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G. M. Ecer and G. G. Lessmann
Westinghouse R&D Center
Pittsburgh, PA 15235

and

H. D. Brody
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ABSTRACT

Pulsed current gas tungsten arc welds made in Fe-26Ni alloy and
AISI 321 stainless steel were dimensionally and structurally analyzed.
Weld pool kinetics, weld surface ripple formation and weld solidification
structure were studied using high speed motion pictures, conventional and
scanning electron metallography, and x-ray dispersive analysis. Varestraint
tests were performed on AISI 321 and 316 stainless steel sheets to study
the effects of grain refinement on the properties of the weld metal and
its hot cracking tendency. A two-dimensional heat flow computer model,
utilizing an explicit finite difference technique, was developed to predict
temperature fields, thermal gradients, the solidus and the liquidus
movement and weld pool size and shape at any time during the course of the
welding operation. Results indicate pulsed arc welding process can be
manipulated to influence mixing in the weld pool, grain morphology and
size in the solidified weld metal and its properties, i.e., hot cracking
tendency. Computer simulations of the heat flow can provide accurate
predictions of the thermal regime occurring at and around the weld pool

during welding.




FORWARD

This final report was prepared by the Westinghouse Electric
Corporation in collaboration with the University of Pittsburgh, under
Office of Naval Research Contract NO0Ol4-77-C0596, "Investigation of
Weld Pool Structure and Property Control in Pulsed Arc Welding". The
program was administered under the technical direction of the Office
of Naval Research, Department of the Navy, Arlington, VA, with Dr.
Bruce A. MacDonald (Code 471) serving as the ONR Scientific Officer

. charge of inspection and acceptance of the program.

The project work was carried out by the Westinghouse
Electric Corporation with the Un.. ~rsity of Pittsburgh, Metallurgical

and Materials Engineering Department acting as a subcontractor.

The Westinghouse part of the progr.m was managed by Mr.
G. G. Lessmann, Manager of Metals Joining and Metals Processing, and
technically directed by Dr. G. M. Ecer. Significant contributions
were also made by T. Mullen (x-ray dispersive analvsis), R. Berrier
(metallography, welding set-up, Varestraint testing), W. R. Kuba
{(welding set-up), R. Kuznicki (x-ray diffraction), A. J. Heim and J. Rogy
(hot and cold rolling), D. F. Baker (vacuum melting), J. Yex {(metallography)
and K. A. Grande (typing). In addition, M. M. Downs was iiwolved in the

preparation of the computer software.

The University of Pittsburgh part of the program was managed
and technically directed by Dr. H. D. Brody, Professor of Metallurgical
and Materials Engineering. Mr. M. Vassilaros prepared the initial
computer model as part of a course project. Mr. Tri Dinh contributed
to modifications of the program and performed the correlations with
experiment, Mr. A. Gokhale was initially involved in cinematographic
analysis of weld pool kinetics, later conducted a study on hot cracking
and weld zone structural control in AISI 316 and AISI 321 stainless
steels as part of his M.S. thesis. Prof. Alexander Tzavaras of
Aristotelian University, Salonika, Greece, participated in the project
from June through October 1978 as a visiting professor. Ms. L. Smith,
Mr. J. Farinelly, Ms. M. A. Krenicky and Mr. J. Gasper have helped in

metallographic specimen preparation. Mr. G. M. McManus and Dr. R. Sinha

alded with SEM analysis. 2
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TECHNICAL BACKGROUND

The area of weld metal solidification related to pulsed-
current welding has more parametric freedom than conventional steady-
current methods, mainly because of the additional process parameters
that are brought about by current pulsation., Intelligent control of
these parameters (that is, high and low currents and their respective
times) may allow the resultant thermal and arc pressure fluctuations
to be used as vehicles of structural control. Variations in the arc
force acting on the weld, for example, may increase turbulence in the
weld puddle, resulting in the dendrite fragmentation that promotes
nucleation of many grains of smaller size than those developed under
steady current welding. Periodic and extensive temperature fluctuations

in the weld zone may influence solute build-up along the weld seam.

Fine grain size is generally preferred in weldments for two
reasons: (1) it gives improved properties, and (2) it decreases
solidification crack susceptibility.l Although potent grain refiners
{(inoculants) could be added to refine the grain size, this technique
is not widely practiced because of the complexity of chemical side
effects of inoculants., Pulsing, on the other hand, has potential for
systematic and reliable control of fusion zone grain size, irrespective

of the metallurgical syscem.2

Pulsed-current welding is a relatively new technology. 1t has
been applied to a variety of welding processes: gas tungsten arc (GTA),
gas metal arc, shielded metal arc, electron beam, plasma arc, submerged
arc, and laser. Literature on the subject has already grown to an
impressive size: over 250 articles have appeared, mainly in Russian
journals, within the last 15 years. Much of the interest in pulsed
current welding has centered on its application to GTA welding. This
is reflocted both in the number of technical articles published on the
subject, and in the number of pulsed-current gas tungsten arc welding
power supplies sold in the United States. Over 45 percent of all GTA
power sources sold within the last three years by Hobart Brothers, for

example, had built-in pulsing capability.3




Pulsed current, in GTA welding, produces a continuously welded
seam vonsisting of overlapping arc spot welds. 1In its simplest form,
welding current is switched between a high level that produces the arc~-
spot weld and a low level that only serves to maintain the arc. Because
the weld pool is allowed to cool between pulses and the heat is
dissipated {n the work, the effects of heat buildup or disparity in
heat sink are largely overcome.a Some 1nvest1gators,5-7 therefore,
report much better penetration control with pulsed-current GTA than
with steady~current GTA. The slag buildup problem that is common in
welding certain steels (such as maraging steels) is also eliminated,4
for the same reason. Other benefits attributed to pulsing include

10-12

8 . .
9 structural refinement, higher resistance to

residual stresses,

hot cracking,ll-13 reduced width of the heat-affected zone,5 and

improved mechanical properties.s’lo’ll

Structural refinement, higher resistance to hot cracking, and
the improved mechanical properties reported in the literature are most
often achieved by selecting the pulsed welding variables so as to produce
a favorable range of cooling rates along the weld seam, as well as to
influence the primary and secondary solidification patterns of the
weld pool. 1In turn, the mode of solidification largely governs the
weld metal properties by influencing the grain size and orientation,
the phases precipitated, and the segregation processes that affect

hot cracking.




INTRODUCTION

In the initial proposal to the Office of Naval Research, the
Westinghouse Electric Corporation proposed an investigation of weld pool
structure and property control in pulsed arc welding in which solidifi-
cation theories would be applied to the interpretation of weld metal
structures developed under pulsed arc welding. The purpose was to
control weldment properties by establishing relationships between the
properties and the weld process variables., Work began in 1978 under
Contract NO0014-77-C-0596; the University of Pittsburgh participated
as a subcontractor to Westinghouse. The overall objectives of the
project were: (1) to develop a predictive model relating welding
process variables to weld solidification structure, and (2) to
demonstrate the feasibility of controlling weld properties by use of
this model. These objectives were largely met at the end of the three

year study, the major results of which are presented here.

Briefly, the first year's effort focused on the development of
a predictive mathematical model of pulsed arc welding of thin sheets
(two dimensional heat flow), and on the establishment of experimental
techniques. In the second year, the model was refined to accommodate
more realistic welding conditions, and a predictive model was developed
for the welding of thick plates (three~dimensional heat flow). But,
due to restrictions in time and increased interest in other parts of
the study, the 3-D model was not evaluated. Later in 1979, work was
initiated on the effects of pulsed arc welding on segregation processes;
this effort focused on the problem of hot cracking as affected by
pulsation of the heat input. High speed cinematographic observations
of the weld pool were incorporated into the Fiscal Yeat-79 and Fiscal
Year-80 programs as a means of studying the weld pool kinetics under
pulsing.

Work in Fiscal Year-80 concentrated on testing of the two-
dimensional heat flow model against experimental measurements while

incorporating further improvements into the model. Effect of pulsed




current wavelorm on hot cracking tendency and the weld solidification

structurces ! ornel in Tvpes 300 and 321 stainless steels were studied.

This rinal report is presented in three parts in the form

they are submitted for pubi.cation:

Part 1 = Weld Peol Fluid Motion and Ripple Formation in
Pal: - irrent GTAW

Part 1T - Heat-tlow Simulation of Pulsed Current Gas Tungsten
Arc Welding

Part TIl - &Grain Structure and Hot Cracking in Pulsed

Current GTAW of AISI 321 Stainless Steel

A complete list of the publications on the results obtained i

in this studv is given below. "
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CONCLUSIONS

In simulating the heat flow in pulsed arc weldirg, the explicit
finite difference techrnique has been tourd adequate in predicting
temperature fields, thermal gradients, the solidus and the liquidus
movement as well as well wool size and =hooe ot anytime during the

course of the welding -poration.

The simplifying assumptions made by sclecting constant values for
the relevant material therma! propertics lid not seem tov have had
a major impact on the accuracy of the computed results as deterw:!: 4

by comparisons with experimental findings.

Three tvpes of weld fluid motion are observed in thin sheet PC-GTAW.
These are:
(a) Radially moving flow initiated by the changes in arc
Fressure;
{(b) Rotational flow presumably electromagnetic in origin
and located near the anode spot region;
(c) Up and down oscillating motion, again, triggered by

the sudden changes in arc pressure.

Radial flow is a more effective vehicle of mixing in the weld pool,
but is short lived. Higher pulsing frequencies for a given heat
input should, therefore, result in more complete mixing in the

pool.

The up and down oscillations of the fluid in the weld pool have a
constant period. These oscillations cyclicly provide liquid metal
reservoirs above the weld surface into which solid can grow. Such
growth constitutes a ripple made up of tiny spikes protruding from
the workpiece surface and delineates the solidus isotherm existing
at the time of their formation. Ripple spacings mav be used to

estimate local sclidification rates in pulsed current GTA welds.

'




5. Grain structure in the weld bead can be refined by adjusting the
pulsing parameters, Low tp/tb ratio (0.1-0.2), high pitch (2-3 mm),

and arc modulation seem to be beneficial in grain refining weld

bead microstructure.

6. Weld bead microstructure influences hot cracking susceptibility
in AISI 321 stainless steel. The occurrence of hot cracking is
reduced by having a predominantly equiaxed structure and having a

fine grain size.




10.

REFERENCES

J. G. Garland, "Weld Pool Solidification Control", Metal Constr.
and Br. Welding J., 121-128 (April 1974).

G. J. Davies and J. G. Garland, "Solidification Structure and
Properties of Fusion Welds', International Met. Reviews, 20:83-106
(1975).

Personal communication with Ralph Barhorst, Hobart Bros. Technical

Center, Troy, Chio (April 13, 1977).
J. C. Needham, "Pulsed Current Tungsten Arc Welding', paper in

Pulsed TIG Welding Seminar Handbook, Brit. Weld. Inst., Abington,
Cambridge (1973).

P. Boughton, "High Precision Pulsed TIG-Welding'", paper in Pulsed
TIG Welding Seminar Handbook, Brit. Weld. Inst., Abington, Cambridge

(1973).

