
The Effects of Pulsed Gas Metal-Arc Welding 
Parameters on Weld Cooling Rates 

For three-dimensional heat transfer, the initial 
weld metal cooling rate is controlled only by 
the average energy input and the preheat 
temperature. 

BY B O R I S M. K R A N T Z A N D V I N C E N T D. C O P P O L E C C H I A 

ABSTRACT. Initial weld metal cooling rates 
have been known to be a function of weld
ing energy input parameters and preheat 
temperatures. Their interaction has been 
defined quantitatively with equations de
veloped by Dorschu1. These expressions 
apply to steel weld deposits made on thick 
plate where the three-dimensional mode of 
heat transfer prevails. The relationships 
are significant since the cooling rate, which 
determines the mode of transformation from 
austenite after solidification, may drasti
cally effect the resultant properties of the 
weld. The present investigation relates the 
initial weld metal cooling rate in pulsed-
power gas metal-arc welding to the energy 
input and the unique arc characteristics 
of this welding process. The investigation 
has revealed that: 

1. For three-dimensional heat transfer 
the initial weld metal cooling rate, dT/dt 
(°F/sec), is controlled only by the average 
energy input, £(KJ/in.) , and the preheat 
temperature. Jo (CF) as: 

dT/dtn 

and 

dT/dtK 

(2.50 X 10"3) (1300 - T„y 

+ 15 

(2.43 X IO-3) (1000 - Tof 

+ 8.2 

2. The unique parameters of pulsed 
power welding, peak to background cur
rent ratio, duty cycle and pulse frequency, 
have no inherent effect on initial weld 
metal cooling rate. 

3. The arc energy transfer efficiency of 
pulsed power welding was found to be 86%. 
which is comparable to an arc efficiency of 
84% shown to characterize the conven-
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tional gas-metal arc process1. 
Since pulsed power welding finds much 

utility as an out-of-position process, the 
weld metal is often deposited using weaving 
techniques. An examination of the effects 
of oscillation parameters on initial weld 
metal cooling rates showed the following: 

1. Oscillation frequency, end dwell and 
oscillation amplitude in the ranges studied 
had no effect on initial weld metal cooling 
rates. 

2. At a comparable average energy in
put, weld metal deposited with oscillation 
cooled at the same initial rate as welds 
made with "stringer" techniques. 

The mechanical properties of low-alloy, 
high-strength steel welds are known to be 
dependent upon microstructure as well as 
composition. Electron microscopy exami
nations of two pulsed power weldments 
revealgd: 

1. A change in morphology from the 
as-deposited martensite to a weld metal 
microstructure consisting of tempered mar
tensite and ferrite. 

2. A precipitation and coarsening of 
carbides in the underlying typical weld 
metal microstructure typically found in un
derlying passes. 

Introduction 
The joining of high strength steels 

often requires an out-of-position weld
ing capability impossible to attain with 
conventional spray transfer. Dip-trans
fer or pulsed-power techniques must 
be used to control metal transfer at the 
low current levels needed to obtain 
the required reduced deposition rates. 
Both techniques can be used to pro
duce high-strength steel weld metal 
tha t is strong, tough and sound. 
Pulsed-power welding is superior to the 
dip-transfer process since the force of 
the spray transfer in the pulsed-power 
process minimizes the lack of fusion 
sometimes occurring with the short-
circuiting process. In addition, pulsed-
power welding is essentially free from 

spatter and can b e used to achieve 
higher deposition rates than are possible 
with dip transfer. 

This study was part of an overall 
program to relate welding variables to 
weld properties by studying their effect 
on weld metal cooling rates and thermal 
history. Initial weld metal cooling rates 
in gas metal-arc welding have been 
shown1 to be inversely proport ional to 
the welding energy input and directly 
proport ional to (T — T0)

2, where T0 is 
the preheat temperature and T is the 
temperature at which the cooling rate 
is measured. Figure 1 illustrates the 
correlation between initial weld metal 
cooling rates and the yield strengths of 
gas metal-arc, multipass AX-140 weld
ments. Since the final microstructure 
and mechanical properties of a weld
ment are determined by thermal history 
as well as composition, a study of the 
influence of the welding variables 
associated with a particular welding 
process on the thermal history of a 
weldment is of considerable importance. 

