
Properties of Weld Metal in a Lead-Calcium Alloy 
Gas tungsten-arc welding with alternating current is 
proved capable of joining a lead-calcium alloy without 
loss of base metal properties 

BY W. W. CANARY AND C. D. LUNDIN 

ABSTRACT. An invest igat ion was 
made to determine (1) the welding 
parameters necessary to produce a 
metallurgically sound weld having a 
chemistry simi lar to the nominal 
99.92% Pb-0.06% Ca base metal and 
(2) to determine the effect of heat 
t r ea tmen t on me ta l l u rg i ca l and 
mechanical properties of the weld 
metal and heat-affected zone. 

The gas tungsten-arc alternating 
current welding process was deter
mined to be capable of welding the 
lead-calcium alloy without producing 
calcium losses in the weld metal. The 
process permitted the addition of filler 
metal, promoted complete fusion, 
and resulted in a smooth weld bead. 
Welding parameters were developed 
for single-pass welds in Vt in. thick 
material. 

Mechanical properties, including 
hardness and tensile strength, were 
first characterized on base metal 
solution heat treated and room tem
perature aged, and solut ion heat 
treated and aged at 100 C. Weld 
metal was determined to respond in a 
manner similar to base metal when 
similarly heat treated and aged. Weld 
metal in the as-welded and room tem
perature aged condit ion was also 
found to exhibit properties similar to 
the base metal and to weld metal 
which had been solution heat treated 
a n d r o o m t e m p e r a t u r e a g e d . 
Mechanical property degradation did 
not occur in the weld metal or heat-
affected zone as a result of thermal 
excursions during welding. There
fore, a solution heat treatment is not 
required after welding to achieve 
maximum and identical mechanical 
properties in all weld zones. 

Introduction 
Lead is one of the oldest metals 

known to man. This metal probably 
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has more varied fields of application 
than any other. Some outstanding 
characteristics of lead include heavy 
weight, high density, softness, mal
leability, flexibility, low melting point, 
low strength, high resistance to corro
sion under a wide variety of condi 
tions, and the ability to shield nuclear 
radiation. The disadvantages of using 
pure lead in some engineering appli
cations include low fatigue resis
tance, extreme softness, low tensile 
strengths, and inability to have its 
mechanical properties enhanced by 
heat treatment. 

Alloying is the only effective means 
available to enhance the properties of 
lead. A desirable solution to the prob
lem, then, is to develop an alloy that is 
(1) rich in lead for nuclear properties, 
(2) corrosion resistant, and (3) capa
ble of having its mechanical proper
ties enhanced by heat treatment. 

A number of binary and ternary 
systems have been investigated. Gen
erally, the lead-calcium alloys have 
exhibited the best combination of 
fatigue resistance, tensile strength, 
and hardness without degradation of 
corros ion resistance and nuclear 
properties (Refs. 1-4). A lead-calcium 
phase diagram including the range of 
interests is shown in Fig. 1. Because 

Table 1 — Gross Chemical and Impurity 
Analysis of the Nominal Lead-0.06 Weight 
Percent Calcium Used in this Investiga
tion (a) 

Lead 
Calcium 
Aluminum 
Antimony 
Arsenic 
Bismuth 
Cadmium 
Chromium 
Copper 
Iron 
Lithium 
Magnesium 
Manganese 
Nickel 
Phosphorus 
Silver 
Sodium 
Tin 

99.92 % 
0.059% 
15 

<6 
<20 

5 
< 6 
< 1 
< 1 
< 1 
< 1 

10 
< 1 
< 4 

< 100 
2 

< 20 
1 

(a) All values in ppm, except where noted. 

of the enhanced combinations of 
mechanical properties of the lead-cal
cium alloys it is of special interest for 
use as cab le shea th i ng , bat tery 
p l a t e s , a n d n u c l e a r r a d i a t i o n 
shielding. 

A method for welding lead-calcium 
al loys wh ich ma in ta ins supe r io r 
mechanical properties in the weld 
metal has not been developed (Refs. 
4, 6-9). Therefore, when machined 
parts are required, the part must be 
machined f rom special cast ings. 
Molds for such castings can become 
very expensive when large or com
plex shaped parts are required. Also, 
long machining times are required 
because of excessive stock required 
for castings. It is, therefore, econom
ically desirable to produce welded 
assemblies. 

