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FOREWORD

Electric slag welding is a fundamentally new method of permanently joining
metals. It 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 'l‘aganroz;, both of which are leading plants in the ficld.

As distinct from other fusion welding methods, the clectric slag process
depends on the heal generated by the passage of an clectric current from the weld-
ing rod (electrode) to the workpicce 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
moulding, 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,
elc. 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 electric slag process won a Grand Prix, and
at Soviet exhibitions 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
up 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 sou%ht to cover all the latest achievements in
the science and art of electric slag welding.

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 [I 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 TV; and Sections 3 and 9 of Chapter VIII.

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

[. K. Pokhodnya, M. Sc. (Tech.)—Section 7 of Chapter 1V; and Section 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. .

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

0. 0. Rosenberg, engineer—Section 4 of Chapter V and Chaplter 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, engineer—Section 4 of Chapter VIII.

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

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

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

G. S. Tyagun-Byelous, engineer—Section 5 of Chapter X.



Chapter |
ELECTRIC SLAG WELDING

1. Definitions

Electric slag welding is a process in which welding heat is pro-
duccd 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 4 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 scttle on the bottom of the
slag pool to form a metal pool 5§ which solidifics 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 g
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 appreciablc 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. g, 7 pia-
2a shows a hypothetical case with no heat transmitted gram of elec-
through the unrestricted surface of the metal pool. In tric  slag
Fig. 2b, the metal pool is heated by molten slag, as in welding.
the submerged arc process. If the direction of heat
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-

H
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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 encrgy 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 riscs sharply with temperature, while below a certain
point slag is non-conducting for all practical purposes. This com-
plicates the stahilisation of welding.

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 welding, ncarly all the eclectric
power in the electric slag process is imparted to the slag pool which
transfers it to the clectrode and the parent metal. Thercfore, if weld-
ing is to procecd 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 arca 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 A), 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 ¢ arc 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 section of the result-
ant weld.

If curve ¢ is to be obtained, c¢i-
ther the volt-ampere characteristic
of the power source should be more 4
drooping, or the conductivity
temperature relation of the slag
pool should be changed. As the Heat input
temperature rises, the resistivity of === Heat abstraction
the slag increases, hut the depth
to which the electrode must beim- 6. 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 electrode. The reason is that with the same change in
the amount of metal to be melted, the lincar dimensions of an elce-
trode change more when the cross section is small than when it is
large. With slender clectrodes, 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 cleetric 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

nw
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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 achieved by employing slender electrodes, thus increasing
the gap betwcen 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 cdges 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
pot 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 electric 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.

10



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 filler
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 size of the drops
variesinversely 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 I11I).

11



When the clectrode 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 electrode 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 varics
insignificantly or rises, depending on the power source employcd.

" 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 use 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 dctail
sce 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 weclding.

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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lig. 6.

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

Fig. 7. Diagram of electric slag welding on heavy sections:

a—three electrodes weaving in the groove; z—!)nultlelectrode welding (without weaving
motion).
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or their cross section should be changed, or a combination of
these three mcthods employed. Fig. 7a shows welding with three
weaving electrodes, and Fig. 7b, 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
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 clectrodes. In
this case, no electrode guides are employed,
and the vertical motion mechanism car-

Fig. 8. Diagram of elec-
tric slag welding with con-
sumable clectrode guide:

1—consumable electrode

guide; g¢—electrode  wire;

3—moulding  strips;, 44—

slag pool; &s—metal pool;
6 —weld.

rying a fixed electrode moves down to-
wards the joint.

Large-size electrodes may vary widely in
shape, being rectangular (plates), annular
(for cylindrical parts), or odd-shaped. For
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 of electric slag welding with threc
plate electrodes.

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

Fig. 11. Electric slag weld:
a—cross section, b—surfacc view.
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ed. Sometimes, the current may be switched off hefore the parts
are upscl.

Wire welding has of late found a broad ficld of industrial appli-
cation. Its advantage is that pints may be obtained of any shape

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

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 its macrograph.

Plate electrodes arcapplicable to relatively short (1-1.5 m) straight
joints in metal of any thickuness. 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
arc 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
tho same time, grain-boundary voids fill better with metal. Should
a gas bubble or non-metallic inclusion be entrapped on the bound-
ary between 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 downhand
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 duc 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 ficld 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 structures 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, there is no need for bigger cranes, moulds, or
presses, as structures can be designed in several sections rather than
in one casting or forging, and can then be assembled by electric
slag welding into a composite unit.