Pulsed power produces stable spray 
transfer of metal at average currents 
lower than the globular-to-spray transi
tion current2-3 . The output current 
wave form of a commercial pulsed-
power supply is shown in Fig. 2. In 
pulsed-power welding the current alter
nates between two levels, the upper or 
peak current and the lower or back
ground current. Because the period of 
t ime during which the background 
current flows in each cycle is shorter 
than that required to detach a globule 
of metal , transfer takes place only 
during the period in which the peak 
current flows and as a result metal 
transfer occurs in the spray mode. The 
percentage of time dur ing which the 
peak current flows per cycle is called 
the duty cycle. 

Since pulsed-power welding is most 
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useful as an out-of-position process, 
the effects of the power supply char
acteristics and wire deposition rate on 
the useful operating ranges for vertical-
up welding were determined4. A useful 
operating range represents that region 
in which the peak and background 
current, duty cycle, and frequency 
combine to produce stable, spray 
transfer, adequate deposition rate, and 
an acceptable bead in the vertical-up 
welding direction. Figure 3 illustrates 
one such range for a specific combi
nation of duty-cycle, pulse frequency 
and wire diameter. Background cur
rents less than the minimum shown 
do not produce a stable arc; peak 
currents below a minimum transition 
level of current will not produce the 
desired spray transfer; and wire feed 
speeds greater than the recommended 
maximum will produce too fluid a 
deposit for out-of-position welding. 
The useful operating range for 0.045-in. 
diam wire varies with the duty cycle 
and pulse frequency as shown in Fig. 4. 
It is apparent that as the duty cycle 
and pulse frequency increase, the useful 
operating range decreases. 

The purpose of the present investiga
tion was to determine at a constant 
preheat temperature whether the aver
age energy input is the only parameter 
controlling initial cooling rates as is the 
case with the conventional gas metal-
arc process, or whether the welding 
variables unique to the pulsed-power 
process are influential. If these unique 
pulsing variables do have an independ
ent effect on cooling rate, then it would 
be necessary to consider their effects on 
weld properties, as well as on arc 
stability and ease of out-of-position 
welding, in selecting welding conditions. 

The first phase of the present program 
was concerned with the influence on 
weld cooling rates of the welding vari
ables unique to pulsed-power welding. 
Specifically, the peak and background 
currents were varied within the useful 
operating range at various duty cycles, 
pulsed frequencies, wire feed speeds, and 
wire diameters. Since pulsed-power 
welding is most useful as an out-of-
position process, the weld metal is 
often deposited in weaving fashion. 
The influence of oscillation parameters 
on initial weld rnetal cooling rates was 
studied for pulsed-power welding, al
though the results of this study will be 
applicable to any out-of-position weld
ing process. Since most out-of-position 
welding is performed manually, the 
oscillation frequency, end dwell and 
amplitude were varied at levels com
parable to those in manual welding 
operations. 

The thermal history as well as the 
composition of a weldment determine 
its final microstructure and mechanical 
properties. The thermal cycles occurring 
in the mid-thickness pass of two 
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Fig 1—Influence of cooling rate on AX-
140 weld metal yield strength 

typical weldments were recorded at two 
levels of energy input. 

The final microstructure (size dis
tribution of carbides and presence of 
additional phases) of two pulsed-power 
weldments produced with energy input-
preheat of 60 kj/in. (300F) and 50 
kj/in. (200F) have been examined. The 
top pass and a lower pass of eaph 
weldment were compared at equivalent 
locations within each weldment to 
reveal the differences between the as-
deposited and thermally cycled micro-
structures. 