P. Boughton and B. 0. Males, '"Penetration Characteristics of Pulsed

TIG-Welding", paper in Pulsed TIG Welding Seminar Handbook, Brit.

Weld. Inst., Abington, Cambridge (1973).

G. G. Cherng and V. A. Danilov, "Calculating Pulsed-Arc Welding
Conditions", Auto. Weld., 26 (9): 11-14 (1973).

L. M. Lobanov, A. S. Karpenko, L. M. Chertov, and 1. M. Zhdanov,
"Special Features of the Technology for the Pulsed Arc Welding of
D-20 Alloy, and Determination of the Residual Stresses in Joints",

Auto. Weld., 28 (2):12~15 (1975).

R. G. Dickens and B. E. Pinfold, "Investigations in Pulsed Tungsten
Inert-Gas Welding", paper in Pulsed Tig Welding Seminar Handbook,
Birt. Weld. Inst., (1973).

G. A. Slavin, et.al., "Control of the solidification Process by
Means of 1 Dynamic Action of the Arc', Weld. Prod., 21 (8):2-3 (1974).

10




11.

12.

13.

U. 1. Birman and A. V. Petrov, "Influence of the Weld Metal
Solidification Pattern on Hot Cracking During Pulsed-Arc
Tungsten-Electrode Welding”, Weld. Prod., 18 (6):22-25 (1971).
A. V. Petrov and V. I. Birman, "Solidification of Weld Metal in
Pulsed Arc Welding", Weld. Prod., 15 (6):1-5 (1968).

G. A. Slavin, et.al., "The Structure and Solidification Cracking
Resistance of Aluminum Alioy D20 in Pulsed Arc Welding", Weld.
Prod., 21 (6):34~37 (1974).

11







WELD POOL FLUID MOTION AND RIPPLE FORMATION
IN PULSED-CURRENT GTAW

G. M. Ecer
Westinghouse R&D Center
Pittsburgh, PA 15235

A. Tzavaras
Aristotelian University
Salonika, Greece

A. Gokhale and H. D. Brody
University of Pittsburgh
Pittsburgh, PA

ABSTRACT

High speed motion picture observations of pulsed current-GTA
weld pools produced in thin sheets of Fe-26Ni alloy show three types
of fluid motion. A radially moving flow, dominant in the early high
and low pulse times, is initiated by the sudden changes in the arc
pressure. The larger the change in current or its rate of change, the
faster is the flow. A second fluid motion, electro-magnetic in origin,
exists near the anode spot region and consists of two symmetrical
rotational flows. Thirdly, an up and down oscillation motion is

triggered by the changes in arc pressure.

The up and down oscillations have a constant period which
provide markers, indicative of thé solidus isotherm; on the weld sbrfgce
by forming ripples. Each ripple is composed of tiny spikes that protrude
from the weld surface. They form at times when pool oscillations provide
reservoirs of liquid above the plane of solid at the solidus isotherm.
Because the time intervals between ripple formation are constant, ripple

spacings are indicative of the local solidification rates.

13




INTRODUCTION

Weld pool fluid motion is known to influence weld bead shape(l-s),

heat transfer within the weldment(5’6)
veld mecall’/™10)
(11,12)

» chemical homogeneity of the

, extent of gas-metal-slag reactions(?r10)
(13,14)

, defect

formation and solidification structure These effects,
often interdependent, more or less characterize properties of a weld,
vet, the all important common denominator, namely the fluid motion,
has been studied very little. In steady-current arc welding, in the
absence of arc oscillations and mechanical or magnetic forces applied
for stirring, the motion in the pool has been attributed, with some

(3,9

controversy, to Lorentz's force , mechanical force effect of the

arc(15’16) and to the differences in the surface tension of various

parts of the weld pool(ll).

In pulsed-current arc welding, on the
other hand, there seems to be no observations on weld pool motion

reported in the open literature.

In pulsed-current gas tungsten arc welding (PC-GTAW), cycling
of the arc current between a high pulse current (ip) and a low pulse
current (ib) (Figure 1) results in cyclic changes in heat input, arc
pressure on the weld pool, radial temperature and pressure distribution
and weld pool shape. 1In addition, fluid motion in the po>l is affected
by the pulsating arc. The present study reports some observations on
the fluid motion in the weld pool formed under a pulsed-current gas-
tungsten arc, and provides an explanation for the formation of weld
surface ripples, as well as suggesting ways of utilizing ripple spacing for

estimation of local solidification rates.

The subject of weld surface ripples has been considered

previously and a number of theories have been suggested to explain

(17)

their formation.- For example, D'Anessa proposed that interaction -

of growth rate fluctuations and surface tension effects was responsible

for the ripples. Carland(ls)

, on the other hand, concluded that the
ripples cou:d not be due to growth rate fluctuations, but were related

to the cyclic current supply. He, then, suggested a mechanism involving

14




an interface/liquid surface interaction at rapid rates of solidification.
An earlier work by Cheever and Howden(lg) attributed ripples to the
existence of growth rate fluctuations caused by the solid-liquid

interface instability presumed to be inherent to rapid solidification.

Later, Kotecki, Cheever and Howden(zo) showed that pool oscillations i

caused by the physical pressure of an arc plasma produced the ripples.

It is with this final proposal that our observations seem to agree.

-

S ulek
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EXPERIMENTAL

Observations on weld pool fluid motion were made by preparing
iigh speed motion pictures of a number of PC-GTA welds. Figure 2 is
a schematic of the clamping fixture used to make full penetration
vwolds in 0.08 cm thick sheets of the Fe-26Ni allov. The tungsten
ar¢ moved normal to the plane of the sketch in the direction of the
sround ¢onnection. The arc length was kept constant at 0.1 in. (0.25 cm).

e use o Teflon, with a thermal conductivity of about 250 times less

than that of the Fe-26Ni alloy, was to minimize the influence of the
«rips on removal from the weld zone. The latter condition was imposed

(21)

rainly to satisfy the assumptions made in the development of a

rio-dimensional heat flow model of the pulsed-current arc welding.

In addition to the above, the following parameters were kept
.onstant: electrode composition, size and shape were W + 2% Th02.
1/8 in. (0.32 um) diameter, 30° included vertex angle with 0.04 in.
(0.1 cm) Jdiamweter flat tip; 100% argon as shield gas flowing at a
rate of 40 cfh (18.9 #/min) from around the electrode and 4 cfh (1.9
./min) to the back of the weldment; electrode stick~out from the cup
0.5 in. (1.25 cm) and from the collet 1.16 in. (2.95 cm). All welding
was done with direct current electrode negative. Pulsed current
waveform remained nearly square shaped within the pulse frequency

range of 1 to 100 Hz.

High speed motion picture observations of weld pool from the
trailing edge direction (Figure 3) and from the side were made when the
weld puddle reached a steady size. The camera speed increased to about
1000 frames/sec. after the first 0.3 seconds of operation. A pulsating
red light within the camera provided markers on the film at a rate of
100 markers per second for more precise measurements of the camera speed.
The films produced were analyzed using a professional editing machine
with the capacity to record lapsed time and frame sequence electronically.

Roth frame by frame analysis and viewing at various speeds were made.

16




RESULTS AND DISCUSSION

Weld Pool Fluid Motion in High Pulse Time, Ep

High speed motion pictures of the weld pool indicate three
types of fluid motion in the PC-GTA weld pool. When the steady state
pool size is reached, these motions in the pool become repetitive
from one pulse cycle to the next, but differ within the high pulse and

low pulse times.

Initially in the high pulse time (tp), with the onset of the
high pulse arc (ib*ip), the sudden increase in the arc pressure causes
an outward rush of the liquid metal from under the arc. The wave thus
formed moves ''radially" to the solid-liquid interface and is partially
reflected from there, initiating a wave radially moving inward. This .
radial back and forth motion dampens quickly giving way to a "rotational"
motion, or makes the already existing rotational motion more predominant.
After the initial radial wave reaches the solid-liquid interface, and
some of the liquid is reflected inward, there still remains an excess
pressure within the liquid metal causing the pool surfaces to slightly
bulge out, as depicted in Figure 4(a), all during tp. The sudden
increase in the fluid pressure at a given point in the pool 1is opposed
by the surface tension of th: pool at top and bottom surfaces. Until
the two opposing pressures become equal, an up and down "osci{llating”
motion is triggered by the increase in arc pressure with i +1p

b
transition.

These three motions, simply referred to as radial, rotational and
oscillating, are shown as arrows A, B and C in the schematic repre-

sentations in Figure 4,

The speed of the radial flow (A) during tP was measured as
high as 450 mm/sec in the direction of the trailing edge of the pool
for 1p = 150 amps. For a high pulse current of ip = 120 amps the maximum

radial flow speed was just less than 200 mm/sec., indicating the strong

17
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influence of the arc current on the mixing in the pool. The maximum
surface fluid flow, measured by following oxide particles on the pool
surface, in all cases occurred within the first 10 milliseconds after
the high pulse current was on. Radial flow speed typically slowed down
quickly to negligible values, as seen in Figure 5, and later reversed
direction. For high pulse times much longer than about 100 ms, the
radial flow (A) contributes little or nothing to pool mixing. Only the
rotaticonal fluid flow remains all throughout tp' leaving a large segment
¢! the trailing portion of the weld pool relatively motionless. For

the same heat input, radial flow speed (vA) is higher for smaller tp

= 0.62,

values, For example, when ip = 150 amps, 1, = 10 amps and tp/t

the maximum value of v, can be about 430 mm?sec. for tp = 0.0ZObsec.,

(0 it onlv reaches 180 mm/sec, if tp = 0,208 sec. Presumably because
tor larger Lb values high pulse arc pressure is exerted on a cooler
celd poo i which is expected to have higher surface tension and lower
tluadate

in the present study, weld pool fluid flow observations were
conducted for pulsed current welds having ip values of 120 and 150 amps
and 1'b of 10 amps in all cases. Under these restricted conditions, the
rotational fluid motfon (B in Figure 4) became apparent after about
IV to 20 ms inte tp. and became predominent after about 40 ms of tp had
clapsed. This effect was mainly a result of the radial flow's lessening
speed, rather than the increasing severity of the rotational flow. The
max imum Vg increased with higher ip' i.e., from a value of 140 mm/sec.
to 330 mm/sec. for 1p values of 120 amps and 150 amps respectively.
For t_ values up to 0.208 sec. the rotational flow was observable with

little loss in its speed.

The up and down oscillation motion of the liquid during tp was
readily observable at the trailing edge from reflections of the hot

tungsten electrode in the pool. It quickly dampened so that no more

than three or four ;¢riods of the motion could be counted. The arc
‘resscure on the weld poel was felt at the trailing edge of the pool
' 8 mr aw.v irom the center of the anode spot) within the first

=11 ms of to.
p

;
;
{
i
i
!
i




Weld Pool Fluid Motion in Background Pulse Time, tb

The arc plasma pressure on the pool is released when ip*ib
transition occurs. The liquid metal pushed against the solid-1liquid
interface by the high pulse arc pressure, when released leads to a
flow that moves radially inward (A in Figure 4(b)). This radial flow,
changing direction several times, slows down and gives way to a
relatively calm weld pool, as typically represented by the plots in

Figure 6.