Heat-treatment furnaces secem a more difficult bottleneck to clear,
especially when parts have to be machined to close tolerances. When
heat trecatment 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 near 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 cmployed 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 cxisting 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-scction 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 eclectrodes 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, ete.
More recently, great headway has been made in the slag-welding of
cast iron, titanium and titanium alloys, and also of some stecls
of increased 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 whero
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 preference 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 N 4
and may be ignored. 3 L/
Most of the clectric power is S |8 r
converted into heat by the super- ) & N
heated slag adjoining the elec- 3 S Y
N R . \
S R y
S |38
§

noX N @
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 vaitage Hegh voltage AH-8 flux AHP-1 flux
¢ s 4 Lowelectrical con- l/lg[r electrical con,

auctivity(bonm’cm) auctivity(Zonms 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 b) 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 of electric slég 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; &-—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 metal.

The pattern of heat dis-
tribution in electric slag
welding varies with weld-
ing conditions. The chart
in Fig. 16 gives some 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 mectal. 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
isnotat 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 electrode 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 clectrode 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

tee,

200 Electric stag welding
Arc welding

= —

16 20 24 28Time min

/)
Y/ 4

t°c 0

woo £ /1 £

\
YR
800 - \ =

600 |—

as2mm
a:=3mm

/
/

400 \ n

- == ?'/‘l"—f——-——l.‘- PR B SR SR _‘%
200\—A7 \

i/ 2 I |
A distance from line g

.30m2 S 26 5m A~ ' !

el L fmﬂﬂl” 1

4 8 12 o 16 20 24 28 Time,min

b

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 seen 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
Welding conditions é % o S
g 5 3 S Mode | Mode
SRR RETE i
- o e ﬂn:—-
Metal thickness, mm . . . . . ... ... 100 100 | 110 | 100 | 100
Current in each electrode, a . . . .. .. 450 450 1 950 | 500 | 500
Welding voltage, v . . . . . . .. o oo 0| 38440 44-46] 30-32| 32-341 32-34
d.c.la. c. |a ¢
Rate of weaving motion, mfhr . . . ., . . 40 | 40 - — —
Welding speed, m/he . . . . . . ... L. 0.7 1 0.8 40 40
Electrode length above slag pool (dry length),
11114 O 50| 70 — 40 40
Depth of slag pool, mm . . ... .. .. 401 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 temperaturc 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 entirely.

Table 2
Electric slag suf,",’,‘,’(!ﬁ:;{i?i";m
welding welding

Thermal cycle variables { elee- ] 2 clee
trode, frodvs. M(:de M(.}de
3 mm| 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. . . . . . . . . G30{1;020} 12 55
Cooling time from 350 to 200°C (upper interval

of martensitic field),sec. . . . . .. ..., .. 1,620)2,460) 20 | 225
Width of weld-affecled region, mm . ... ... 16 18f 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 /; voltage between the electrode and the work, or simply
welding voltage v,; depth of the slag pool k. 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
n; gap between the edges b,: and some other variables.

The primary variables or conditions of a welding procedure arc:
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 electric 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 TILIC-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 7,
are related by the equation:

<

vy _Fe
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:

F,
Uy = Uei;;.

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,
P, 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-
ever, 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.
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N

Fig.21. Weld width i clee- 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 effect
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
caleulate 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 cffect 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 transiormer.

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 clectrode speed, and encrgy 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 _VIF, 50 X460 X 28 _ 39 5 kwh/m

But = 5= = " = 500 % 0.07 < 1.000
e’ ¢

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

50 X 680 X 24

— — 920 .
8u.t = 500,07 X 1,000 — 29-1 kwh/m,

or nearly 30 per cent less.
Conversely, at low electrode speeds, the width of the weld decreases
with the decrcase in the current. 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—%— 150 mm; ¢ —-—;:-100 mm; 3 — -;—50 mim (electrode 8 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,
elcctrode 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 clectrode.

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 metal y is

=t = les 100 %
gy '

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 secn 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 decrcased
past a certain point, poor fusion may
result and the stability of the welding
process may be upset, as the electrode
tip will close 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 of

100 m/hr; b—broader weld, welding

speed of 200 m/hir, c—narrow weld,

welding speed of 500 m/hr (the other

welding varlables 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 (%)
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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 speed, 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 voltage at various values of il
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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 docs 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-
por tion of heat is spent to prehcat the parent metal above the fusion
zone. Qut 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 width 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 rccommended depth of the slag pool as a function of the

ratio-zi(';;—" for a dry length of 70 mm, a joint gap of 24 mm and a
weaving-motion rate of 40 m/hr.

Table 8

vem
: 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

600160 the number of electrodes
- (Fig. 33).

2 b | N Table 4 presents data

i 0050 s on steel 100 mm thick

s e V4 pro— welded by the electric

= ] Ve =<U/m/hr slag process with one

Ebw “ 3 2"’? ;g’;; and two electrodes.