This paper describes a study (Ref. 
10) that was made (1) to determine 
the parameters necessary to produce 
meta l l u rg i ca l l y sound we ld wi th 
chemistry similar to the lead-0.06 wt 
% calcium base metal and (2) to 
determine the effect of heat treat
ment on metallurgical and mechan
ical properties of the weld metal and 
heat-affected zone in the lead 0.06 wt 
% calcium alloy. 

Experimental Procedure 

Material Preparation 

The material used in this investiga
tion was prepared from a premium 
grade of corroding lead. The calcium 
was added as a 1 wt % calcium 
master alloy. The gross chemical and 
impurity analysis of the alloy used is 
reported in Table 1. 

After the ingot was removed from 
the mold, it was cold rolled to Vi-
inch thick plate. The plate was cut into 
samples 8 by 2 by Vi in. thick. No ef
fort was made to preserve the iden
tity of the individual samples until 
after welding. This permitted sam
ples to be selected for welding on a 
purely random basis with respect to 
any composit ion variation that might 
be present in the plate. 

Strips VA in. square were sheared 
from the base metal and swaged to 
0.100 in. diam for filler metal. Heat 
treatments were not used between 
swaging operations. Just prior to 
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Fig. 1 — Lead-calcium binary phase diagram 

and end of each length of filler metal. 
The accuracy of determinations for 
calcium at 95 % confidence limits was 
reported to be ±0.004 wt %. 

Heat Treatment and Aging 

The specimens used in this study 
were heat treated in a box-type resis
tance heated furnace. Specimens 
used to obtain hardness data were 
heat treated and aged under the fol
lowing schedules: 

1. Solution heat treated at 300 C 
for 1 to 24 hr, water quenched and 
room temperature aged for up to two 
weeks 

2. Solution heat treated at 300 C 
for two hr, water quenched and aged 
at 100 C for up to 96 hr followed by a 
two-week room temperature age 

3. As-deposited weld metal room-
temperature aged for up to two weeks 

S p e c i m e n s u s e d f o r t e n s i l e 
strength evaluation were heat treated 
and aged unde r the f o l l o w i n g 
schedules: 

1. Solution heat treated for two hr 
at 300 C, water quenched and room 
temperature aged for up to two weeks 

2. Solution heat treated for two hr 
at 300 C, water quenched and aged at 
100 C for up to 48 h r . 

3. As-deposited weld metal room-
temperature aged for two weeks 

Table 2 — Parameters Used to Weld Lead-Calcium Plate 

Process 
Current (mode) 
Current (amperes) 
Travel speed (ipm) 
Type of arc starting device 
Shielding gas 
Flow rate (cfh) 
Pre-flow time (seconds) 
Electrode holder 
Electrode type 
Electrode diameter 
Arc voltage (volts) 
Wire feed rate (ipm) 
Work Slope (in./in.) 

Gas tungsten-arc 
Alternating current 
270 
6.6 
High frequency 
Argon 
20 
5 
500 A, water cooled 
2% Thoriated Tungsten 
V8 inch 
8 
56 
+ 0.02 

welding, the filler metal was chem
ically cleaned in a 50 vol. % nitric 
acid-water solution and then swaged 
to 0.094 in. diam. 

Welding Procedure 

A welding procedure was devel
oped for welding V* in. thick plate us
ing the gas tungsten-arc welding 
process with filler metal addit ion. The 
welding procedure was developed us
ing a single Vee-groove weld in a butt 
joint having a 60 deg included angle, 
zero width root face and no root open
ing. Immediately before welding, the 
plates were mechanically cleaned by 
scraping the surface to be welded. 

The welding parameters for a 
single pass weld, shown in Table 2, 

were developed using a 600 A, single 
phase, ac/dc welding power supply. A 
voltage control head was used to 
maintain a constant arc voltage. Filler 
metal was automatically fed into the 
arc at a constant feed rate with a wire 
feeder. A welding manipulator was 
used to move the welding torch at a 
constant travel speed. 

Chemical Analysis 

Calcium analysis of the lead-cal
cium alloy was obtained by the atomic 
absorption method. Base metal and 
weld metal sampling was accom
plished by dril l ing, using a V4 in. drill 
and collecting the chips. The filler 
metal sampling was accomplished by 
cutting sections from the beginning 

Hardness and Tensile Strength 
Measurements 

Macrohardness numbers used in 
this work were obtained using a Rock
well hardness tester with a Vz in. diam 
steel ball for a penetrator and a 60 kg 
load applied for 45 sec. The depth of 
penetration as indicated by the Rock
well dial was used as a measure of the 
impression diameter and converted 
to a Brinell hardness (HB) number. 