Experimental Procedure 
An experimental, variable-frequency, 

solid-state pulsed welding power supply 
was used to supply high current pulses 
of controlled amplitude (peak current), 
duration (duty cycle), and frequency. 
A standard power supply (F3C rectifier) 

Fig. 2—Schematic of current wave form 
of commercial pulsed power welding 
supply and metal transfer sequence 

was used to develop the background 
current needed to stabilize the arc and 
control the average power input. Al
though the pulse welding power supply 
was capable of producing a broad 
range of pulse frequencies and duty 
cycles, only combinations of low duty 
cycles (20 and 30%) and low fre
quencies (60 and 120 cycles/sec) were 
used for this study since these have 
been shown4 to produce wide ranges of 
practical operating conditions. 

For convenience in the early phases 
of the study, "stringer" bead-on-plate 
type deposits were made in the flat 
position. For each duty cycle-pulse 
frequency combination, a peak vs 
background current plot such as Fig 3. 
was used to select the respective cur
rent levels. Cooling rates were measured 
at various peak-to-background current 
ratios, since peak and background 
current cannot be varied independently 
without affecting the deposition rates 
and arc length (Fig. 3). Currents were 

Table 1—Materials and Welding Conditions Used for Determining Cooling Rates 
of Pulsed-Power Weld Metal 

Materials 

Wire: 0.045-in. diam AX-140, Heat 1P1338 
Base plate: 2-in. thick HY-100 steel 
Surface condition: machined to remove surface scale 

Common Welding Conditions 

Welding posi t ion 
Preheat 
Arc length 
Sh ie ld ing gas 
Gas f low 
Contact t ip- to-work d is tance 
Nozzle-to-work d is tance 
Nozzle d iamete r 

Stringer Deposit 

Travel speed 
Duty cycle 
Pulse f requency 
Peak /background cur rent rat io 
Wire feed speed 

Oscillated Deposit 

Travel speed 
Duty cycle 
Pulse f requency 
Peak /background cur rent rat io 
Wire feed speed 
Osci l la t ion f requency 
End dwel l 
Osci l lat ion amp l i tude 

Flat 
250 F 

Kin. 
Argon + 2% 0 2 

50 c fh 
% i n . 
l H e in. 
1 in . 

5 i pm (automat ic ) 
20-30% 
60-120 cps 
3-13 
125-150 i pm 

\y2 t o 4 H i p m 
30% 
60 cps 
~ 6 
125 i p m 
24 to 116 osc i l l a t i ons /m in 
0 to 1 sec 
2 % 4 t o 3 ^ 4 i n . 
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selected at a constant wire feed speed to 
yield a broad range of peak-to-back
ground current ratios. A second aspect 
of this study utilized constant arc power 
and wire feed speed conditions but at 
varied levels of oscillation. Instantane
ous traces of background, peak, and 
average current and voltage were re
corded for all runs on a high speed 
direct reading oscillograph. 

Table 1 lists the materials and 
welding conditions for the "stringer" 
and oscillated weld beads deposited for 
the initial cooling rate study. An auto
matic welding apparatus consisting of a 
welding gun whose oscillatory motion 
was electronically controlled was used 
in this study. Similar data are presented 
in Table 2 concerning the process de-

Fig. 4—Three dimensional representation of interaction of 
duty cycle, peak current, background current and pulse 
frequency on pulsed power welding operating ranges (0.045-in. 
dia. wire) 

tails of two typical out-of-position 
weldments whose complete thermal 
history was recorded. In addition, the 
mechanical properties of these welds 
are also shown in Table 2. 

The initial cooling rates of the 
deposits were recorded by manually 
plunging 0.020-in. diam W3Re-W25Re 
thermocouples into the trailing edge of 
the weld puddles. The thermal histories 
occurring within the underlying passes 
in two multipass weldments were meas
ured with 0.010-in. diam chromel-
alumel thermocouples. The thermo
couple outputs were recorded on a 
rapid response potentiometric recorder. 
Initial weld metal cooling rates were 

Table 2—Materials and Welding Conditions for Pulsed-Power Weldments 

Materials 

Wire: 0.045-in. diam AX-140, Heat 1P1338 
Base plate: 2-in. thick HY-130 steel plate 
Joint geometry: double-vee, 60 deg included angle 
Joint root space: ?<s-2-in. 