During tb’ when the welding arc was maintained by only a

10 amps low pulse current in the present study, rotational fluid flow

(B in Figure 4(b)) was barely detectable. 1Its speed was generally

less than 25 mm/sec.

The rotational motion, both during cp and ty» was always confined
to the forward and central portion of the pool, covering only about
1/2 of the total pool surface. Its speed was generally slightly higher

in the forward section than in the central section of the pool.

The oscillating up and down motion during ty could be seen more
clearly than that occurring during tp. Through observations of the
reflection of the hot electrode tip on the oscillating weld pool
(Figure 7) it was possible tr determine the period of oscillation for
several pulsed current welds as seen in Table 1. These observations
were made while the camera wai located at the weld centerline and

focused at the trailing portion of the weld pool, just as sketched in

Figure 3. It is seen that after the first two reflections, the time
intervals between reflections appearing at the weld pool trailing

edge became constant. The period of these oscillations remained almost
identical for a given set of pulsed current welding parameters in
different welds, as well as in different low pulse periods within the

same weld.

Timing of the first two reflections were seemingly unrelated !

to those of the subsequent reflections, although they too were quite
reproducidle. The difference could be due to the interference of the
radial flow which decays quickly within the first 30-50 milliseconds

after 1p*1b trangition.

19




Arc _Pressure Considerations

The radial fluid flow, unlike the rotational flow, can sweep

along the trailing edge of the pool, thus it has a more pronounced

c:fect cn solidification processes than the rotational flow. The

depree of mixing due to this radial motion probably depends on the

amplitude and the rate of cihange in arc current since arc pressure is

related

been the basis of analysis

electric

to the arc current. An expression developed by Maecker has

(22)

of the gas pressure of a cylindrical

arc. For welding arcs, if Maecker's expression is assumed to

applyv, an expression could be written relating gas pressure of the arc,

v(r), at

a distance r away from the arc axis, to the arc current, i,

and the ancde spot radius, L

where k

cveliely

pulse period the rate of increase of the arc current is much higher

i2 r2
P(r) = k = a -2
a a

is a constant. In pulsed current arc welding 1 and T, change

as dictated by the arc current waveform. Early in the high
(23)

than that of the size of the anode spot leading to a higher (up to 50%)

initial arc pressure. While dra/dt is largely dependent on the weld

metal chemistry

used in
between
highest
leading
trom 30

(24), di/dt is fixed by the type of power source used.

The transistorized power supply (Astro-Arc Model CA-150-TS)
the present investigation produced nearly square waveforms
frequencies 0.5 and 100 Hz, and up to ip = 150 amps. At the
frequencies, waveform square shape was slightly lost (Figure 8)
to a time lag of about 1.5 milliseconds before a current rise

to 120 amps could take place. Much of this rise occurred

within the first 0.2 milliseconds of tp, (di/dt was about 380 k.amps/sec.).

In comparison, the size of the anode spot is expected to continually

increase for comparatively longer times. For example, Ludwig's

Jata on

(24)

stainless steels showed that anode spot size peaked at around

-10 seconds. The etfect of the arc pressure could presumably be
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accentuated by increasing the portion of t_ in which higher arc
pressures are expected and experienced(za). This could simply be

done by increasing pulse frequency for the same tP/tb ratio.

It is reasonable to suggest, therefore, that in pulsed-
current arc welds, for a given heat input, more mixing in the weld
pool will occur when the pulsing frequency is reduced. This mixing
would largelv be a result of the increased predominance of the radial

flow.

Lorentz Force and Surface Tension Effects

While the observations on the radial flow indicate it to be
caused by the gas-pressure component of the welding arc, the longer
lasting but slower rotational flow is more likely a result of the

current-magnetic field interaction.

The double circulating pattern of the rotational flow observed
in this study was similar to the pattern obtained by Woods and Milner(g)
in simulations of weld pools with pools of mercury in the absence of
an arc plasma jet action., Fu.thermore, the persistence of the
rotational flow long after the radial flow had dampened out points to
the rotation being induced by crossed magnetic and electric fields.
Forces created by such interaction cause an excess pressure region, in
the liquid beneath the arc, which is equal and opposite to the Lorentz
force. The_excess pressure leads to the stirring of the liquid whose
velocity is proportional to the product of the current and the field

strength(q).

The surface tension of the liquid-gas interface is the only
force opposing the combined actions of the gravity and arc gas-pressure
in thin sheet full penetration welds where the weld pools form under nearly
two-dimensional heat removal conditions. When the arc pressure increases

or decreases in parallel with current cycling, arc depression accordingly
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increases or shrinks toward an equilibrium size dictated by the force
balance between surface tension, gravity and arc pressure. It is easy
to see, therefore, that wvhen the surface tension is high, arc depression
will be low and so will the radial flow strength. The up and down
harmonic motion too is dependent on surface tension in that the

(20)

oscillation amplitude and ite period will be influenced by it.

Mechanism of Weld Surface Ripple Formation

After reviewing the high-speed motion pictures of eleven welds
made on thin sheets of the Fe-26Ni alloy, the following main features
ot the mechanism ot tcrmation of weld surface ripples in pulsed current

welding have emerged.

The oscillating motion of the liquid at the growing solid-
iiquid interface provides a temporary reservoir of liquid metal, above
the surface plane of the sheet metal, into which solid growth can take
place. At the back of the weld the temporary reservoir of liquid
is below the sheet surface. Solid growth normal to the plane of the
workpiece occurs all along the solidification isotherm constituting
a ripple on the solidified weld metal (Figure 9). At higher magnifi-
cations, as typically shown in Figure 10, ripples are seuvn as made up
of individual spikes which tend to form at solidification cell boundaries,
as in Figure 11. Figures 9-11 are views of a PC-GTA weld made in the
Fe-26N1 alloy with the following weld parameters: ip = 140 amps; ib =
10 amps; tp = 0,167 sec.; ty = 0.667 sec.; and arc travel = 0.212 cm/sec.

Since the ripples form when weld pool oscillations periodically
provide molten metal above or below the planes of the weld top or bottom
surfaces, as suggested above, they should then reflect the chemistry of
the solute rich boundary layer just ahead of the solid-liquid interface.
This was clearly the case when spikes and nearby spike-free areas of
the weld metal surface were analyzed by the energy dispersive x-ray
method. Agpproximately calculated percentages of silicon and manganese,

»inor eleirents in the bulk alloy, were considerably higher in the spikes
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than found in the nearby flat areas. Table 2 gives the compositional
ratios of five elements found in the spikes. Aluminum found in the

alloy was an unintentional impurity.

Solidification Rates From Ripples

Aside from acting like markers showing the shape of solidifi-
cation isotherms along the weld seam, weld surface ripples may contain
other information that could be useful in analysis of weld pool
phenomena and in weld quality assurance. An example is ripple
spacing. Under precisely controlled welding conditions, such as
those that could exist in mechanized welding, the repetitive nature of
the ripples could provide clues to any momentary fluctuation in the

weld solidification rate or to the formation of weld defects.

In analysis of weld solidification under pulsed welding
conditions, one of the determinants is the solidification rate.
Although the average rate is equal to the arc travel speed, the pulsed
nature of the heat input dictates periodic increases and decreases in
the rate of solidification. Approximate measurements of such variation

may be possible from the ripple spacings.

Experimentally determined times for successive reflections
of the electrode appearing at the trailing edge of the pool are
tabulated in Table 1. It is seen that after the second or third
reflection, a relatively constant pool oscillation period is reached,
yet the secondary ripple spacings, as seen in Figure 10, change with
distance along the weld axis. The unequal ripple spacings result from
the variations in the solidification rate between pulses. It should,
therefore, be possible to determine local rates of solidification

from ripple spacings.

In Figure 12 a comparison 1s made between the measurements
of solid-1iquid interface displacement after ip*ib transition for a
PC-GTA weld. Only the displacement of the trailing edge of the weld

pool is neasured. Measurements obtained from ripple spacings of two
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separate welds are very close. Agreements with the displacement
measurements from a high speed motion picture and computed curves are
also good. An explicit finite difference technique was used to obtain
the computed solidus and liquidus movements shown in the figure. The
computational model simulated heat flow for PC-GTAW for two dimensional

(25’26). In the present

conduction and have been described elsewhere
work, the computational model was more sensitive than the motion

picture observations of the solidus and liquidus. In the motion

pictures due to the diffused nature of the light radiation from the

mushy zone of the poeol it was very difficult to distinguish between

the locations of the solidus and liquidus, so that an intermediate
boundary between them was followed for the measurements shown in

Figure 12. It is noteworthy that the growth distances calculated

from ripple spacings are closer to the solidus curve than to the liquidus
as would be expected from the mechanism of ripple formation described

above.

Additional information that can be obtained from ripples

is the average growth and growth rates for high pulse and low pulse

b
that have high amplitudes initially. The first ripples : hat form

periods. The transitions from ip to 1, and vice versa create waves

after each transition, therefore, are markedly more visible than the
others. Measurements of the distance between these high intensity
ripples then give the total solid-liquid interface displacements
during tp or t,. Distarices solidified, sp and Sb, in these two
periods and the average rates of solidification, Rp and Rb’ may be
determined easily. These quantities may then be used to assess the
effect of a given pulsing parameter on changes in solidification rates
within a pulse period. Figure 13 shows pulse frequency effect for a
series of welds made under two dimensional heat flow conditions and a
constant heat input. [Heat input in PC-GTAW for nearly square current
waveforms can be calculated from

1

H = o 184e

(epiptP + ebibtb) cal/cm

where 4.184 comes from converting joules to calories, and e is the arc

voltage for corresponding arc current.)
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1.

CONCLUSIONS

Three types of weld fluid motion are observed in thin sheet PC-GTAW.

These are:

(a) Radially moving flow initiated by the changes in arc

pressure;

(b) Rotational flow presumably electromagnetic in origin

and located near the anode spot region;

(c) Up and down oscillating motion, again, triggered by

the sudden changes in arc pressure.

Radial flow is a more effective vehicle of mixing in the weld pool,
but is short lived. Higher pulsing frequencies for a given heat
input should, therefore, result in more complete mixing in the

pool.

The up and down oscillations of the fluid in the weld pool have a
constant period. These oscillations cyclicly provide liquid metal
reservoirs above the weld surface into which solid can grow. Such
growth constitutes a ripple made up of tiny spikes protruding from
the workpiece surface and delineates the solidus isotherm existing

at the time of their formation.

Ripple spacings may be used to estimate local solidification rates
in pulsed current GTA welds.
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TABLE 1

TIMES OF THE TUNGSTEN ELECTRODE REFLECTIONS SEEN AT
THE TRAILING EDGE OF THE WELD POOL DURING A LOW PULSE TIME
The Reflections Appeared in Harmony With the Up and Down Oscillations
of the Liquid Metal at the Trailing Solid~Liquid Interface.

