . . . . .. ... .. 40 mm
Rate of weaving motion . . . ... ... 26-31 m'hr
Welding current . . . . . . . . ... .. 500-550 a

per electrode



Fig. 249. Parts of the frame of a 4,000 ton forging jress:

{—middle portion of upright; 2, 3—upright halves, £—upright; 6§ —right-hand and lefte
hand uprights and cast crosshead assembled.

Fig. 250. General view of a station for the clectric slag welding of upriguls fur
forging presses.
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80 mm ... .. ... ... 42-44 v

150 mm .. . ... ... oo 44-48 v
Distence between electrodes and moulding
shoes . . . . .. ... ... ..., 8 mm
Dwell of electrode at moulding shoe . . . 5 sec
Dry length ot electrode . . . . . . . . .. 60-70 mm
Depth of slag pool . . . . . . ... e « « 40-50 mm
Flux . . . . . ... ... . . . AH-8 or ®l1-7

In slag-welding steel 3 with Cs-08I'A wire and AH-8 flux, the
mechanical propertics of welded joints are as shown in Table 101.
The average chemical analysis of a weld is 0.11 per cent C; 0.84
per cent Mn; 0.06 per cent Si; 0.024 per cent S; and 0.028 per cent P.

Tests of welded joints and welds have proved their high quality.
The mechanical properties of the welds and welded joints are com-
parable with thosc of the parent metal (Grade 3 steel).

Composite welded structures incorporating rolled sections and
castings are also of a high quality. This has been borne out by me-
chanical tests of the joints between rolled sections and castings
(Table 102).

The welds arc inspected for quality by visual cexamination and
with gamma-rays. Defects are repaired by manual welding. Repairs
arc usually performed with the concurrent heating of the faulty place.

The frames of forging presses were first to be designed for electrie
slag welding. This is why they have some drawbacks in design:

1. In the pedestal, three welds intersect one another in the corners
of the top and bottom plugs. Appreciable residual stresses concen-
trate at these places, and cracking may occur there.

2. Sharp changes in section, for example, between the pedestal
and the uprights or between the uprights and the crosshead, may be
conducive to hcavy concentration of stresses with the resultant
danger of cracking.

3. The critical inside joints between the crosshead and the up-
rights are inaccessible to the clectric slag process.

These drawbacks should be eliminated in the development of
structures specifically designed for the large-scale use of electric
slag welding.

Another example of a composite structur¢c may be provided by
the shaft of the hydraulic turbine made for the Varvarino Hydro-
power Station. Schematically, the welded shaft is shown in Fig. 252,
The length of the shaft, including the flange, was about 7,000 mm.
The diameter of the shaft upon roughing was 760 mm, while the wall
of the shaft was 200 mm thick. The flange was 2,000 mm in dia. This
shape of the shaft is extremely inconvenient for forging, and the
forging opcration is too expensive and labour-consuming. The junc-
tien between the hollow shaft and the flange is especially inconven-
ient for forging. Inadequate forging action at this place produces
metal of low quality. A welded shaft, on the other hand, consists
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Fig. 251. General view of a welded frame.
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of two forgings: a hollow tube and a flange. The weight and cost of
the shaft can be further reduced by replacing the forged flange by a
cast one. The reduction is owing to smaller allowances for casting
than for forging. Besides, the unit cost of such a casting is appre-
ciably lower than that of a forging.

The shaft tube was forged in Grade 30 steel, and the flange of the
shaft cast in steel 25JI. When casting the flange, the risers and gatos.
were located an the outer side of the flange. The shaft was assembled
upon roughing. The joint gap between the flange and the shaft was
25 to 26 mm. The joint was tack-welded by transverse strips. The
assembled shaft was mount-
ed on the roller bed of a r 68%0
special-purpose welding ,
unit. Both its design and the L
welding technique for this
type of scam were described

earlier. Fig. 253 shows this y
shaft in welding. Use was I P
made of Cs-08T'A wire and § _“_é___ _"__ AL
AH-8 flux. The edges were € L5 l
preheated to 100 or 150°. AN

After welding, theshaft was
normalised and tempered.
Before the shaft was put
into a furnace, the weld
and adjoining areas of the
shaft and flange were main-
tained at 60 to 100° C.

The welds were inspected visually and with gamma-rays. The
mechanical properties were determined on coupons in the form of
two rings 100 to 200 mm wide which were cut out of the blanks of
the flange and shaft tube at the joint end. The test specimens were
heat treated simultaneously with the welded shaft. The results of
the mechanical tests are presented in Table 103.