O 7 As to the reciprocal
3 g 8= 100mm . ;

0k30 quantity, metal thick-

ness per electrode, its

increase to a certain val-

7 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 ¢
e o, Weiang yotoge, | it | Myt | wiow,
44-46 200 2 50
400 1 <30 (poor fusion)
100 48-50 200 2 63
400 1 37
52-54 200 2 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 clectric 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. 113b 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 shocs. When several
oscillating clectrodes are used,
account should also be taken of
the electrode spacing and the
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-line volt-ampere characteristic, the variations in weaving mo-
tion rate from zero to 130 m/iww cause the current to rise by an av-
erage of 5 per cent. The
power will rise by the 60 | I T
same amount, but the ‘ :
average width of the 50
weld will be reduced
rather than increased for
reasons which will be
explained later.

Fig. 36 shows the
width of the weld plot-
ted against the weaving
motionrate of clectrodes
at  various electrode

Fig. 35. Arrangement of electrodes in
welding with weaving motion.

T

40

weta wiatn. mm

7 4, 2

20 0 40 0 60 0
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speeds. With other con-
ditions being cqual, the
weaving motion rate may
be increased with elec-

Fig.36. Weld width plotted against rate of weav-

ing motion at a welding speed of 200 m/hr (1)

and 400 m/hr (2), with a welding voltage of 44 to

46 v and a metal thickness of 50 mm per
electrode.

trode speed without caus-
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

44



through the moulding shocs, reduces the width of penetration near
the 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 souree of heat. This
approach plausibly explains the wider penetration usually observed
near the very surface, even if the clectrode is stationary and posi-
tioned in the centre of the groove (Fig. 37).

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

When conventional moulding
shoes with grooves 2 to 3 mm decp
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 were
cqual to the heat lost to the mould-
ing shoes, penetration would nev-
crtheless not become uniform.
Indeed, macrographs show that the .5 47, Llectric 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 clectrodes 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 effcct 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 1) is brought
about by the weld reinforcement; the contraction (at 2), by the heat
lost to. the moulding shocs; and the expansion (at 3) 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 undesircd
stops inside the groove, thus expanding penetration. To minimise

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

should
electrode

this effect, the swing
be shorter than the
spacing.

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

d=o+A,n— 24,

1)

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
offect 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
penetration 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, ,t— 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,nt — (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
arc melted more deeply than if the hcat were distributed uniformly
across the thickness. After the clectrode 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
vh metal pool, however, this heat is usually sufficient for the down-

flowing metal to fuse with the

00— DAV cdges that were melted before.
- 1/ Shm The total power and the weld-

/ ing speed do not change with
‘/‘ the rate of weaving motion. The
/ T cxpansion of the weld is due to
] an increase in the width and a
] decreasein the effective length of
mpﬁe‘tv T the heat source. As a result, the
penetration average valuc of the heat flux
/ _/ 11 becomes progressively smaller,
receding from the bottom of the
metal pool towards the parent
metal and is increased where the
\\ edges are melted. Unfortunately,
\ this does not improve the shape
100 of the metal pool, as its depth
increases rather than decreases

2 46 46483052 5 inthe wake of the electrode.
Mimmom welding vollage V,, volts If the weld is to be sound, the
Fig. 39. Ratio of least welding voltage optlmuqurlables should be Chps—
to welding speed giving full penetra- ¢n for a given procedure, with
tion and fusion at various thick- due account taken of their in-
nesses per clectrode: fluence upon one 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 examined
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.
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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 (¢) 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 mectal 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.

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

gram of metal pool in
welding with one moving
clectrode.

gram of metal pool in
welding with one fixed
electrode.

The outline of the interface changes with the shape of the mectal
pool. Fig. 40 shows schematically the shape of the metal pool for
welding with one moving electrode, and Fig. 41, for welding with one
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 crystallisation layers without changing cither their direclion
or shape.

The grain size and microstrueture of the cleetrie slag weld depend
above all on the conditions in which the melal <olidifies. These are
(a) the temperature of the weld pool and the time at this tempera-
ture; (b) the direetion and rale of heat abstraction; (¢) the mixing
of the molten metal by conveetion, eleetromagnetic forees, and the
travel of the heat souree; (d) the chemieal analysis of the weld metal
and the presence of impurities and insolubles in it, ele. The faclors

Fig 42. Crystallisalion layers:
a — In welding with Lxed eleetiode, b — i welding wilh
moving electrode.

alfecting primary crystallisation and, consequently, the structure
and grain size of the solidifying metal are too many, and it is hard
to Lrace Lheir eifect on the resulls 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 sohdifying metal. In default of an adequate erystallisalion
theory, the strneture of eleetrie 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 eleetrie slag process, as applied to struetural carhon and low-
alloy steels, produces a wide range of 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-
maltically illustrated in Fig. 1%, has two areas of crystallisation. The
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first area, which henceforth will be referred to as the arca of coarse
columnar grains (at [ in Fig. 44), is to be found on the periphery of
the welded joint. In this area 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 [ 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
results in a wider region of coarsc columnar grains, while higher
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Fig. 44. Schematic structure of
Typo 1 weld.