Welding Conditions 

Airco weld no. 
Welding position 
Average energy input (kj/in.) 
Preheat/interpass (°F) 
Average welding current (amp) 
Average welding voltage (dcrp) 
Pulse duty cycle (%) 
Pulse frequency (cps) 
Shielding gas 
Gas flow rate (cfh) 
Travel speed (ipm) 

Mechanical Properties 

Yield strength, ksi 
Tensile strength, ksi 
Elongation in 2 in., % 
Reduction-in-area, % 
Charpy V-notch, ft-lb 

at + 80 F 
+ 30 F 

0 F 
- 60 F 

2461-168 
Vert ica l -up 
45 
200 
130-140 
18-19 
22 
60 
Ar-25% He-
40 
3.5 

138 
158 
18 
61.5 

51.5 
53.5 
48 
29 

, manual 

1 % O, 

2461-173 
Hor izonta l 
32 
200 
215 
21-22 
24 
60 
A r - 1 % 0-, 
40 
8.5 

150 
157 
17.7 
60 

73 
65.5 
67 
40 

manual 

measured at 1000 and 1300F since these 
temperatures are of greatest metal
lurgical interest for low alloy steel 
systems. 

Electron microscopy was used to 
resolve the microstructures of pulsed-
power weldments deposited from AX-
140 wire on HY-130 plate at energy 
input-preheat levels of 50 kj/in. (200F) 
and 60 kj/in. (300F). Standard carbon 
extraction and two-stage chromium-
shadowed collodion replicas were made 
at the mid-thickness and last pass of 
each weldment. 

Results and Discussion 
Pulsed-Power Arc vs 
Weld Metal Cooling Rate 

Figure 5 clearly shows that neither 
the peak-to-background current ratio, 
the duty cycle, nor the pulse frequency 
had any effect on initial weld metal 
cooling rate. The data also revealed 
that no interaction existed between 
these unique characteristics of the 
pulsed-power process and the initial 
weld metal cooling rate. The data in 
Fig. 5 showed an average scatter of 
± 1 1 % . Thus, the pulsed-power vari
ables controlling arc stability and ease 
of out-of-position welding, i.e., the peak 
and background current, duty cycle 
and pulse frequency, had no inherent 
effect on initial weld metal cooling. 

The initial weld metal cooling rates 
under various pulsed-power arc condi
tions were measured at two wire feed 
speeds. As shown in Fig. 5, increasing 
the wire feed speed decreases the initial 
weld metal cooling rate. However, as 
the wire feed speed increases, it is also 
necessary to increase the average cur
rent to maintain a constant arc length 
and produce a good deposit. Thus, the 
reciprocal relationship between cooling 
rate and wire feed speed shown in Fig. 5 
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is due to the higher average current 
required at higher wire feed speeds. 
This is illustrated in Fig. 6 where 
initial weld metal cooling rates are 
shown as a function of reciprocal aver
age current and deposition rate for 
both 0.045 and 0.035 in. diam wires. 
The effect of wire feed speed (deposition 
rate) on initial cooling rate in the ranges 
studied can be accounted for entirely 
by the variation in average current. 
Thus, wire feed speed is not the true 
variable controlling the initial weld 
metal cooling rate. It is suspected that 
only the average pulsed-arc power, 
which is dependent upon the average 
arc current, is the factor that deter
mines initial weld metal cooling rate. 

The effects of energy input (arc 
power/travel speed) and preheat on 
initial weld metal cooling rate have been 
investigated for the conventional gas 
metal-arc process. According to Dor
schu1, the centerline weld metal cooling 
rate (dT/dt) at a particular temperature 
(T) can be expressed as; 

(dT/dt)T = 
M(T - T0y 

+ D (1) 

where E is the energy input, T0 is the 

l/AVERAGE CURRENT (APPROX.) 