Fig. 252. Shaft for a hydraulic turbine.

Table 103
Ultimate Yield potut, Elongation, Reduction Impact
Sk | wemmt | onIgpt | gamn | g
43.2-44.5 24.3-25.7 30.3-33.7 65.7-69.4 9.0-13.6
43.9 25.2 31.5 67.0 12.3

In all, three shafts for the Varvarino Hydropower Station have

been successfully welded by the electric slag process.
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Fig. 253. Electric slag welding of a shaft for a hydraulic turbine.

Flé. 254. Cylinders for walking excavators welded by the electric slag process.
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The electric slag process substantially cuts the production time
and costs of composite welded structures. For example, the frame of
a 4,000 ton press made by the electric slag process weighs about
25 tons less than an all-cast one, while the production time is
halved. As for frames for 6,300 ton presses, the production
time is 30 days shorter and a composite frame weighs 40 odd
tons less and is approximately 25,000 rubles cheaper than an all-
cast one.

The welded shafts for the Varvarino Hydropower Station have saved
42 tons of metal each and about 72,000 rubles in all. Much money is
saved in the fabrication of power cylinders for walkingexcavators.
A welded cylinder takes 20 tons less steel and up to 40 per cent less
time for fabrication than an all-cast cylinder.

A cylinder for a walking excavator is a composite article made
up of a barrel weighing up to 6.5 tons, and forged from steel 35,
and a cast head up to 7 tons in weight. The bore of the main cyl-
inder is 750 mm, and its walls arc 140 mm thick. The length is over
2,000 mm.

Such cylinders are fitted up for welding and welded by the same
procedure as cylinders for hydraulic presses.

Inside welds are backed up by copper moulding shoes, copper or
fusible steel backing strips. As the diameter of a cylinder isrelatively
small, while its length is large, copper moulding shoes are less
convenient, as they stand in the way of the opcrator watching the
progress of the weld. Welding units for the fabrication of power
cylinders for walking excavators are similar to those used for welding
cylinders for hydraulic presses. A general view of such a unit is shown
in Fig. 254.

Cylinders are given a preheat and welded with Cs-10I'2 electrode
wire and AH-8 flux, and are normalised and annealed upon weldiug.

5. Electric Slag Welding
of Heavy-gauge Reinforcing Bars

The reinforcement employed in hydraulic works, skyscrapers and
large industrial structurcs is made up of bars 20 to 100 mm in diam-
eter. The manual welding technique with straps is obviously out
of date. For one thing, it does not produce welds of the desired
quality. Secondly, it takes more metal and more time.

Conventional resistance butt-welding machines can only make
single butt welds in the flat position. The specialised machines ma-
nufactured by the Elcktrik Works can weld reinforcing bars at the
shop.

However, the electric slag process is the most efficient and cconom-'
ical as far as reinforcing bars are concerned, although what is
known as the bath method also finds some use.
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. The bath method consists in that the ends of the bars to be welded
are niclted by the heat generated by an open arc in a pool of molten
metal. -

In the case of horizontal butt welds, the metal pool is retained
by fusible back-ups. In the case of vertical butt welds, the
back-ups are dished. They are tack-welded to the lower bar, while
the end of the top bar is double V'd to an included angle of 30
or 35°.

Welding is started by dipping an electrode into the gap between
the ends of the bars which are placed on a steel back-up. Then the
arc strikes, and the electrode is
moved along the gap, sweating the
lower edges of the bar ends. The
electrode is moved back and forth
in the gap until it fills with metal.

As soon as one clectrode is con-
sumed, another one should be melt-
ed without any interruption. Use
is usually made of electrodes 4
and 5 mm in diamcter with the
YOHHUMU 13/55 covering. A modified
bath method employed for ficld
welding uses a number of electrodes
at a time, and steel back-ups, with
the slag run off (Fig. 255). Still
another multielectrode modifica-
tion of the method suitable for
shop welding depends on a copper
Fig. 255. Multielectrode welding of mould. PfOth th.e steel and the cop-
reinforcing bars with slag run off:  per backing strips are made of two
1 — bars being welded; 2 — steel back- halves, which are aligned with a

ing strip; 3 — electrodes; 4 — slag. gap widening towards the top, for

tapping the slag which is formed
when the YOHUU 13/55 covering melts. In welding, the arc quickly
travels from one electrode in the cluster to another. The cluster is
lowered as the electrodes m:lt away. The welding conditions for this
method are tabulated in Table 104.