Microhardness values were deter
m ined on several so lu t ion heat 
t rea ted and aged samp les and 
samples in the as-welded condit ion. 
Diamond pyramid hardness values 
were obtained using a 100 g load on a 
Tukon microhardness tester. Read
ings were taken by traversing from 
the base metal to the weld metal on a 
specimen section transverse to the 
weld. 

Tensile strength values were ob
tained using a strain rate of 0.25 
in. / in. /min. Flat tensile specimens 
were used with a VA in. square cross 
section. Elongation was determined 
over a 1 in. gage length. Longitudinal 
weld metal specimens contained all 
weld metal while transverse weld 
specimens conta ined weld metal , 
heat-affected zone and base metal. 

Metallography 

Longitudinal and transverse cross 
sections of welded specimens were 
examined metal lographical ly . The 
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Fig. 2 — Hardness versus aging time for base metal sample solution heat treated at 300 C 
for different times, water quenched, and room temperature aged 

specimens were mounted in epoxy, 
ground through 600 grit silicon car
bide paper impregnated with paraf
fin and kerosene as a lubricant. 
Polishing and etching was accom
plished by using a solution contain
ing 60 vol. % acetic acid, 20 vol. % 
hydrogen peroxide and 20 vol. % 
ethyl alcohol. A swab etch method 
was used. Etching times of approxi
mately 10 sec were required. 

Safety 

A ventilation system was required 
during welding to remove the lead 
vapors formed during welding. A 6 in. 
diam exhaust vent with an air flow 
velocity of 4000 fpm was positioned 
16 in. from the arc. The air flow veloc
ity at the arc was approximately 40 
fpm. Also, during welding, a respira
tor was worn by the welder to prevent 
accidental inhalation of lead vapors. 
After welding of each sample, the fix
ture and sample were wire brushed 
near the exhaust vent to prevent the 
deposi ted lead vapors f rom be
coming airborne during handling. 
Care was taken by the welder to wash 
prior to eating or drinking after han
dl ing samples covered with lead 
vapors. 

Results and Discussion 

Welding the Lead-Calcium Alloy 

A number of welding processes in
cluding oxyacetylene, gas tungsten-
arc, electron beam and plasma arc 
were evaluated to determine if these 

processes could produce a weld in 
the lead-calcium alloy without signif
icant calcium losses. Further evalua
tions were carried out to insure that a 
weld with no objectionable defects 
and adequate mechanical properties 
could also be obtained with these 
candidate processes. 

The oxyacetylene gas welding 
process was evaluated utilizing an ox
idizing, carburizing and neutral flame. 
With each of the three flames used, a 
thick oxide layer quickly formed on 
the surface of the molten weld metal. 
This oxide prevented fusion by inhib
iting the melting and mixing of the 
material from both sides of the joint. 
For this reason the further evaluation 
of the oxyacetylene welding process 
was discontinued. 

The plasma-arc welding process 
was evaluated and during welding an 
oxide fi lm, similar to that which form
ed during oxyacetylene welding, also 
occurred. The same lack of fusion 
resulted from this oxide. The oxide 
fi lm which formed during plasma 
welding did not appear to be as thick 
as that produced by gas welding but 
still effectively inhibited proper fusion. 
Likewise, this process was e l im
inated from further evaluation. 

T h e e l e c t r o n b e a m w e l d i n g 
process, even though it did not cause 
oxidation of the alloy, was not eval
uated for welding because of the diff i
culty of adding filler metal in the 
closed chamber. A welding process 
which permits filler metal additions is 
highly desirable in most applications. 
Thus, the electron beam process was 

eliminated from any further consid
eration. 

The final welding process eval
uated was gas tungsten-arc welding. 
Direct current reverse polarity, direct 
current straight polarity and alternat
ing current were used in the eval
uation. 

Direct current straight polarity per
mitted a thin oxide layer to form which 
inhibited proper fusion. The oxide 
layer formed was very similar to the 
oxide layer formed with the plasma-
arc process. Direct current reverse 
polarity caused the arc to be very er
ratic and unstable. The weld metal, 
however, was free of oxide films dur
ing welding and adequate fusion 
resulted. The erratic arc produced a 
weld with a rough uneven surface. 
Welding with an alternating current 
caused the thin oxide layer to break 
up wh ich pe rm i t t ed fus ion and 
resulted in a smooth weld bead. Thus, 
the gas tungsten-arc alternating cur
rent process appeared to be ade
quately suited to welding the lead-cal
cium alloys. 