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 narrower.

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
contour of the cooling surface is gov-
erned by the shape of the metal pool
which also determines the direction
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Fig. 45. Effect of metal pool shape on the growth of columnar crystals:
a—ocrystalline grains meeting with end faces on (0.8 aspect ratio); b—crystalline grains meet-
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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—section across weld.
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The cracks run along the boundaries 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 eentre of the weld pool,
with their sides on, offer a higher resistance to crystallisation cracks.

Figz 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 “hcaling” cracks which
may develop. When the clectric 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 bhy
fewer non-mectallic 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 scction 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 /8- 90. 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 second type of structure illustrated by the macrographs in
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 & 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 third type of structure, as will he seen from the macrographs
in Figs. Ola and b, has only an arca of coarse columnar grains growing
in an axial direction. which determines the high resistance of this

Fug. 51 Diagram of stracture of Type 111 weld:

a  section along weld L seetion across weld

1ype of weld tocrystallisation crgeks, 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). As is the case with the 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 grains govern 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 penctration into the
parent metal is low, or when weld-
ing light sections, or when the weld-
ing process is intermittent. The re-
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) arc much more ramificd
than the columnar grains (Fig. 53c).

The columnar grains and the
grains of the parent mctal differ
in size (Fig. 54a). Thc¢ columnar
grains are thicker and scparate 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. 550).
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).

B

Fig. 53. Primary structure of weld
metal (magnification)}60):
a—coarse columnar grains; b—fine
columnar grains; c—equi-axial grains.
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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 groan, « - change from coarse to fine columnar crystalline grain,
d  fine colmnar 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 columnar grains (Fig. 54). In the first and the second type
of weld, the metal in the fine-grain area has a coarser Widman-
statten structure than in the coarse-grain zone (Fig. 55c¢).

The Tourth 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 3 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
electrie 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 employed method is normalising followed by high temper-
ing. Ieat treatment  improves the ductility of the weld metal
and while reducing 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 (magnificationd150):

a—coarse_columnar grains in Type I and II weld; b—coarse columnar grains
in Type II1 weld; c—fine columnar grains in Type I and II welds; d—fine
columpar 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 clectric 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
mctal, 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:

IM],=vy [M] (1 —v) IM],, (1)

where [M1;— 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], 2

shows how much of a given clement has gone into the weld metal
during welding, which, in turn, indicates the direction and rate of
the metallurgical rcactions. 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 Al,O,. 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. Reactions of Manganesc and Silicon

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

[Fe]+(MnO) — [Mn] + (Fc0); 3)
2 [Fe]+(Si0,) < [Si]+2 (FcO). (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-08I'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 b8

concentration of manganese 12 ‘\

and silicon plotted against the 1T

length of the weld madein "; AN a

killed steel Cr.3, 120 mm thick ~ *7 S

with two electrodes (CB-10I'C 3 o - wm

wire; AH-8 flux; 400-420 a at  § a9 2060

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

flux added to the slag pool 040 %SII" . 0040

during welding). 0% - e iy
In electric slag welding the i - 0020

most convenient method of o0 oo

tracing the transfer (or recov- 026720750780 100 120 10 160 10 200 220 2.0 260 260

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

metal is to usc a watcr-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 content of impu-
rities along a weld made in killed low-
carbon steel with CB-10I'C wire.

040 were: wire 3 mm dia; current400-
N 01 \\ 420 a; voltage 46-48 v; depth of
T the slag pool 45-50 mm; dr
G N y
S o oI length of the electrode 80 mm;
§ =Nl . . !
S <o weaving motion rate 20 m/hr;

oY costing. : L dwell of the electrode in the ex-

-an | HE NI treme positions 5 sec. If not spec-

ney ified otherwise, these conditions
—— 4Mp, = =+ =4S werc maintained in all the ex-

&=~ One electrode o- Iwo electrodes . N
) - . periments discussed below. When
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 increascd 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. Variations in recovery of

manganese and silicon with length of

ingots welded with AH-8 flux and one
or two CB-10T'C wire clectrodes.
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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-
ganese 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 CB-10I'C clec-
trode than in welding with two
clectrodes (see Fig. 58).