Welding Parameters '

ip, Amps 100 120 120 120 150
ib, Amps 10 10 10 10 10
tp’ Sec. 0.067 0.033 0.208 0.167 0.050
tb, Sec. 0.167 0.133 0.832 0.250 0.250
Travel, mm/sec. 2.12 2.12 2.12 4,23 2.12

Times Between Reflections, S~conds

1st Reflection 0.010 0.015 0.015 0.012 0.008
2nd Reflection 0.023 0.034 0.030 0.028 0.029
3rd Reflection 0.022 0.032 0.045 0.023 0.023
4th Reflection 0.021 0.033 0.045 0.022 0.023
5th Reflection 0.021 -- 0.045 0.022 0.023
6th Reflection 0.022 - 0.045 0.022 0.024
7th Reflection -- - 0.045 0.021 0.024
8th Reflection -- -- 0.045% 0.022 -

*#Six more reflections were seen with 0.045 second intervals.
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TABLE 2

ENERGY DISPERSIVE X-RAY ANALYSES OF

SURFACE RIPPLE SPIKES AND NEARBY SPIKE FREE ARFAS

Spike-Flat
Area

Couple
1

2

Ratio, % in Spike/%X in Nearby Flat Area

Fe Ni Al 81 Mn Location

0.98 0.87 -- 2.8 - Just After 1P+ib
1.01 0.95 -- 1.3 1.4 Just After ib*ip
0.98 1.00 - _ l.4 1.4 Just After ib*ip
1.09 0.74 - 0.8 -- Just Before 1p*1b
1.02 0.94 - 0.6 - Just Before 1p¢ib
0.92 0.85 13.1 4.9 -- Just Before ib*ip
0.67 0.46 40.0 17.4 - Just Before 1b+ip
1.05 0.68 1.9 0.9 - Midway in t,

Nominal alloy composition, in wt.Z:
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Fig. 1—An idealized pulsed current waveform and
associated definitions
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Fig. 2 ~Cross-sectional view of the clamping fixture. Torch
travel direction was normal to the paper
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Fig. 3-Setup for high speed motion picture photography of the
weld pool trailing half
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Fig. 5—Variation in speed and direction of the radial
fluid flow in a PC-GTAW pool during high pulse time.
Neqative velocity means flow in the direction of the
weld pool trailing edge
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Fig. 6—Variation in speed and direction of the radial fluid
flow in a PC-GTAW poo! during low pulse time. Negative
velocity means flow in the direction of the weld pool trailing
edge
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One motion picture frame prior to i ~ i, tranmsition.
Note weld ripples previously formed at the bBttom portion of the picture.

2 frames after i§+ 7 frames after i -+
i
|
{
i
l||||||||:::::::=|||||| I||||||||!::::::|||||||| {
9 frames after i -+ 11 frames after 1p+ ib j
Figure 7 - A sequence of photos from a high speed (1000 frames/sec) ‘

motion picture of a pulsed current arc and its reflection

in the weld pool. Formation of a wave of liquid metal by ‘
the transition from a high current (1 ) arc to a low current

(i ) arc is seen.
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Figure 8 - Oscilloscope trace of a pulsed current waveform at 100 H=z,
ip = 120 amps and ib = 30 amps. The units of the x-axis
are 0,002 sec/cm, and the y-axis 0.01 volts/cm.
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Figure 9

Top surface of a full penetration PC-GTA weld showing
typical ripples. Unetched, but solidification structure

is emphasized due to slight oxidation in welding.
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Figure 10

A composite SEM micrograph showing weld surface ripples as

made up of individual spikes protruding from the weld surface
is pictured here. Portions solidified during tp and t, are
identified by locating the two major ripples formed at the

beginnings of these periods.
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Figure 11
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An SEM micrograph of ripple spikes formed preferentially at

the solidification cell boundarices.
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Fig. 12—A comparison of solid growth distances at the trailing
edge of a weld pool ( Ip =120 Amps, ib =10 Amps, tp =0, 208 sec.,

tb =0, 832 sec., arc travel =0, 212 cm/sec.)
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Fig. 13— Effect of puise frequency on the ratio of
solidification distances ( Sp, Sb) during tp and 'b and

the ratio of rates of solidification (R o Rb) during tp and

'b for the trailing edge of the weld poof.
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HEAT-FLOW SIMULATION OF PULSED CURRENT

GAS TUNGSTEN ARC WELDING

G. M. Ecer and M. Downs
Westinghouse R&D Center !

Pittsburgh, PA 15235

H. D. Brody and A. Gokhale

University of Pittsburgh rl

Pittsburgh, PA 15261

ABSTRACT

As one aspect of a program to determine the relations among
welding parameters, heat flow, weld zone structure and weld soundness in
pulsed arc welding, computer simulations of the heat flow in pulsed welded
sheets and plates are being developed. The results of the coi puter
simulations are being compared to thermocouple measurements of the temper-
ature cycles and distributions within the weldment and high speed
cinematographic measurements of the variation of the size of the weld pool.
The explicit finite difference technique used for the two-dimensional heat
flow computations has been found adequate in predicting temperature fields,
thermal gradients, the solidus and liquidus movements in and around the weld

pool, as well as its size and shape.
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INTRODUCTION

The technique of pulsed arc welding combines the desirable
features of a high energy input rate process with the advantages of low

total heat input. Practical benefits that may be achieved by pulsing
(1)

(3)

include reduction of heat build-up along the weld seam
X0

, improved weld

bead size and shape contro , improved arc stability , reduced

(2)

sensitivity to disparity in heat sink » and overcoming of the gravity
effects on the weld pool. Furthermore, in controlling weld metal
solidification, pulsed-current arc welding provides more parametric freedom
than conventiona! steady-current methods. The added flexibility results
from the new process variables emerging from the cycling of the arc current
between high and low currents with the current waveform conforming to a
variety of designs. In its simplest form, the arc current follows a square
waveshape and introduces six process variables in place of two. The
variables of current and voltage in steady-current welding are replaced by
high pulse and low pulse currents, their durations (Figure 1) and the
corresponding arc voltages. The increased complexity of the weld metal
structural control resulting from the iztroduction of the new variables may

be overcome by the utilization of computer-based heat flow simulation

techniques.

As one aspect of a program to determine the relatjions among welding

parameters, heat flow, weld zone structure and weld soundness in pulsed arc
welding, computer simulations of the heat flow in pulsed welded sheets and
plates are being developed. The present paper reports the results of the
computer simulations of the pulsed-current GTA welding of thin sheets under
two-dimensional heat flow. The predicted temperature fields around a weld
pool are compared with those experimentally determined and the simulated
movement of the weld pool solidification isotherms 1s verified through high

speed cinematographic measurements.
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METHODOLOGY

Computations

The heat flow simulation uses an explicit finite difference
technique based on the governing relation for the two-dimensional heat
flow in thin sheets
aT _ 3 3T

2Ty 3Ty 9
“ax (K ) *5y Gego) +d ¥

pCp 3t ax Ix

where the term on the left represents the heat accumulation within a
differential region of interest and the first two terms on the right
represent the difference between heat conducted into and out of the
differential element (per unit volume per unit time). The last term on
the right is the rate of heat input into or loss from the differential
region, such as heat input from the arc or heat loss by radiation or
convection from the surface. q is the heat flux (per unit area per unit
time) and w is the plate thickness. k is the thermal conductivity, p is

the density and Cp is the heat capacity of the alloy being welded.

The computational method accounts for the heat loss from top and

bottom surfaces by convection and radiation through the expressions
q = [Zhr + h, (top) + h, (bottom)] (T - To) (2)

2, .2
hl’ = oe [Ta M Tao ][TGO] (3)

5

= n' (1 -1)%? 4)

c
where g is the Stefan-Boltzman constant, ¢ is the emissivity, T8 and Tao
are the absclute temperature of the surface and ambient, respectively, and
h' is a constant in the expression for the heat transfer coefficient for

convection.
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In the nodal network used, shown in Figure 2, a region of
interest near the weld pool is given increased resolution by making the
node spacings finer than the surrounding regions. The network itself
represents one half of the sheet metal being welded, the other half is
assumed the mirror image of the half shown. At the centerline (x = 0), no
heat flow to the other side, or dT/dx = 0, is assumed. The rows and

columns of the network are numbered as:

Small grid rows 1 <J<n
Small grid columns 1<I<m
Large grid rows 1 <K<N
Large grid columns 1 <L <M

where n, m, N and M are 72, 22, 85 and 22, respectively, in the version

of the computer program whose results are reported here.

The nodal difference equation written for equal increments in

x and y within an internal element in the large grid becomes

+ + + + -
K,L K, L ¢ [TK+1,L TK—l,L TK,L+1 TK,L-I aTK,L + 8/kw] (5

T' and T are the nodal temperatures at t + At and t, respectively,

=k
Y (N

and AX is the node spacing. The node spacing is uniform within the two
regions and the spacings differ by any, preselected, integral factor. The
time step in the explicit finite difference analysis is limited by

AX2

2as (8)

At <

where s« = the number of dimensions in the analysis.
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The contribution of weld pool vonveotior is incorporated into the
computations by multiplying the conductivity of the liquid by a factor
ranging from 3 to 10. In order to conserve computer time, three zones are
set up and a different time step is used in each. In the region with the
large node spacing (region 1) u large time step is used. The grid with
small node spacing is dificed in'¢c two zones. The region containing the
liquid zone (region 3) is given the largest number of iterations and the
smallest time step (due to its wmall spacing and high assumed thermal
conductivityv). The rest of the small grid region (region 2) receives an
intermediate number of iterations. In the limit the time steps are

related by

_ 2 _ L2
Atl = a At2 a bAt3 (9) 4
where a = ratio of the node spacings, and b = the factor used to increase ’]
the thermal conductivity. ‘}

The heat input from the arc is spread over several nodes,
usually eight. The amount of heat input to each node is weighted and the
weighting is changed after each iteration of the time step for region 2 to
simulate the movement of the arc. Whenever the arc would have moved the
distance of one large node spacing, all nodes are renumbered. The heat ]

input to a node from the arc is calculated by

-1
qp =738 “v ip ep (cal/sec) ‘
(10) :
1
9% *7.18 i %

where w = weighting factor for the node,

welding arc heat transfer efficiency,

arc current for peak and background pulses, respectively,

arc voltage for peak and background pulses, respectively.

At the far edges of the simulated sheet heat transfer is assumed

to continue in a way t_ keep a constant curvature for the T vs. x curve,
S0




! or for TK,M at x = (M-2)Ax
e o Tkw1m To
T -T T - T an
K,M-1 ‘o K,M-2 o

A simplified flow diagram for the computer program simulating the
pulsed arc welding is shown in Figure 3. A more detailed description of the

finite difference method used to approximate heat flow in pulsed current

)

welding was given elsewhere The input data includes such welding

parameters as heat input during tp and t,» arc travel speed and values of

tp and ty and material related properties including solidus and liquidus

temperatures, k, p, and CP values for solid, liquid and mushy alloys.

Single values for a, k and Cp, selected near the melting point of the alloy,
were used in the computations, although they could be introduced as
functions of temperature. The latter, however, would have increased the
computer time while adding little to the accuracy of the results for the
weld pool vicinity which is the zone of interest from the solidification

point of view.

The literature sources and the manner of estimating these
material properties for the Fe-26Ni alloy used in the present investigation

(5)_

were provided in a previous paper The material properties used in the

computations reported herein are given in Table 1.