- A M P S " 1 X I O - 2 

O - 0.045 ' DIA, WIRE 
A - 0.035" DIA. WIRE 

DEPOSITION R A T E - LBS/HR 

Fig. 6—Effect of deposition rate and 
average current on initial weld metal 
cooling rate 

ARC OSCILLATION FREQUENCY ICPM) 

Fig. 9—Influence of oscillation frequency, end dwell and 
oscillation amplitude on initial weld metal cooling rates 

preheat and M and D are constants. 
The initial cooling rates of weld metal 
deposited by the pulsed power process 
were plotted as a function of reciprocal 
energy input (constant preheat) in 
Figs. 7 and 8. A linear regression 
analysis revealed the following corre
lations, as predicted by Eq. (1), with 
excellent correlation coefficients of 0.93 
and 0.91, respectively: 

dT/dt(i3ooF) = 

(2.50 X 10^3)(1300 - To)2 

+ 15 (2) 

dT/dt^taxF) = 
(2.43 x IO"3) (1000 To)2 

+ 8.2 (3) 

For comparison with conventional spray 
transfer gas metal-arc welding, Dorschu 
found M130oF = 3.03 x 10~3, MI00Of = 
3.77 x 10~3 and D values very close to 
zero, which would be expected theo
retically. 

At 1300F, the pulsed power gas 
metal-arc cooling rates fit the prediction 
equation for the conventional gas metal-
arc process at 250F preheat very well 
(Fig. 7). This similarity at 1300F 
suggests that the cooling rate prediction 
equation for both gas metal-arc proc
esses can be defined by a single relation-

2 5 0 " F PREHEAT 
0.045 IN. AX-140 WIRE 

2 IN. PLATE 

0 010 .020 .030 040 .050 .060 ,0T0 .090 .090 
l/ENERGY INPUT - IN./KJ 

Fig. 7—Comparison of reciprocal energy 
input—cooling rate relationships of 
pulsed-power and conventional gas 
metal-arc welding 

ship. However, at 1000F the relation
ships for the two processes are not the 
same (Fig. 8). Since the cooling rate-
energy input equations at 1300F are 
very similar, the difference at 1000F 
cannot be due to a variation inherent 
in the welding processes. Rather, it is 
suspected that the relationships at 1000F 
vary because the means of obtaining 
the data were different. In the present 
study, the cooling rates were deter
mined directly from empirical cooling 
curves. However, the weld metal cool
ing rates at 1000F for the conventional 
gas metal-arc process1 were predicted 
from an extrapolation of the cooling 
curve from higher temperatures. This 
extrapolation was necessary in Dor-
schu's study since the metal deposited 
was mild steel, whose austenite trans
formation occurs at approximately 
1000F. Since at 1000F the cooling rate 
would be affected by the austenite to 
ferrite heat of transformation, it was 
necessary to use an extrapolation of the 
higher temperature portion of the cool
ing curve to the region of 1000F. In the 
present study of pulsed-power welding, 
this extrapolation was not necessary 
since AX-140 weld metal does not trans
form until the region of 800F, thus 
direct measurement of cooling rates at 
1000F were possible. 

- 1 1 1 1 — 7 r 
CONVENTIONAL GMA / ' ' 

WELDING 

250°F PREHEAT 
0 0 4 5 IN. AX-140 WIRE 

2 IN. PLATE 

Fig. 8—Comparison of reciprocal energy 
input—cooling rate relationships of 
pulsed-power and conventional gas 
metal-arc welding 
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Fig. 10—Influence of arc travel speed 
(constant preheat and arc power) on 
initial weld metal cooling rate 

The cooling rate equation may be 
expanded to include factors describing 
the efficiency of energy transfer, n, and 
thermal conductivity of the plate, k, as: 

dT 
di 

2 k 
nE (T - r0y (4) 