The bath method just described has been used in the construction
of ferro-concrete foundations for skyscrapers. Despite its simplicity,
it is not free from serious drawbacks. Among other things, the upper
bar has to be bevelled for welding in the vertical position and a spe-
cial station has to be provided for making fusible back-ups in the
form of clamps or dishes.

Much metal goes into fusible back-ups, as their thickness should
be more than 18 mm. An 18 mm back-up employed en bars 40 mm
in diameter and welded with a spaciag of 20 mm and a current of
500 to 600 a will burn through. :
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Table 104

Gap, mm Numuber of clectrodes for
rﬁ:?“é?:&;lgl'glfall;l:m Welding
lectrod ¢ ’ cld
Barga | het || Hotrde
comg&cnd- . 5 6
25-32 9 12 4 4 — — 325
36 10 15 4-5 5* 6 - 35({500
40-45 11 18 5 — 8 — 650
50-55 12 2 5-6 — 7+ 5* 550-650
60 13 25 5-6 — 10°* [ _7,%
70 14 28 6 - — 9

* Welded with two clusters of electrodes placed in tandem.

When in 1953 the Electric Welding Institute developed the elec-
tric slag process, another method for welding reinforcing bars

Fig. 256. Waler<ooled mould for the clectric slag welding of reinforcing bars.
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with a portable automatic head [2] was suggested. Welding is
performed with one or two electrodes 5 mm in diameter and OCII-45,
AH-348 or ®L-6 flux. The head is powered by a TCI-1000 or a
CT3-34 welding transformer. No edge preparation is required,
and the spacing of the edges to be welded is 20 mm. The welding
current should be more than 600 or 700 a so as to obtain complete
penetration on bars 40 mm or more in diameter.

A

ONFANNNNN

Fig. 257. Semi-automatic electric slag welding ef reinforcing bars:

1—slag pool; 2—electrode carrier, 3—electrode, 4—moulding arrangement; §-—cooling
water pipes; 6 —weld metal; 7—metal backing strip; §—fit-up strip.

Use has also been made of the semi-automatic electric slag process
to weld butt and corner joints on bars 30 to 80 mm in diameter. The
method consists in that two bars are lined up with a spacing of 20
or 25 mm. The edgos of the bars are prepared for welding with a gas
torch. The joint is then enclosed in a water-cooled copper mould
(Fig. 256). The equipment employed is the I1Ill-5 standard portable
welder using Cs-08 electrode wire 2.5 mm in diameter. The slag pool
is obtained in the pocket placed on top of the mould. The bottom of
the mould is lined with a graphite backing strip so that the arc may
conveniently be initiated when the weld is started. The depth of the
slag pool should not exceed 15 or 20 mm. Schematically, the method
is shown in Fig. 257.

In welding, the electrode guide should be moved across and for-
ward in the direction of the weld. Power for the welder is drawn from
a welding transformer or a d.c. generator. In the latter case, the
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current should be of reversed polarity. The welding conditions are
as follows: speed of wire feed, 170 m/hr; welding current, 400 to 425 a;
welding voltage, 35 v. These ¢nditions are suitable for bars 30 to
80 mm in diameter. The welding time decreases with increasing cur-
rent.

Fig. 259. Reinforcing bars welded by Y. I. Neshchadim's
method..

Figs. 258 and b are macrographs of a corner and a butt joints made
on bars 60 mm in diamcter by the semi-automatic electric slag process.
As can be scen, the weld metal is dense and free from gas pockets
and slag inclusions. Tensile tests of corner joints in bars 60 mmin
diamcter have proved the efficiency of electric slag welding. All
specimens failed in the parent metal.
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Apart from the ITII-5 portable welder developed by the Electric
Welding Institute, use is made of the JJOIIIT portable welder and the
JIUBT-5 welding gun weighing 1.8 kg, which is mounted on a JUBT
pedestal. When two wire electrodes are used, power is drawn from
two transformers which have their winding connected in an open
delta.

Operator Y. I. Neshchadim has suggested a semi-automatic elec-
tric slag method for welding reinforcement bars with clusters of
bare steel rods or steel plates in conjunction with AH-348 flux
(Fig. 259). The advantage of this method is its simplicity. Howcver,
it suffers from a serious drawback—the weld metal is of a relatively
low quality, as much phosphorus goes over from the AH-348 flux
into the weld. The quality of the weld metal can be appreciably
improved by usingrods (or plates) and a flux of the appropriate chem-
ical analysis.
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