In order to simplify the metallurgi
cal analysis of the weld metal and 
heat-affected zone a single pass weld 
was deemed des i rab le . We ld ing 
parameter studies showed that single 
pass welds could be made in V* in. 
thick plate. Therefore, the remaining 
metallurgical and mechanical studies 
were carried out using V4 in. thick 
plate with a single pass weld se
quence. 

Chemical analysis of the filler metal 
and base metal plates used for each 
weld were performed. The resulting 
fusion zone on each of the assem
blies was also analyzed. The calcium 
content in the base metal, all of which 
came from a single heat, ranged be
tween 0.042 and 0.077 wt % with an 
average of 0.058 wt %. The filler 
metal, which was from the same heat 
as the base metal, ranged in calcium 
content from 0.046 to 0.066 wt % with 
an average of 0.055 wt %. The weld 
metal calcium content ranged be
tween 0.046 and 0.075 wt % with an 
average of 0.059 wt %. All of these 
average values are in a range which 
can be considered to fall within the 
limits of experimental error. Thus, 
these data indicate that the lead-cal
cium alloy can be welded without 
calcium losses. 

Mechanical Properties 

The initial phase of the mechanical 
property evaluation was the char
acterization of the properties of the 
base metal attainable by heat treat
ment. The properties used for pr i
mary evaluation were hardness and 
tensile strength. Base metal char
acterization served as a bench mark 
for comparison and evaluation of the 
heat-affected zone and weld fusion 
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Fig. 3 — Hardness versus aging time for weld samples solution heat treated at 300 C for 
different times, water quenched, and room temperature aged 
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Fig. 4 — Hardness versus aging time for weld metal in the as-welded, and room temper
ature aged condition 

zone properties. 
Hardness. In order to determine the 

minimum time to achieve essentially 
complete solid solubility of calcium in 
lead, base metal samples in the com
pletely overaged condit ion were used. 
The hardness was checked on all of 
the samples after overaging and aver
aged 6.9 BHN with a range of 6.0 to 
7.4 BHN. These data compare with 
the hardness of cast and cold rolled 
base metal which averaged 6.4 HB 

with a range of 5.1 to 6.4 HB. No in
crease in hardness of the overaged 
samples was noted over a period of 
several months. 

The overaged samples were heated 
to 300 C for periods of 1 to 24 hr fol
lowed by a water quench and room 
temperature age. The hardness was 
measured immediately after the water 
quench and then monitored at various 
time intervals to determine if the sam
ples had responded to precipitation 

hardening. A simi lar response to 
precipitation hardening would indi
cate that the samples had achieved a 
similar solid solubility level of cal
cium in lead during the solution treat
ment. 

A plot of the data obtained for 1 hr 
and 24 hr solution times is shown in 
Fig. 2. The data for t ime intervals 
between these limits are not shown 
since they were virtually identical to 
the 1 and 24 hr data. These data indi
cate that solut ion heat t reatment 
times of 1 and 24 hr will produce iden
tical hardness after aging at room 
temperature. These data also indi
cate that the hardness can be in
creased approximately two fold over 
the complete ly overaged mater ial 
from 6.9 HB to 12.5 HB after a room 
temperature age of one week and 
three fold over the solut ion heat 
treated and as-quenched hardness 
from 4.5 HB to 12.5 HB. 

Based on these data and the fact 
that 1 hr at the solution heat treat
ment temperature may be a min
imum time, a solution heat treatment 
time of 2 hr was chosen for all further 
base metal samples. 

In order to determine the effect of 
elevated temperature aging, addi
tional overaged base metal samples 
were solution heat treated at 300 C for 
2 hr, water quenched and imme
diately aged at 100 C in boiling water. 
Aging times of 15 min, 1, 12, 24, 48, 
and 96 hr were used. Hardness data 
was obtained on each sample imme
diately following the t ime interval at 
the 100 C aging temperature. Follow
ing the elevated temperature age, the 
samples were allowed to remain at 
room temperature and hardness data 
was obtained at various time inter
vals for a two week period. The hard
ness did not change during the room 
temperature age following comple
tion of the elevated temperature age 
for any of the samples. 

These data indicated that an aging 
time of 24 hr is adequate for an ele
vated temperature age which is a 
much shorter time than the one week 
required for the room temperature 
age. A maximum hardness of 13.0 HB 
achieved for the 100 C age compares 
favorably with the 12.5 HB achieved 
with the room temperature age. Over-
aging did not appear to occur at 100 C 
with aging times up to 96 hr. 