Initial temperatures TK,L and TJ,I are established by setting
them equal to T (25°C in most runs). The computer is asked to repeatedly
calculate the new times and temperatures until at least 14 secohds elapse.
By this time, as experiments indicate, weld size reaches a steady state.
Thermal gradients weld pool boundaries and interface velocities may be
computed, and time, temperature and position prints for the entire nodal
network may be obtained. As a quick check of the size and shape of the

weld pool and the temperature field around it printer plots of the melt

zones (regions 2 and 3) may be produced. Figure 4 is one such printer plot
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«wiocre isotterma’ lines are incicatea as bouruar: - betweun two adjacent

wember regions, the mushy zene 1s shown by (+) signs and the liquid pool is

‘ndicated by t' %) «igns. The src position is shown by the four A's.

Experimental

Fignre- 5 is a schematic of the clamping fixture used to make
full penetration welds in 0.08 ¢m rhick sheets of the Fe-26Ni alloy. The
welding parameters used for t-.- welds discussed in this paper are listed in

Tat-le 2. The tungsten arc moved normal to the plane of the sketch in the
dir.-ction of th pround connection. The arc length was kept constant at

0.1 in. (0.25 ¢ro».  The use of Teflon, with a thermal conductivity of about
250 times less than that of the Fe-26Ni alloy, was to assure two dimensional

heat removal from the weld zone.

In addition to the above, the following parameters were kept
constant: electrode composition, size and shape were W + 2% Th02, 1/8 in.
(0.32 cm) diameter, 30° included vertex angle with 0.04 in. (0.1 cm)
diameter flat tip: 1007 argon as shield gas flowing at a rate of 40 cfh
(18.9 £/min) from around the electrode and 4 cfh (1.9 2/min) o the back of
the weldment; electrode stick-out from the cup 0.5 in. (1.25 cm) and from
the collet 1.16 in. (2.95 cm). All welding was done with direct current
electrode negative. Pulsed current waveform remained nearly square shaped
within the pulse frequency range of 1 to 100 Hz; an example is shown in

Figure 6.

Temperature measurements were taken using 0.02 cm diameter
Pt-Pt + 107 Rh thermocouples placed close to and within the fusion zone on
the underside of the weldment. The thermocouples were tack welded to the
sheet. The thermocouple output was recorded on light sensitive paper using
a high speed multi-channel recorder. Arc current transitions from high to
low (or vice versa) pulse currents were automatically and instantly marked

by the recorder.
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High speed motion picture observations of weld pools from the
trailing edge direction and from the side were made when the weld puddles
reached a steady size. The camera speed increased to about 1000 frames/sec.
after the first 0.3 seconds of operation, A pulsating red light within the
camera provided markers on the film at a rate of 100 markers per second for
more precise measurements of the camera speed. The films produced were
analyzed using a professional editing machine with the capacity to record
lapsing time and frame sequence electronically. Films were viewed at

various speeds as well as frame by frame.

RESULTS AND DISCUSSION

In pulsed welding cycling of the arc current between ip and 1b
and the resulting cyclic variation in heat input can have pronounced effects
on the weld geometry. This is illustrated in Figure 7 where the surface
appearances of a steady current weld and a pulsed current weld are compared.
The bottom macrograph is that of the pulsed current weld No. M1 (Table 2)
where the pitch, equal to the product of the travel speed and pulse period,
was long (P = 3.0 mm) so that the weld appeared as a series of superimposed
spot welds. With extremely large pitch, the pool could solidify completely
between peak pulses. Smaller pitched pulsed welds, too, could solidify
between peak pulses under conditions of low arc speed and large tb/tp ratio,

thus allowing time to dissipate heat. On the other hand, short pitch and

small tb/tp ratio pulsed welds would appear and behave as continuous welds.

Temperature cycles experienced by a point within or near the
weld zone depends on the sum effect of a number of welding process and
material variables that include ip, 1b’ tp, tb’ arc travel speed, k, a,
as well as the distance from the weld centerline. When full penetration
welds are desired, under two dimensional heat flow conditions, weld bead

width on top and bottom surfaces of the workpiece should be approximately
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¢quel., Except for the weld Ne. L6, all »f t' > w _.s listec in Table 2
«»ould be considered as 2-D welds, since all showed top to bottom bead
width ratios hisxher than 0.93. [n making 2-D welds in thin sheets, one is
restricted to a critical maximur heat input per unit length, for a given
sheet thickness, abtove which weld pool surface tension is not sufficient

to hold the weld metal together and a weld metal "drop-through' occurs.
Thus, all of the process variablec have upper and lower limits. Under even
such limitations, temperature v.l.ng at points near the weld fusion line
can pe quite varied and substantial as exemplified by the experimental and

cor, .tational rv-ults presented below.

The temperature vs. time plots of Figures 8 and 11 present the
results of computer simulations of the experience of selected locations in
the workpiece in comparison with those determined by thermocouple measure-
ments for similar locations. Figure 8 is for a steady current weld;
Figures 9-11 are for pulsed current weld. In Figures 8 and 11 the position
of the thermocouple locations is displaced slightly from the location of
the computer simulation. The locations in Figure 12 were within fusion zone
and the thermocouple failed on approach of the arc. The tendency for the
experimental temperature plots, for the pulsed current welds, to show
somewhat depressed temperature cycling may be a result of the slow response
of the thermocouples to sudden changes in temperature. In all four cases

computed temperatures are remarkably close to the measured temperatures.

The magnitude of the temperature fluctuations in the liquid and
at the interface (mushy zone) may have a bearing on any possible grain
multiplication and structure modification that may result from dendrite
remelting. 1In the present study, all of the welds under discussion showed
predominantlyv cellular-columnar solidification structures with small
tendencvy to form dendritic-columnar growth in long pitched, low heat input
welds. As a consequence, none of the welds exhibited any degree of equiaxed

grain formation. Under three dimensional heat flow conditions for pulsed

A
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welding of thicker plates of the Fe-~26Ni alloy and a srainless steel,
however, some grain refining effect due to arc current pulsing could be

obtained as has been reported elsewhere(6‘7).

The computer model predictions of the variations in the weld
pool area (AM)’ the mushy zone area (AMZ) and length and width of the weld
pool within a single pulse period are for a typical pulsed weld shown in
Figure 12. The maxima in weld pool width, weld pool length, and weld pool
area may be measured from the ripple formation on the weld surface. These
three measurements for weld J7 are compared to the maxima on the computed

curves. Again, agreement is remarkably good.

As the weld pool expands and contracts within a pulse period,
cyclic increases and decreases occur in the thermal gradients along the
two major axes as shown for the same weld (No. J7) in Figure 13. The
relative constancy of the thermal gradient along the trailing edge is in
contrast to the more greatly varying gradient in the transverse direction.
It has been noted, elsewhere, freezing rate in the trailing and transverse

directions show similarly contrasting behavior(6’7).

The movement of the solidus and the liquidus isotherms can be
simulated by the computer anytime during the course of the welding
operation. An example of this is shown in Figure 14 where the solidus
and the liquidus movements within a single low pulse period, after about
15 seconds of welding, have been plotted. The computed curves are compared
to the high speed motion picture observations where the single curve is that
perceived by the observer to be a '"solid-liquid interface" since the mushy
zone boundaries were too diffuse for identification. The graphs, therefore,
illustrate the ability of the computational approach in providing detailed
information, in this case, more detailed than that obtained through high

speed motion picture observationms.
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SUMMARY_&NU_COI CLUS 10X

A simulation of the pulscd current gas tungsten arc welding of
thin sheets of the Fe-26Ni alloy .as made. The explicit finite difference
technigue used for the twe-dimensional heat flow computations has been
found adequate in predicting temperature fields, thermal gradients, the
solidus and the liquidus growth rate in and around the weld pool, as well
as its size and shape at anytime ‘uring the course of the welding operation.
The simplifyirg assumptions mi dv v selecting constant values for the
relevant material thermal properties did not seem to have had a major
impact on the accuracy of the computed results as determined by comparisons

with experimental findings.
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TABLE 2
PULSED CUKRENT GAS TUNGSTEN ARC WELDING PARAMETERS

USED TUO MAKE FULL PENFTKATION WELDS IN 0.08 cm THICK SHEETS

OF Fe-26Ni ALLOY

i i t t Arc A

Weld p b P b Travel :

No. (Amp.) (Amp.) (sec.) (sec.) (cm/sec.) I
G5 140 10 0.167 0.667 0.212
HB8 I = 40 Amps, Steady Current 0.212
J4 120 10 0.033 0.133 0.212
J7 120 10 0.208 0.832 0.212
L6 120 10 0.167 0.333 0.605
L8 150 10 0.167 0.333 0.605
Ml 150 10 0.038 0.250 0.212
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TABLE 1 ]

PROPERTIES OF THE Fe-26Ni ALLOY USED IN COMPUTATIONS

Symbol Unite Value
Solidus Temperature - °c 1443 (;
Liquidus Temperature - °c 1468 j
Density p g.cm-3 7.88 L
Thermal Conductivity k cal.s‘-l."C-l.cm_1 0.1250 ?
Heat Capacity (Solid) c, cal.g t.oc71 0.1427 |
Heat Capacity (Liquid) Cp cal.g—1.°C-1 0.1427
Thermal Diffusivity a (=EETD cmz.s_ 0.1111

P

Heat Capacity (Mushy Zone) Cp(mz) cal.g-1.°c_1 3.6880
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simulation of pulsed current tungsten arc welding

Fig. 2 — A sketch of the element mesh used for
of sheets
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of pulsed current arc welding

Y




487,4429 CALORIES

AAAA —
7
988

9e0000e000000¢00een?

THEAT INPUT =

SEC,

14.8366

TIME =

T PULSE OFF,

adaJﬂugJunulﬁ_—Jﬁ~—4

NNN“—""’""‘—‘—‘ —tond om0 o b omd 0 vt 4 =4
NN OO NN NN ¢ =0t 0t ot o +0 —a e —q
OO NN NN N TN (N e ot o= et o ot o0 o9 =

N ON OO NN NN NN NN N = ot ot =t o0 e et

e e T i I a1 I Y S L L o R R R
I AN NN NN N (N e e e e
FTTITT TN NNNNNNN e
TTT ITTITTOAOOIOAMNNONNNNN —~
NN NNNT T I T OO NNNN NN
VOV OONNNTTT IMOAMNMNNNNN
NAMNOONNNT TTMOMMMNNNSN
CORMNOVONNTT TOIMANMNNN
OO VO NI ITF MMMNNN
e VDR VDNNTTTOIMMNN
PO VOO NNTT TN M-
Ao UNTTTOIMNO

o~
L]
L]

00

o§
&§
3
3

999999988
44
43
33

9G9Fess++90Q
)
8
8
7
7
[
I3
5

8
8
7
7
7
é
6
)
555555544

555654444

CAMDIS NS DO
G- DD N 00NN
DVDOD OOV NT TT

4444944
4444444
4444433

00000 VWDV RO CONNNNTT
CODDD TR DO VO NN ONT I
DDDO DDV VDN DD 00NN NTTT
DD OO OSSN QO ONNINUNTIT T
VDO OO ONNNNNT T T
A ANARAENRNAR OO OC NN NT T T
AR AN EARRANRS SOV NN T YT
AR ASNSSNSSN 0000 O NN T T T
NSRANASNRNO00O0OO0O0 OO NNINNNT T T
ARARNOOCOO OO0 O CNNUTIVTN T T T T
OOV VL OOV VOV N NNNONTTTY
VL0V OVOVLOVLVVLO NN TT T
VOO VL L0V NINNNINT T TT
DOV VLV LONN VN UNDNTTTTY