The efficiency when calculated in this 
'manner is determined by the slope of a 
cooling rate-reciprocal energy input 
plot such as Fig. 7. As this slope in
creases, the cooling rate at a specified 
energy input increases. An increasing 
cooling rate is an indication that the 
efficiency of energy transfer to the weld 
pool is decreasing. To compare the 
efficiency of pulsed-power welding with 
that for conventional gas metal-arc 
welding, it is theoretically necessary to 
have -a D value (Eq. 1) of zero. For 
pulsed power welding, a least squares 
line with a D of zero yields MnmF = 
2.93 X 10~3. Combining Eq. (1) and 
(4) and using a reasonable value of k 
of 0.068 cal/cm/°C/sec with appropriate 
conversion factors, n for pulsed power 
welding is approximately 86%. This is 
comparable to conventional gas metal-
arc welding efficiency of 84% ! and is 
further evidence of the similarity of the 
two processes. 

TIME FROM 24O0' 

Arc Oscillation vs 
Weld Metal Cooling Rate 

The pulsed-power, dip transfer and 
covered electrode welding processes are 
all capable of out-of-position welding, 
a requirement when flat positioning of 
weldments is often not possible. The 
metal is often deposited using weaving 
techniques to fill a joint in a minimum 
number of passes, to provide the best 
bead shape and to maintain control 
of the weld metal puddle. Oscillation 
parameters such as frequency, ampli
tude, and end dwell are varied depend
ing upon the energy input, deposition 
rate, and joint configuration and loca
tion. The levels of frequency, amplitude 
and end dwell selected in this study 
represent the practical ranges employed 
in manual out-of-position welding. 

Initial weld metal cooling rates were 
measured at two levels of forward 
travel speed and at several levels of 
frequency, amplitude and end dwell as 
shown in Fig. 9. Least squares analyses 
revealed that increasing oscillation fre
quency, amplitude and end dwell at 
constant forward travel speed had no 
effect on initial weld metal cooling rates 
in the ranges studied, i.e., the slopes 
in Fig. 9 are essentially zero. The 
cooling rates of the stringer deposits 
(zero oscillation) are statistically the 
same as the cooling rates of the oscillated 
deposits. The only travel parameter 
affecting initial weld metal cooling rate 
was forward travel speed, which as 
predicted has a positive effect. To 
substantiate these results, initial weld 
metal cooling rates were measured at 
high frequency/low dwell and low 
frequency/high dwell combinations at 
two additional travel speeds of 1.5 and 
4.5 ipm."As shown" before, the initial 
weld metal cooling rates were independ
ent of the oscillation variables at each 
travel speed. 

Since the oscillated deposits were 
produced at constant arc power and 
preheat, Eq. (1) predicts that the weld 
metal cooling rates will vary linearly 
with forward travel speed. Using the 

WELD PUDDLE 

Fig. 12—AX-140 continuous cooling trans
formation diagram with superimposed 
initial weld metal cooling curves 

Fig. 13—Weld thermal cycles occurring 
in a 2-in. pulsed-power welding de
posited vertically up at 45 kj/ in. (200F) 
preheat 

W 

L - LENGTH OF WELD PUDDLE 
P - NET FORWARD COMPONENT OF OSCILLATION PERIOD 

Fig. 11—Comparison of length of weld 
puddle to net forward component of 
oscillation period 

least squares values for cooling rates at 
2.5 and 3.5 ipm shown in Fig. 9, and 
the additional cooling rate data ob
tained at 1.5 and 4.5 ipm, this pre
diction is shown to be quite valid in 
Fig. 10. 

It is thus apparent that the initial 
weld metal cooling rates of oscillated 
deposits can be predicted from the 
energy input relationships of Dorschu1 

using only average energy input and are 
independent of the arc oscillation param
eters. This can be explained by com
paring the length of a weld puddle to the 
net forward component of the oscilla
tion period (Fig. 11). If the length of the 
weld puddle is greater than this com
ponent, then oscillation does not create 
any additional boundaries in the weld 
pool; i.e., there will be no change in 
the heat transfer characteristics of the 
weld pool. In the present study, the 
forward components of the oscillation 
periods were less than ylf, in. and 
typically less than }4 in. which is much 
less than a typical puddle length. Since 
the experimental conditions simulated 
manual welding, in practice the puddle 
length will always be greater than this 
component. Therefore, unless the travel 
conditions are very unusual, no change 
in initial weld metal cooling rate will 
occur as a result of an oscillation 
variable. However, it must be remem-

Fig. 14—Weld thermal cycles occurring 
in a 2-in. pulsed power weldment de
posited horizontally at 32 kj/ in. (200F) 
preheat 
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bered that oscillation inherently accom
panies lower forward travel speeds and 
higher energy input deposits. Thus, in 
general one can expect slower cooling 
of oscillated weld metal deposits. 