[f 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
Cs-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 Si0y [ Al:Oy| CaO | MgO | MnO | FeO | CaF, P

AH-8 flux . . .. (32,62 9.4| 7.6|7.02(25.3| 1.6 15.90.038
Slag . ... ... 29.0 7.0 7.8{55 |30.6| 7.7]12.5]0.0074

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
fn the slag pool. A greater

proportion of silicon goes 020 WiTEIT BT
tnto the gascous phase in 010 F———Noxdy Flux AH-8
the form of volatile com-
pounds, such as silicon tet- > 0 \\ 100 o , 200
rafluoride. This is also borne §-00 N LEngtR op L0310 i -
out by the considerable <z N
decrease in calcium fluoride N
. =0.30
in the slag.

Mention should be made %% Keg:
of the intensive accumula- .ﬁ/&m o

. . Ly :
tion of iron oxides in the x/iryo/?

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 (Cs-15I' wire and
silicon and mangancse. As H-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 impuritics 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 scrved 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 and in 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 Cg-10I'C wire

S0 100 Lo g_zqgomt 1 3 mm in diameter,
(3 /1 111 m
=-010 r—a—ﬁﬂ-— and the flux was
"3.-020 cpPFA-t-tob—l-x-—-4*1-1%| Grade AH®-1 of
‘ commercially pure
<-030 calcium  fluoride
-040 = Fey: containing up to

three per cent SiO, .
. 4 f 4 sil The electrode speed
Fig. 61. Oxidation of manganese and silicon in weld- was 300 hr, and
ing with CB-10rC wire and BK®-1 oxygen-free flux the ;3Veldm\/vas’ car-

(fluorspar). 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
the additional shiclding of the 020
slag pool. . 010 ey ——

The course of reactions (3), (4) % dp
and (5) depends also on the con-
centration of manganese and sili- <
con in the electrode metal. The §-020 N
currently employed fluxes bring 9_,3
about an incrcased oxidation of

e AMY; m=Xm= ASi

I R i ot s B

NS N 10 15 [%Mn]

>
RO
1

N
<

.
AN

o1 ~-04 T
manganese and silicon as the 040 | N
content of these two elementsin 020 wey
the metal pool increascs. In turn, AMN - Dne electrode
the oxidation of the silicon serves e—— 451 o= Iwo electroges

to step up the reductlon_ of Fig. 62. Recovery of manganese and
the mangancse of the slag. Figs. gijicon from AH-8 flux by deposited
62 and 63 give relevant data on metal as a function of manganese con-
clectric slag welding with AH-8 tent in electrode wire.

flux. The electrode wire was chos-

en so as to obtain an increasing concentration of manganese in
the absence of silicon (Ce-10I'2, CB-08A, and Cs-08T'A) and an
increasing concentration of silicon with the constant manganese
content (CB-O8I'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
silicon and the reduc-
tion of manganese at
the expense of silicon
(Fig. 63) also becomes
more pronounced as
the concentration of
silicon in the wire goes
up. This is true of
welding with both one
and two electrodes.

The parent metal
reacts little with the
slag, as the interface
area is limited. There-
fore, reactions that do
take place may be
ignored.

The quoted quanti-
tative data on the re-
covery of silicon and
mangancse duc to the
reactions of the elec-
trode metal for differ-
ent grades of elec-
trode wire and AH-8
flux may serve as a
basis on which to
calculate the chemi-
cal analysis of the
weld metal for differ-
ent grades of stecl.
Such calculation also
requires a knowledge
of the composition of
the parent and elec-
trode metal and of
their proportion in
the weld metal.
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Fig. 63. Recovery of manganese and silicon from
AH-8 flux by deposited metal as a function of sili-
con content in electrode wire.
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Fig. 64. Comparison of actual and design contents of
impuritiesin weld metal in electric slag welding with

CB-08A wire.

The concentration of an element in the weld metal can be found

by the equation

(M]w’—‘-‘Y [M]p+(1 —Y) [M¢+AM¢]1
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.

100 i’.~\~ .
0% Pyt
%Mn| Lf —tr~a—-b — -t — -
080
0.70
060
S » I~
;3 0% "\\ “;6; i e mlid mir s sl AEOY Tl R B S B
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‘f‘: 040 v T = =
o0 SEEARERE 5
020 T bt b S b
> >o o > >o
010
0
40 60 120 160 200 240 260
Length of weld from beginning, mm
Key:
Actval weld composition
----- Design wela composition