V000V VANV ON NN VNT T TTTT
VOOV VNN NN TTTT T T
DUV VLNV NN NI T T TT T
VO DNV NN TTI T T TT T Y
VOV OO DN T T T TT T T M
VOV OVVOVONT ITTTTITTM
VOOV ITI ITTITIITT
VN NI T IT ITITTTIMM
OO NANDNTITIT TITITITITITITTON
DN NTTITTTITTITTTITIOMM
TTTTTTTITTIT T TT ITTTIOONMNMM
FTTTITTITITTITITTIF MMM
T TT YT TITTTTTITITTMMMMM
TTTITTIT I T TIT ITITI MMM
TP r T T T TITTITTIT IT TOIOMAMAMO
TTTITITTITTIIT IT OOIAOAMAMAOM
TTTFITTITTTIT OAMOAMMOOAM™
FTTTITTITTIT OO AMNMOANOM™

FTTFTTTOAMMAAANANANNAO™
P W Ve Mot e R Tt Mot Rt e Dot W T W Lo e T T U T T
e T T e Y W o W 1ot Xt Tt Xaa 1o W U Ko Wt Wt Y W U
AP MM AN MMM MO OMMAAM0mM
MO ANMEOMM MM OO OAMMN
nmnnmﬂnnnmﬂﬂmmnnnnauw

MAM AN MOO MDA EOANN NN
MMM AT M OMMNNNNN
e i T T T T T B L e T L L L T L L T T

( f

63

- A typical printer plot of the temperature zones and isothermal lines near the weld pool

Figure 4

ures

represents temperat

Each number

14.8366 sec. after the start of the weld No. Ml.

more than the product of the number and 1/10th of the melting temperature (1468°C) of the

Distance

The star and plus signs indicate liquid and mushy zones respectivelv,

allov.

between points is 0.5 mm.
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Fig. 6 — A pulsed current waveform typical of
those utilized in this study. Here the pulsing

parameters were:

ip = 150A
'b = 25A
tp = 0.009s
tb = 0.006s
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Figure 7

Weld No. L6

Macrographs comparing the top surfaces of a steady current

weld (top) and a pulsed current weld (bottom).
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Fig. 9 — Time-temperature profile for a point just within the fusion zone of a
pulsed current weld of relatively short pitch (P =0.35 mm)
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Fig. 10 — Time-temperature profile for a point in the parent metal near the
fusion line of a pulsed current weld of moderate pitch (P =2,2 mm)
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Fig. 11 — Time-Temperature profile for a point in the fusion zone of a pulsed
current weld of moderately long pitch (P =3 mm) . Note the thermocouple
malfunction in the melt zone
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Thermal Gradient, °C/cm
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Fig. 13 — Variation of the computed thermal gradients at the

solid-

mushy zone interface along x and y axes (with the arc at the origin)
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GRAIN STRUCTURE AND HOT CRACKING
IN PULSED CURRENT GTAW OF AISI 321 STAINLESS STEEL
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and
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ABSTRACT

Fffects of operating parameters on the solidification structures
in pulsed current gas tungsten arc welding were studied on a series of
bead-on-plate welds on 0.3175 cm thick AISI 321 stainless steel.
Current waveform, ratio of high and low pulse times and current
frequencv were found to influence the fusion zone microstructure. To
study the effects of grain refinement on the properties of the weld,
hot cracking tendency of stainless steel welds was estimated by using
the Varestraint test. Data was reported on total number of cracks and
crack lengths, in a semiquantitative fashion. Grain refinement was

shown to improve the resistance of the weld bead against hot cracking.




INTRODUCTION

Since its development in the early sixties, the pulsed current gas
tungsten arc weldirg (PC-GTAW, process has been found to have a number
of advantagers .wer the conven:ional, continuous current gas tungsten
arc (CTA) welding process. These advantages include: arc stability,
lower heat input requirements. Improved tolerance to heat sink
varjiation, bLetter penetrati.n control and grain refinement of the

weld pool. 1-8

Due tc increased arc stability, bead contour is improved and hence ;

precision welding is possible. Because of better penetration control,
this process is well-suited to welding of thin sheets and tubes where

burn-through is a common problem. Lower heat requirements reduce

distortion in the plates and give rise to smaller heat affected zomnes
(HAZ). Improved toleramce to heat sink variation makes PC—GTAW ideal
for automation and for welding dissimilar metals. Through its
grain-refining capabilities, PC-GTAW could be used to improve the
sclidification structure and the resulting properties of the weld.

In order to make proper use of the advantages offered
by the PC-GTAW process, it becomes essential to know the correlations

between the welding variables, the solidification structures and the

resultant properties of the weld. As illustrated in Figure 1, PC-GTAW

enables better control over the welding process by offering a number
of independently controlled variables: peak current, ip, background
current, ib. peak pulse duration, tp, background pulse duratiom, t,
peak to background duration ratio, tp/tb, travel speed, v, pitch,
v(tp+tb), and arc modulations at a variety of frequencies.
Several attempts have been made to grain refine the weld pool
in various welding processes. These methods include weld pool
i==-zuletion, surface nucleation by gas impingement, arc oscillatioms,
76
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The methods {nvestigated are assoclated with certain

n
~
2]

disadvint wecv such as bead embrittlement due to formation of undesirable
compounds | e entrapment, ete. A method free of such defects and
which is emploved in the present study, makes use of pulsed current with

igh freq.eney current modulation superimposed on the usual

low=frequency scuare wave. It is intended that a sufficient number of
Leterogeneous growth sites are created by the interaction (to be
discussed later) of the current pulsing and modulation with the growing
solid-1iquid interface to disrupt columnar growth. The grain structure
meditication, thus achieved, should have desirable effects on the

weld properties.

The objectives of the present investigation are to grain refine
the weld bead microstructure by adjusting the welding parameters and f
study the effects of structure modification on hot cracking of
the weld.

The hot cracking properties were evaluated by Varestraint tests
on sheets of AISI 321 stainless steels. The current waveforms
illustrated in Figure 1, steady and pulsed current, with and without ¥
superimposition of a high frequency current modulation, were used
to make the welds. Weld microstructures were studied. The number and

the lengths of weld zone cracks were reported, semiquantitatively. The

susceptibility to hot cracking was seen to increase with the grain size

and the extent of the columnar zome.
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bALKGROUNL
clume + 0 r a0 Growt'. iransition and (rowth Substructures
Nate ire iurmar to equiaxed growth are less common
e 4 compared to casting and ingot solidi-~
1 ot cJar i ahead of the growing solid-liquid
Tace . ‘ o .o severe thermal conditions existing in
T cotloon . . : >f the pool, the thermal gradients are
trat e ot ., heure, conditions are more favorable for
Ciulared 2row
High 41} v vertents are associated with more cellular/dendritic
consrituticunl supercocling thus enabling the survival of heterogeneous

growth sites available, if anyv. A dendritic interface can supply such
growth sites if the dendrites are remelted and carried to the supercooled
region ahead »f the jnterface?’lo Thus, a low G/R ratio, such as exists
near the weld centerline, favors equiaxed growtﬁ. It has been suggestedll
that convection might be responsible for fracturing and then carrying the
dendrites ahead of the interface.

It must be mentioned also that convection in the pool, through its
effects on heat and mass transfer during solidification, affects both the

type and size of substructure in local areas. The available literature

shows lack of systematic experimentation in this area.

Effects of Grain Structure on Solidification Cracking

The presence of intergranular liquid films during the terminal
et oes of solidificaticon is at the root of solidification cracking.12
whe the thermal strains applied across adjacent grains exceed the

ductility of the system, the films are ruptured without healing.

Solidification cracking is favored by factors which decrease the
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solid-solid contact area during the last stages of solidification. This

concentrates stresses at a relatively small number of solid bridges in
the weld pool. These factors include: (a) low melting point segregates
and (b) large grain size. Low melting point segregates remain liquid
even at lower temperatures, decreasing the solid-solid contact between
the grains which are under thermal stresses. The larger the grain size,
the smaller is the area of grain-boundary contact for a given liquid
content, Thus, coarse-grained weld metals are more susceptible to
solidification cracking.13

It is suggested that during weld pool solidification, the solute
rich liquid from both solidification fronts tends to be trapped at the
weld centerline. The concentration of low melting liquid along the
centerline makes this region more prone to cracking. Tear-drop shaped
pools, where angle of impingement of growth fronts is steeper, and
cooling rates ana thermal gradients are higher, are more susceptible
to cracking than elliptical pools. 1In case of ferrous alloys, sulfur
and phosphorus are the chief impurities which give rise to low freezing

eutectics and, hence, should be kept to the lowest possible 1eve1.13’1a

Solidification Cracking in Stainless Steel Welds

It has been observedl® that hot cracking in austenitic stainless
steel weldments is reduced or prevented when a small amount of delta
ferrite is present. Hull's studies support the fact that 5-10 vol-2%
delta ferrite in weldments and castings afford the best resistance to
hot cracking and hot tearing.16

Several theories on hot cracking of stainless steel weldments

«» heen rompiled by Cieslak and Savage.l? The "shrinkage-brittleness"
. ~ e+ .. nted 4 semi-rigid, "coherent' dendritic network which is

e + v rahing If ahrinkage strains exceed some critical

cne:a sed theary nf “guper-solidus cracking'" postulates

™
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that a semi-continuous liquid film exists in the weldment of casting
separated b bridges of solidified material. The solid-bridges, when
subjected to a critical level of induced strain will fracture,
forming hot cracks.

Microsegregation of impuvities also plays an important role in

stainless stcel weld hot cracking. Elements like silicon, molybdenum, |
sulfur and phosphorus, which sire more soluble in delta-ferrite, are
rejected to the liquid during primary austenite solidification.

Sulfur and phosphorus form low melting eutectics betwee.. sulfides
and phosphides and silicon tends to form glassy silicate films. These ﬁ
low melting compounds tend to occupy the interdendritic regions during ;

the terminal transient period, and thus cause hot cracking.

Refinement of Structures and Its Effects on Properties

The typical columnar "as cast"” structure of a weld is associated {1
with defects such as solidification cracking, mechanical anistropy, d
porosity and low toughness level. It means that there is need for the h
control of solidifying weld pools to obtain desirable structures. ﬁ
The severe thermal conditions and the absence of a separate nucleation '

event make it difficult to apply grain refining techniques such as

innoculation or dendrite fragmentation. In controlling the grain
structure, it is necessary both to produce growth sites for new grains

and to insure that they survive.

Surface Nucleation and Growth

Grain refining was achieved by directing an argon stream on the
pool surface ahead of the arc. Evidently some of the solid formed

survived the passage of the arc and acted as a source of growth sites

for new grains at the advancing solidification front.18 For complete
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grain refinement, enough solid fragments had to be supplied to

physically block further columnar development at all points on the
advancing interface. Complete grain refinement was reported over a
range of welding speeds and currents. Under these conditions, a very
marked reduction in solidification crack susceptibility was recorded for

an equiaxed weld bead as compared to unrefined weld beads.