Continuous Cooling 
Transformation Behavior 

The continuous cooling character
istics associated with weld metal de
posited at several energy levels is shown 
superimposed upon the continuous 
cooling transformation diagram of AX-
140 in Fig. 12. The cooling rates in all 
of these cases were rapid enough to 
produce only self-tempered martensite 
in the as-deposited microstructures at 
room temperature. Ferrite or bainite 
can form only after a weld bead of 
AX-140 has been deposited at relatively 
high energy input levels5. However, 
even at low energy inputs the thermal 
cycling in multipass welds causes pre
viously deposited weld metal to be heat 
treated in the intercritical temperature 
region between the Ai and A3 tem
peratures allowing the formation of 
proeutectoid ferrite. This formation of 
weak ferrite in underlying passes of 
low alloy steel multipass weldments 
cannot be avoided since the thermal 
cycling will always be present. However, 
by avoiding their presence in the as-
deposited microstructure, the total 
amount present can be minimized and 
the resultant strength of the weldment 
increased5. 

Thermal History of Multipass 
Pulsed-Power Weldments 

The thermal histories of the mid
thickness passes during welding are 
shown in Figs. 13 and 14. Although the 
thermal history at another location in 
the mid-thickness pass would be differ
ent, the thermal cycles shown represent 
the typical behavior. The vertical-up 
weldment deposited with oscillation at 
45 kj/in. experiences a different thermal 
history than the weldment deposited 
with stringer beads horizontally at 32 
kj/in. As discussed previously5, the 
microstructures of the weldments are 
altered by the thermal cycling. 

Fig. 15—Electron micrographs of AX-140 weld metal deposited at 50 kj/ in. using 
200F preheat showing area of top pass (left) and lower pass (right) 

Metallography of 
Pulsed-Power Weldments 

Electron microscopy examinations 
were made at the midthickness and last 
pass of two weldments produced at 
50 kj/in. (200F) preheat and 60 kj/in. 
(300F) preheat. Comparisons of the 
structures found at these locations in 
each weldment are shown in Figs. 15 
and 16. All of the microstructures 
were predominantly tempered marten
site but small quantities of ferrite are 
suggested in Figs. 15b and 16b by 
several constituents which are void of 
carbides in accord with a previous 
study5. The midthickness pass of each 
weldment does not exhibit the very 
acicular martensite found in the last 
pass. Numerous grains in the last 
pass of each weldment (Figs. 15a and 
16a) contain finely distributed carbides. 
In the lower passes (Figs. 14b and 15b), 
which represent the typical weldment 
microstructures, these carbides have 
coalesced and additional carbides have 
precipitated forming a coarser distri
bution. Examination of carbon extrac
tion replicas also confirmed this pre
cipitation and coarsening of carbides 
and, in addition, a random carbide 
orientation in the lower passes. 

To summarize, electron microscopy 
examinations of these weldments have 
revealed: (1) A change in martensite 
morphology from the as-deposited to 
the nominal weld metal microstructure; 
(2) a precipitation and coarsening of 

carbides in the underlying typical weld 
metal microstructure; (3) a suggested 
presence of small quantities of ferrite 
in the tempered martensite micro-
structure due to heat treatment within 
the ferrite-austenite region from sub
sequent passes. 
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Fig. 16—Electron micrographs of AX-140 weld metal deposited at 60 kj/ in. using 
300F preheat showing area of top pass (left) and lower pass (right) 
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