Fig. 65. Comparison of actual and design contents cf impurities in weld metal
in electric slag welding with C-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.
R By i Pl B v
thickness thickness
Wire
grade
AMn a8 aMn | st
CBO8 . . . v v v i it * . +0.1 »
Ce-08I', Cs-15I" . . . . . . .. .. —0.2 » —0.1 A
Ce-f0r2 ......... b se e —0.5 . —0.4 A
Ce-fOC . . ... ....... .. +0.5 —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- 8
nadium, titanium, etc., in the deposit. = 460a
When Grade X12 high-chromium steel is 6
hard-faced, the chromium reaction is the 4 <~ S
most important. <2 1
When hard-facing is carried out with sil- *- -
icate fluxes, chromium is oxidised mainly " 0M 772~
as follows 86+ -+
2(Cr]+-(Si0,) = 2 (CrO)+(Si]; 3) -§a %;}‘o’
[Cr]+(MnO) & (CrO)~+[Mn]; (9) g
[Cr]+(FeO) 2 ( CrO)-+[Fe]. (10) .‘§0 5
The rate of these reactions grows consid- ‘E 5 l=220 L
crably as the temperature decreases. That *~ J “ i
is why less chromium is oxidised in hard- 4 ,8/
facing by the arc process with heavy 2 *,'
current than by the electric slag method 0
(Fig. 66). %ltagejtf yalt[j
W
3. Oxidation of Carbon —— O 51:;{;”,,,,]

. . --O0- -0- - Arc welding
In electric slag welding, the carbon may o
be oxidised by the oxygen contained in the ['l‘g' 66. .U’“dahw“ Odf
1t n Steel- chromium m' su merge
motte ’ arc and electric slag hard-

[C]14-{0]=CO. (11) facing.
The carbon may also be oxidised by the oxides contained in the
sla
¢ (C]+(MnO)=CO-+[Mn]; (12)
2[C]+(Si0,)=2CO0+Si}; (13)
[C]4+(FeO)=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 to the concentration of
carbon in the wire and the accumulation

1 7 4600 of iron oxides in the slag.
19 The quantity of oxidised carbon may
10 recach 0.5 per cent or more when the con-.
¥ 05 - r centration of carbon in the electrode
=7 metal is high, as, for instance, in the
3 welding of cast iron and in hard-facing
" . A e o
g5 with sintered rod containing 2 to 3 per
S cent carbon. In all cases, however, less
= 1-04--10— carbon is oxidised in electric slag weld-
N “%"C o~ ing than in the arc process (Fig. 67),
S0 as the involved temperatures are
R hy2200 o lower.
b There is a definite relation between
w—e- ° the reactions of carbon and manganesec.
as|- = More specifically, the oxidation of man-
0 o] ganese is retarded as the carbon content
25 ¥ 45 in the clectrode metal rises. This is prob-
Vollag; Vi, volts ably due, on the one hand, to the reduc-
o0 5129 :,g',,,,-,,g ing action of the carbon, and, on the
- o - Arc welaing other, to the incrcased 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. Reactions 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
for one reason or another.

Sulphur in the welded -

joints made in carbon
steels is more dangerous
than phosphorus, as it
givesrise to hot (crystal-
lisation) cracks. When
manganese fluxes (AH-8,
AH-22 or ®I-7) and
standard electrode wire
are employed. no desul-
phurisation of the metal
poolis accomplished dur-
ingelectric slag welding.
On the other hand, no

aP
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Changes in phosphorus con-
centration, ¥,
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|
O
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Q.
N, =5
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Length of casting, mm
Key.
0= AH-8, =——x=—— [H-22

Fig. 68. Variations in recovery ot phosphorus by
deposited metal from slag with length of ingots.

appreciable amount of sulphur goes from the slag into the weld metal.

Desulphurisation is particularly important when carbon stecls
and, especially, 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 stcel industry has for
many years been treating molten metal with calciferous fluxes, i.ec.,
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 )
Filler metal Flux pex‘-‘sc'ent
in filler in weld
metal metal
Steel 40 . . . . . AH-8 0.022 0.021 —0.001
3C-5 (809 CaF,; 209 CaO)| 0.030 | 0.004 | —0.026
Gray iron AH-8 0.114 0-091 | —0.023
3C-5 (80Y% 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. Use is also made in the iron and stecl
industry of the CaF,-Al,O, and CaF,-Ca0-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
mctal pool can be removed by using a CaF,-CaO slag and by deoxidis-

ing it with carbon,

0030 Imtial sulphur content in wire the carbon being in

the form of a graphite

0.025 electrode or  coal

\ sprayed on the surface

2 0020 of the slag pool, when

“ ! a metal clectrode is

001 "\ employed.

\ Fig. 69 shows the

0.00—= changes in sulphur

Fom o—| content in ingots with

0805 gy and without the deoxi-
dation of the slag.

40 100 160 The proportion of

Length of casting,mm carbon carried from

the electrode metal in-
to the weld pool when
low-carbon steels are
Fig. 69. Sulphur content variations in deposited Welded with the deoxi-
metal in clectric slag welding with flux containing  dation of the slag is,
70 per cent CaF, and 30 per cent CaO, with and  ¢p the whole insignif-

without deoxidation of slag pool surface. cant (fron; ) 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.).