Dynamic Action of the Arc (Arc Modulation)

This method of refining the weld structure consists of applying
powerful short-term current pulses to the arc. The current pulses
influence the solidifying pool thermally and mechanically, causing
periodic shaking of the liquid metal with a frequency equal to that of
the pulses. The force of the mechanical action of the arc on the metal
(the arc pressure) is proportional to the square of the amplitude of
the current, and the thermal energy depends on the shape and duration of

the pulses, and their frequency, and on the current. The thermal effect

on the liquid metal can therefore be varied within relatively wide ranges.

The applicationof the current pulses in case of aluminum, titanium
and nickel-base alloys resulted in breaking down of the columnar
structure (i.e., grain refinement). The current pulses are believed to
generate fluctuations in the growth process. Such growth rate fluctua-
tions can yield an effective supply of growth sites by the mechanism of
dendrite remelting.18’19

The refining effect was observed only within a specific frequency
range. Weld quality was shown to depend also upon the point of
application of the arc. The tail part of the pool is the most suitable
area, since applying current pulses near the active spot (below the arc)

might cause burnthrough due to low surface tension of the metal in this

region. Also, the tall part being away from the arc, is cooler as

compared to the rest of the pool; this makes murvival of growth sites

bA
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easy. Use of an additional arc near the trailing edge of the pool can
thus help refine the grain structure. The dynamic action of the arc
increases the dispersion of oxide film inclusions, present if any, in
the weld metal.

The griain refined welds are shown to improve their hot cracking
resistance and other mechanical properties. Davies and Garland report
that pulsing of the arc alone does not seem to generate effective

13 They have deomstrated for

grain or substructure refinement.
AISI 321 stainless steel that if current modulation is superimposed on

the pulse, significant effects can result.
Weld Pool Innoculation

Garland has reported some success in achieving grain refinement
in A1/1.7-2.87 Mg weld pools by innoculating them with Fe~Ti powder.
The mechanism of this refinement was based on the formation of
heterogeneous nuclei in the pool. Rate of innoculant supply, position
of innoculation in the pooul, size of the innoculant powder and welding
conditions affect the grain refining ability of the innocu.ants.
Embrittlement could be caused due to the formation of undesirable

compounds by chemical reaction of innoculant with the metal.20

Electrode Vibration

Mechanical vibration of the electrode is also reported to have
beneficial effects on structure of the weld. But the physical
disturbance caused in the pool is often not sufficient to achieve
complete grain refinement.

To summarize, the effects of grain refinement techniques imclude

improved weld metal properties and fewer defects. Reduction in

solidification cracking has been reported.
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EXPERIMENTS

As mentioned earlier, the present investigation was aimed at

analysing the grain refining effects of pulsed current and related

waveforms, and to see the effect of grain refining on the hot cracking
tendency of stainless steel welds. The Varestraint test was used to
evaluate the susceptibility to hot cracking of welds made under a
variety of waveforms. (See Figure 1.) Metallographic specimens were
then cut out of the Varestraint test specimens and studied under the

optical microscope to see if any grain refinement had taken place.

Varestraint Testing

The cracking test used in the present investigation, the Subsize
Varestraint Test, employs 1 in. x 6 in. x 1/8 in. (2.5 x 15 x 0.3 cm)
specimens. The standard equipment used is shown schematically in
Figure 2. Welding starts at one end of the plate. As the electrode
moves past a particular location, a sudden force is applied pneumatically
at the end of the plate where welding was initiated. Due to this force,
and because the plate is clamped at the other end, it bends till it
conforms to the curved surface of the die block. Due to this bending,

a certain amount of strain is given to the plate which makes the weld
crack while it is solidifying. The amount of strain can be controlled
by using a suitable curvature for the die block. Cracks thus formed
can be studied once welding is complete and the plate has cooled down
to room temperature.

The welding electrode was made of tungsten with 2% thoria. It
was 1/8 in. (0.32 cm) diameter with 60° included angle and 1/32 in.
(0.08 cm) diameter flat tip. Arc gap was maintained at 1/16 in.

(0.16 cm). Shielding gas was pure helium flowing at a rate of 50 cfh.

Y
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Electrode velocity was maintained constant at 15 ipm (6.35 mm/sec).

The norinal composition of the stainless steel sheets used is given
in Table 1. Other welding parameters are presented in Tables 2 to 5.
The variables which were chauged systematically were: current wave
form, tp/tb ratio and frequcncy of current. Other variables were

changed only moderately so as to make beads of comparable size.

Crack Analysis

Each specimen after welding and bending as described earlier, !:
was studied under a toolmakers microscope at 20 X magnification. The
area of the weld bead which underwent cracking was located and studied.
A semiquantitative approach was adopted while studying cracking
tendency. Specimens were grouped according to the number of cracks
they formed and characterized by a "crack severity index" and
characterized as well by an estimated 'crack length index"
(qualitative judgment). Table 6 explains the rough scale used for
crack measurements. This simplified crack analysis gives a meaningful

idea about the hot cracking susceptibility of the alloy under

consideration.

In order to compare this semiquantitative scale of crack measure-
ments with the "standard" scale which measures total crack length (as
used in original Varestraint testing), 30-40X of the specimens which
showed different degrees of hot cracking were chosen for measurement of
total crack length. The normal measurement of total crack length was

reported for these specimens and plotted against the crack severity

index, note Figure 3. The correspondence between the measurement

y of total crack length and crack severity index is good. We have used the
crack severity index and the average crack length indices in this

studv (a) because the semiquantitave measurements are less time
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consuming and (b) because more information on crack behavior is

retained for comparison with microstructural and welding variables.

Metallography

Metallographic specimens were cut from the welded plates, polished
and etched with an acid mixture (30 water:20 HCl: HNO3). Figure *
explains three different sections polished and etched. This etch
revealed the substructure boundaries. Different regions were
characterized as having either a columnar or equiaxed grain structure
depending upon the length to width ratio of the graims. Grains with
length to width ratio exceeding 2 were considered columnar. Grain
boundaries were not seen clearly; hence, the cellular or dendritic
substructure was used to make these estimates. The cell boundaries
were identified due to the residual impurities and also in some
cases, due to segregated ferrite,

Grain size was also estimated in a semiquantitative fashion and
labelled as 1, 2 or 3. These notations are explained in Table 7.

The structures thus studied were compared with the cracking tendencies

of the welds.
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RESULTS

Crack Analysis

The crack severity indjices and their lengths are reported in
Table 8. Only weld metal cracks formed at the instantaneous location
of the solid-liquid interface at the time of bending, were taken into
consideration. Cracks were almost invariably initiated at the
solid-liquid interface and they propogated in a direction perpendicular
to the interface. Cracks formed near the weld centerline were usually

foun. to be longer than others.

Microstructures

As shown earlier by other investigators, initial growth seemed to
be epitaxial in nature.13’14 Crain structure in the heat affected zomes
(HAZ) continued through the fusion line into the fusion zone over a
short distance, without much change in the orientation. This is shown
in Figure 5.

Grains were predominantly columnar near the fusion line, later
becoming equiaxed toward the weld centerline. The relative amounts of
columnar and equiaxed zones are recorded in Table B. Figures 6 to 8
are microstructures showing varying extent of columnarity.
Semiquantitative estimates were made on grain size in both colummar
and equiaxed zones. Effects of structural parameters like percent
columarity and grain size on hot crack’ng are presented in Fig' ..s 9
to 11. 1In some cases where the pitch was high, successive pulses
seemed to have a grain refining effect on the previously golfidified

beads. Portions of HAZ very close to the fusion line had undergone

grain growth.




Columnarity as seen at the top surface of the bead is different
from that seen either at the transverse or the longitudinal cross I
section of the weld. Figures 8, 12, and 13 are three different sections i ;

of the same weld specimen, showing different extents to which the

structures are columnar. This is because a columnar grain if observed

from a plane perpendicular to its direction of growth will appear ‘

equiaxed, while if observed from a plane parallel to its growth L
direction will appear truly columnar. Thus precaution must be taken
while assigning a percent columnarity value to any microstructure.
Table 9gives columnarity estimates at the weld transverse cross
section., 1In the present case, however, it is found that the region

near the weld surface is truly equiaxed as it appears so in all three

mutually orthogonal planes.




DISCUSSION

Weld Bead Grain Structures

As reported in the results, growth is epitaxial in most cases,
i.e. the grain structure in the base metal seems to continue through
the fusion line into the fusion zone. Solidification takes place in
the absence of a separate nucleation step. Also, no new grain
boundaries have to be created to start the growth. Both these factors
reduce the activation energy of the phase transformation, thus making
epitaxial growth energetically favorable.

The initial epitaxial growth is followed by the process of
competetive growth. Grains with a preferred crystallographic direction
most nearlv parallel to the directions of the maximum thermal gradient,
grow at the expense of other less favorably oriented grains. This
gives rise to a zone of columnar grains. This columnar zone may or may
not extend up to the weld centerline depending upon the welding
conditions. For example, the columnar zone occupies 80-90; of the bead
area (as seen in the top view) in specimens 1-8 and 1-6; about 507 in
specimens 2-6 and 2-7, and 0-10% in specimemns 2-9, 2-2 and 4-1.

The region near the weld centerline normally consists of equiaxed graiuns.
One of the reasons behind the formation of the equiaxed graims is

the creation of heterogeneous growth sites in the solidifying puddle.
When the current pulse is superimposed with a high frequency modulated
curreat, the growing solid-liquid interface is subjected to thermal
disturbances causing remelting of the dendrites.

This is further enhanced by a mechanical action of the pool
turbulence in bringing the dendrites ahead of the solid-liquid
interface. These dendrites then become sites for heterogeneous growth

which eventually blocks the columnar growth process. Repeated
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interruption of the columnar growth gives rise to a zone of
equiaxed grains.

In the case of pulsed current welds each pulse seems to have a
grain refining effect on the bead deposited by the previous pulse.
A distinct zone is seen near the fusion line which seems to have gone
through a heating cycle due to the following pulses (Figures 6-8).
Each bead, after solidification is subjected to heating and cooling
caused by successive current pulses. The bead passed through the
critical temperature range of the material every time refining
the grain structure. Here the "critical temperature"” refers to the
solid-state transformation temperature, as shown in Figure 14, The
type of waveform seems to have some effect on the grain structure of
the weld. Pulsation of the current alone causes considerable
turbulence in the pool. But even with a pulsating current, in many
cases, liquid in the region next to the trailing interface appeared
stagnant in the movies. The stagnant layer could possibly be
disturbed by superimposing the high frequency modulation, thereby
carrying the mechanical and thermal disturbances given by the arc
to the interface more effectively.

Arc modulation does seem to have a beneficial effect on the
grain structure when coupled with a low tp/tb ratio and high pitch.
The latter two conditions produce cooler weld pools, thereby making

it easier for heterogeneous growth sites to survive.

Hot Cracking

Figures 9 to 11 show that grain structure in the weld
bead has a considerable influence on the amount of cracking taking
place during Varestraint tests. It is observed that the cracking

sever!ty increases with increase in the percentage columnarity and

89

ST SO I S




the grain size. These results could be partially explained with the

help of the generalized theory of "super-solidus cracking” (discussed

earlier). When the primary phase to solidify is austenite, elements
such as silicon, sulfur and phosphorus, which are more soluble ‘- delta
ferrite, are rejected to the liquid. Sulfur and phosphorus form low
melting eutectics between sulfides and phosphides. Due to the

presence of these liquid compuunds at high temperatures, the grain
boundaries become considerably weaker, and hence, a lateral stress

(such as thermal stress due to uneven expansion and contraction in

welding) existing at such high temperatures can easily pull apart
adjacent grains along the boundary between them. Also, the presence of
the liquid film reduces the solid-solid contact area between the grains
thereby increasing the stress concentration level. A moderate

amount of delta ferrite (about 4-7%) is reported to reduce hot
cracking, by dissolving the harmful impurities like sulfur and
phosphorus. This may be one of the reasons for the relatively

low severity of cracking found in 321 welds.

When a structure is columnar, the eutectic films are more
continuous thus leaving very small solid-solid contact area. This
results in a higher degree of cracking severity. Also, a crack once
initiated, can propogate along the columnar grain boundaries easily
without having to change its direction. The grain refinement was
observed to be restricted near the weld surface. The cracks, also,
were seen to be very thin, mostly confined to the surface region,
where the Varestraint test strain was maximum. Thus the above
explanation still holds good in the present case.

A coarse grain structure has a low grain surface area per unit
volume. Thus, for a given amount of eutectic, it spreads over a smaller

grain boundary area thereby increasing their concentration. This
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weakens the grain boundaries even further thus making the structure
more susceptible to cracking.

Centerline cracks were usually found to be larger than the cracks
formed near the fusion line. Centerline segregation may be one of thc
reasons behind this phenomenon. Beads having a circular cross section
were found to be more susceptible to hot cracking than flat beads.

The exact explanation for this observation does not exist but studies
on the effects of bead shape on the grain orientation and on the thermal
stresses may throw some light in this area.

No single welding variable seems to affect hot cracking. But a
combination of the waveform, tp/tb ratio and the pitch could reduce
the crack severity. In the present investigation, superimposing high
frequency current modulation on a pulsed current, having low tp/tb
ratio (0.1-0.2) and high pitch (2-3 mm) is believed to reduce the '5

hot cracking susceptibility of AISI 32] stainless steel welds. i
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CONCLUSIONS

(1) Grain structure in the becd can be refined by adjusting the
operating (welding) parameters.

(2) Low tp/tb ratio (0.1-0.2), high pitch (2-3 mm), and arc
modulation seem to be beneficial in grain refining weld
bead microstructure.

(3) Weld bead microstructure influences hot cracking susceptibility
in AISI 321 stainless steel. The occurrence of hot cracking
is reduced by having a predominantly equiaxed structure and

having a fine grain size.
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TABLE 1

NOMINAL COMPOSITION OF 321 STAINLESS STEEL PLATES

Cc ¥n Cr Ni Ti Fe

0.08 Max. 2.0 17 - 19 9 - 12 5x%C Min. Balance




TABLE 2

OPERATING PARAMETLERS FOR 321 STAINLESS STEEL WELDING

Waveform 1:

Steady Current

Specimen Average Current Varestraint Test
No. I amp. Strain 7%
1-1 60 2
1-2 60 2
1-3 60 3
1-4 60 4
1-5 70 4
1-6 70 4
1-7 65 4
1-8 60 4
1-9 60 4
1-10 55 4
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TABLE 3

OPERATING PARAMETERS FOR 321 STAINLESS STEEL WELDING

Waveform 2: Low Frequency Pulsed Current
(All Varestraint Test Strains at 4%)

Specimen ip 1b tp tb éX:::ﬁ:
No. amp. amp. sec sec I amp. x
2-1 130 10 0.060 0.108 52.8
2-2 130 10 0.060 0.108 52.8
2-3 130 10 0.030 0.054 52.8
2-4 130 10 0.030 0.054 52.8
2-5 130 10 0.006 0.022 51.8
2-6 130 10 0.005 0.011 52.3
2-7 130 10 0.005 0.009 52.8
2-8 130 10 0.120 0.009 52.8
2-9 130 10 0.060 0.216 52.8
2-10 150 20 0.060 0.135 60.0
2-11 150 30 0,060 0.180 60.0
2-12 150 40 0.060 0.270 60.0
2-13 150 50 0.060 0.540 60.0
2-14 150 50 0.060 0.540 60.0
2-15 150 50 0.060 0.540 60.0
2-16 130 42 0.060 0.360 55.0
2-17 130 42 0.060 0.360 55.0

Q7




TABLE 4

OPERATING PARAMETERS FOR 321 STAINLESS STEEL WELDING

Waveform 3:

Steady Current + HF Modulation

(All Varestraint Test Strains at 4%)

Averagé—> Modulation Modulation
Specimen No. Current Frequency Amplitude
I amp. KH, L, amp.

3-1 60 2 50
3-2 60 6 50
3-2 60 8 50
3-4 60 2 50
3-5 60 4 50
3-6 60 4 50
3-7 60 6 50
3-8 60 8 50
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TABLE 5

OPERATING PARAMETERS FOR 321 STAINLESS STEEL WELDING

Waveform 4: Low Frequency Pulsed Current + High Frequency Modulation
(All Varestraint Test Strains at 47)

Modulation | Modulation
Specimen i i t t Average | Frequency | Amplitude

o] b P b )
No. amp. amp. sec sec I amp. KH, L, amp. !

4-1 120 25 0.120] 0.216 | 58.9 2 20
4-2 120 25 |0.120| 0.216| 58.9 6 20 l j
4-3 120 25 0.120| 0.216 | 58.9 8 20 %
t
4-4 130 42 0.060 | 0.360 55 2 20 ﬂ

4-5 130 42 0.060| 0.360 55 2 20
yx

4-6 130 42 0.060 | 0.360 55 6 20
4-7 130 42 0.060 | 0.360 55 6 20 ?

4-8 130 42 0.060 | 0.360 55 8 20
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TABLE 6

SEMIQUANTITATIVE SCALE FOR CRACK MEASUREMENT

Crack Severity Index Number of Cracks
(CS1)
1 0
2 1-2
3 3-6
4 7-10
5 > 10
Crack Length Index Range for Crack Length (mils)
(CLD)
S 2-4
M 5-7
L 8 and above
100

i |




TABLE 7

SEMIQUANTITATIVE SCALE FOR GRAIN SIZE MEASUREMENTS

(A) Equiaxed Grains

Grain Size Index

Range of Grain Size (microns)

(GST)
1 40-45
2 60-65
3 70-75

(B) Columnar Grains (Length)

Grain Length Index

Range of Grain Lengths (microns)

(GLI)
1 100-125
2 200-225
3 400-475

(C) Columnar Grains (Width)

Grain Width Index

Range of Grain Widths (microns)

(GWI)
1 25-30
2 40-45
3 55-60

1




TABLE 8

RESULTS OF CRACK AND GRAIN STRUCTURE MEASUREMENTS

Waveform 1

Specimen cs1 CLI Columnarity Equiaxed Columnar
No. % GSI GL1 GuW1
1-1 3 M 60 2 2 3
1-2 2 L 30 2 2 2
1-3 1 -— 30 2 1 1
1-4 5 S 60 2 3 2
1-5 5 M 60 3 3 3
1-6 3 M 90 1 3 1
1-7 4 L 60 3 2 2
1-8 5 5 80 3 3 2
1-9 5 S 50 1 2 2
1-10 2 M 80 3 2 2

Waveform

Specimen CSI CLI Colummarity Equiaxed Columnar
No. % GSI GLI GWI
2-1 2 M 30 1 1 2
2-2 2 S 10 5 -— -——
2-3 1 -— 20 3 1 1
2-4 1 -— 20 3 1 1
2-5 5 M 70 2 2 2
2-6 1 -—= 50 2 1 1
2-7 2 S 50 2 3 2
2-8 2 S 50 1 2 2
2-9 1 -—- 0 5 — ——
2-10 2 M 20 1 1 2
2-11 2 S 20 3 1 1
2-12 5 L 70 2 2 2
2-13 3 M 70 1 3 2
2-14 2 M 70 3 3 3
2-15 3 M 70 1 3 2
2-16 3 S 10 2 1 2
2-17 2 M 30 1 1 2
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TABLE 8 (continued)

Waveform 3

Specimen CsI CLI Columnarity Equiaxed Columnar
No. % GS1 GLI GWI1
3-1 3 M 70 2 3 2
3-2 2 S 60 2 3 2
3-3 3 M 50 2 2 2
3-4 5 L - —— - ——-
3-5 4 S - - -— -—
3-6 3 M 60 2 2
3-7 5 M 80 2 2
3-8 5 S 30 1 2

Waveform 4

Specimen CSI CLI Columnarity Equiaxed Columnar
No. % GSI GLI GWI
4-1 4 S 0 5 - -
4-2 3 40 2 2 2
4-3 3 L 40 3 2 3
4-4 1 - 30 2 2 2
4-5 3 M 40 3 2 1
4-6 1 -—— 10 2 2 2
4-7 2 M 20 2 2 2
4-8 1 -— 29 2 2 2
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|

Specimen Number

FSTIMATES ON &

TABLE 9

¢ OLUMNARITY (AISI 321 S.S.)

» C¢lumnarity
(Top Section)

% Columnarity
(Transverse Section)

-
|
? o : o 60
} . 0 55
E 2-2 10 2
| 2-4 20 =
i 2-10 20 35
E 2-3 20 20
| 2-11 20 20
| s 40 40
2-8 >0 20
- so 15
1-4 60 "
e 70 30
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CURRENT

TIME

(a) Waveform 1
Steady Current

CURRENT

TIME

(¢) Waveform 3
Steady Current + HF modulation

Figure 1:

CURRENT

o

CURRENT

b

TIME

(b) Waveform 2

Pulsed Current
Low frequency (10-100 Hz)

4.
\ .
!

AL
LU

(d)

TIME

Waveform 4
Pulsed Current + HF
modulation

Current waveforms used for stainless steel welding
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Clamp Plate

Weliding Direction

Figure 2:

Die Block

Specimea After Bending

Subsize Varestraint test equipment (schematic)
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Crack severity Iindex ( CSI) —>
Figure 3: Comparison between the semiquantitative CSI scale and the

total crack length. Number of specimens considered is
shown above points on the graph.
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A~Top View

8 ~ Transverse

Figure 4:

ety

C -~ Longitudinal

Section Section

Sections for metallographic studies. Weld zone is shown
as shaded regions.
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Figure 5:

(a) Microstructure of the weld zone in Sepcimen No. 2-10
(top section), near thc fusion line. (b) Same view for
Specimen No. 2-1. Note the similarity between structures
in both sides of the fusion line. Also note the finer
structure at the ripples.
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Figure 9: Effect of (surface) columnarity on the cracking severity
during Varestraint test. Number of specimens considered
is shown at every data point.
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data point.
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considered i{s shown at each data point.
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LIQUID

TEMPERATURE

%Cr ———= +——— %Ni

Figure 14: Generalized pseudo-binary diagram of
stainless steel.
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