:

A @

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 of
Metal transter factors veltage 155 m/hr
8 | 155 | 300 | 32 | 4 56
Number of drops per sec . . . . . . 1.67 5.0 | 9.0 |4.27(5.0 [9.0
Average weight of drop, grams . . .| 0.71 | 0.47 | 0.51 | 0.55 | 0.47 | 0.26
Average diameter of drop, mm . . .| 5.6 [ 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-line volt-ampere curve. The
electrode was Cs-10I'2

0

wire 3 mm in diame- 100 | 200
ter, mounted in the - 010 L0940 L (230000, 00
centre of a round chill -020

in diameter. °
50 mm diameter . 5 I I N 1

The welding voltage ™.
was 44-46 v, and the §-040
slag pool was 50 mm ¥4 B B e

deep. The flux used e

was AH-8. The elec- ~ 0 ;
trode wire was fed at ~070— o

the rates of 78, 155 YA

and 300 m/hr. The SHomr
oscillograms clearly xh‘:-78m/ﬂ)' .

show the current
N Fig. 71. fof ¢
peaks corresponding g Oxidatioriv e(it;l i:lga:;::dg.so 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.

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 manganesc  becomes

- 010 casting, mm less intensive as the

*020 | welding current  (or

< oY electrode speed) is in-

o0 \&\ creased. An increase

0602 — o in the welding volt-

% T~ age yields opposite
| results.

~as0 ew: Fig.72 gives current

Y. .

oy, = 31~ 32 volts oscillograms for three

oV, = L - 46 volLs values of the welding

x¥,, = 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.

[f 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 negligible. Frece anions O*~ are only present
in basic fluxes.

Silicate welding slags also have present silicon-oxygen anions of
the Si, 0" 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+20=2Fe; (15)

Mn** +20=2Mn, (16)

Gases may also be given out at the electrodes 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 (CB-08A, Cs-10I'2 and Cs-10I'7). The
flux was AH-8 in all cases.
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Fig. 74. Comparison ol mangancse and silicon recovery by deposited metal in
welding with a. ¢. and d. c¢. and AH-8 flux:
a—Cn-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** 7 Cr** 4 Mn;
2Cr4-Si** 2 2Cr** +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 clectrode 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 | .

N - Depth of Carbon loss, | Chromi
culr:.’nz V‘?::ng' pgg)l, n?m Polarity a;erozcstss lossl,wgc}r"gel:nt
210-230 30-32 41 Reversed 0.28 1.7
240-230 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 manganese
transmitted into the slag is in between the quantities observed in
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 0%
The anolyte will be enriched with silica, which will mhxblt 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.
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Fig. 75. Wave forms of electric slag welding with a. ¢. and d. c.:

I—178 m'hr; II—155 m/hr; IIT—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 sum 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

Fuctors of diop straight polarity | reversed polarity

transfer

Electrode speed, m hr

18 | 155 | 300 ' 78 | 155 | 300 | 78 | 155 | 300

Number of drops
transferred per
€ ... ... 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 | 5.6 4.9 | 5.0 |53 |41 40 |45 | 3.4 3.5

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 elec-
trie slag welding than in submerged arc 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 causce of holes and blows in electric 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 manganesc enhances the deoxidising effect of
silicon. If the metal pool contains aluminium or a sufficiecnt amount
of silicon and manganese, the oxygen will combine with these de-
oxidising clements. 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 clements,
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 eclements (silicon, aluminium, ete.)
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 iu 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 clectrie <lag welding has time to leave the metal
pool before solidification and is

the

ever,

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

moulding shoes or

Experience has shown that the

Fig. 76 Gas pockels in electric slag weld:
a due 1 mastare tn welding area (cavities caused by
hydrogen) b nimmed steel welded with  Cs-08A
(cavities caused by carbon monoxide).

slag  pool.  however
deep, provides no
shielding against hy-
drogen of the air. Hy-
drogen  casily  goes
through the slag 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 slag process with
alternating current
and ALH-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. Vvanations in hydrogen - e—dc
content in ingots of steel X25H20 reversea polarity
cast by electric slag process with R’ — Straight polarity
a. c.: . Lo .
- Fig. 78. Varialions in hydrogen
a—with argon shielding around sla i i 1
pool; b—without shielding (natura content in ingots Ol. steel
contact between slag and air); c—slag X25H20 cast by electric 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 experimental 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 conditions of electric
slag welding are attained quickly and maintained ecasily 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 ensure 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 workpiece 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 flakes 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 affects 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 fluid 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 doeposit. 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 stags to the surface of the deposited metal is
to a great mcasurc governed by the content of oxides capable of
“building up” the oxide film.

These, above all, are Al,O,, vinsfan-22 [y | ieu-7
Cr,0, and some others. There- W71
fore, it is essential to reduce + AH - Jba:
the content of these oxides to [t |; Hi Sy
a minimum, if the slag crust is Hi R
to come off casily. E: 1 T
The required welding and S \ Lt —
clectrical properties of a slag 3 M A
arc obtained by the introduc- 8 i_\ A b
tion of appropriate additions. =% \ <IN
As has been found, electric slag ST U - ,
welding proceeds more stead- N~ <3s PR o e g S |
ily when the content of SiO, o0 oo @O0 P00 00
in the flux is reduced and that Temperature, ¢
of MnO increased. The clec-  Fig. 79. Variations in viscosily of exist-
trical conductivity of the slag ing flux grades with temperature.

(and, conscquently, 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 are obtained by trial and

error. g / |
The composite fluxes most %, ™7 /
commonly used in the Soviet § Fluor /
Union nowadays are AH-8, 4 spar /
AH-8M, OL-7, AH-348A, S s
AH-22, and AH®-1. Use is I / i
also made of fluxes based on  § // A8
CaO and CaF,, oxidised fluxes 3 ,.] V4 /fmraﬁ
of the AH-8 type, and the S // .
AH-25, a special-purpose flux 3 A A
of high clectrical conductivity & | _ l
in the solid state. This flux 000 1100 00 B0 %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 stecls 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 less
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,,
Ca0O and Al0, (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 (FOCT 2246-54) (Table 15).

Table 15
Percentage content
Wire classification under Silicon ' Sulphur | Phosphor
FOCT 2246-54 Carbon Manganese I
max
Ce-08T'A . ... .... max 0.10 | 0.8-1.1 0.03 0.03 0.03
Cp45I" . . .. ... 0.11-0.18 | 0.8-1.1 0.03 0.04 0.04
Cp-f02 ........ max 0.12 | 1.5-1.9 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 convenicnt, sim-
ple and widely applied in 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
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welding of some carbon and low-alloy structural steels with AH-8,
AH-8M or ®L-7 flux.

*Table 16
Steel Steel Grade Rod Grade

Structural, low-carbon Cr. 2; Cr. 3, Mct. 3 CB-08A; CB-08rA;

Cs 10IC; Cs-10T2
Boiler . . . . . . . .. 20K, 22K Ce-10I'2
Medium-carbon, cast . . | 2041 2541, 35.1 Ce-08I'A; CB-101'2
Medium-carbon, wrou%ht Steel 30, Steel 40 CB-08l'A; Cs-10I'2
Low alloy, c¢hromansil . | 30XI'CA Cs-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
incans of filler metal (in the form of plates, rods or wire) of the same
chemical analysis as the parent metal. As CaO-CaF,-base fluxes active-
ly withdraw sulphur from the weld pool and oxidisec manganesc and
silicon little, it is possible to employ clectrodes 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, etc.—that has the same
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 well stirred pool of molten metal which solidifies at a
relatively slow rate 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.
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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 scparatc 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 eclectric 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 410 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 be 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-
ference 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. 81c. Should this shape be inacceptable, the
thicker edge should be bevelled (Figs. 81d or 81¢). This technique
is convenient for welding, but it requires additional materials and
lime. 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.

. | bg N&ap wrdth f _
S , /
— bw weld width

2

%

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 exceed 20°. Should the angle
be greater; an overlap may form on the reverse side of the weld
(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 lcast 12 mm but not more than 20 mm long.

Fig. 82. Types of corner joints.

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-clectrode welding machines is warranted. Otherwise, they
may be welded with three-clectrode machines, using one clectrade.

Fig. 83. Overlapping in poorly designed  Fig. 84. Longitudinal sections
corner joint. of welds made by the electric
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 eleetrodes oscillating across the thickness
of the plates being welded. With this technique, one clectrode 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 he
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
arc three methods for welding such jobs: with slender electrodes intro-
duced through copper guides; with large-size plate clectrodes with
the current applied 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
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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-clectrode
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
difticult 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 planc are given in Table 17.

Table 17
Angle of tilt to the vertical,
Type of moulding acoessory deg (Fig. 85)
a 8
Coprer moulding shoes . . . . ... ... ... 20-30 10-15
Steel backing strip . . . . .. .. 0. 30-45 10-15



Greater angles of tilt call for special methods of welding and are
not employcd, 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 diameter 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 cases, 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 plane
- 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 scction 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 cquipment
is well adjusted, satisfactory kerfs may be obtained on thicknesses
up to 400 mm;