In order to determine if weld metal 
would respond to solution heat treat
ment in a manner similar to the base 
metal, weld metal samples were solu
tion heat treated, water quenched, 
and room temperature aged in a 
manner similar to the base metal 
samples. A plot of the hardness ver
sus aging time is presented in Fig. 3. 

The weld metal was found to re
spond to solution heat treatment in 
much the same manner as the base 
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metal and the hardness reached at 
similar aging times is essentially iden
tical to that achieved in the base 
metal. 

To determine if weld metal would 
respond in a manner similar to the 
base metal during an elevated tem
perature age, additional weld metal 
samples were solution heat treated 
and aged in a manner similar to the 
base metal samples. As with the base 
metal, the hardness did not change 
during the room temperature age 
following completion of the elevated 
temperature age. An aging time of 24 
hr, the same as for the base metal, 
was required to achieve a maximum 
hardness of 12.0 HB. Again, the weld 
metal s p e c i m e n s had ha rdness 
values slightly lower than the base 
metal by approximately 1 HB. 

To determine if weld metal, allowed 
to room temperature age after weld
ing, would respond in a manner simi
lar to solution heat treated and room 
temperature aged weld metal, addi
tional weld metal samples were pre
pared. Hardness data was obtained 
immediately after welding and sub
sequently monitored at various t ime 
intervals for a two week period. A 
plot of the data obtained for this study 
is shown in Fig. 4. The maximum 
hardness of 12.0 HB is essentially the 
same as the base metal hardness of 
12.5 HB and weld metal hardness of 
12.0 HB achieved by solution heat 
treating at 300 C for two hours, water 
quenching and room temperature ag
ing for one week. Thus, weld metal 
would not be expected to require a 
solution heat treatment and water 
quench subsequent to welding to 
achieve a hardness similar to that of 
solution heat treated and aged weld 
metal or base metal. 

To determine if base metal, fully 
hardened prior to welding, would indi
cate a decrease in hardness in the 
heat-affected zone after we ld ing, 
microhardness data were obtained. 
Measurement data were obtained by 
traversing from the base metal to the 
weld metal on transverse cross sec
tions of as-welded samples room 
temperature aged two weeks. A plot 
of the data obtained is shown in Fig. 5. 
These data do not indicate a de
crease in hardness in the base metal 
heat-affected zone. Thus, welds can 
be made on previously fully hardened 
base metal without causing a degra
dation of the base metal hardness 
and these welds do not require sub
sequent solution heat treatment to 
obtain maximum hardness in the weld. 

Tensile Strength. To determine if 
the tensi le strength of the lead-
calcium alloy would respond to heat 
treatment in a manner similar to that 
indicated by hardness tests, tensile 
coupons were prepared and tested. 
Tensile properties were first char-
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Fig. 6 — Tensile strength versus aging time for base metal samples solution heat treated at 
300 C for two hours, water quenched, and room temperature aged 

acterized on base metal to provide 
data for later comparison with the ten
sile properties of weld metal and 
heat-affected zone. The yield strength 
and ultimate tensile strength was 
determined at various room temper
ature aging times following the solu
tion heat treatment and water quench. 
A plot of the ultimate tensile strength 
and yield strength is shown in Fig. 6. 
The yield and ultimate tensile strength 

increase for longer aging times at a 
rate similar to hardness increases. 
Also, the yield strength is approx
imately one-half the ultimate strength 
at all aging times. The ultimate tensile 
strength and weld strength ap
proached a maximum after room 
temperature aging one week. This is 
similar to the t ime required for base 
metal samples, similarly heat treated 
and aged, to approach maximum 
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Fig. 8 — Tensile strength versus aging time for transverse-weld metal samples solution 
heat treated at 300 C for two hours, water quenched, and room temperature aged 

hardness. Thus, the tensile strength 
of lead-calcium base metal increases 
in a manner similar to hardness when 
similar solution heat treatment and 
room temperature aging are used. 

In order to determine the effect of 
elevated temperature aging, addi
tional base metal tensile samples 
were solution heat treated, water 
quenched, and immediately aged at 
100 C. Tensile strength data was ob
tained immediately following the 100 
C aging temperature. The ultimate 
tensile strength showed a slight in
crease in strength from 4100 psi after 
a 30 min aging time to 4600 psi after a 
48 hr aging time. Hardness data indi
cated a similar gradual increase in 
hardness with longer aging times. 
These data indicate similar increases 

in tensile strength in response to both 
room temperature and 100 C aging. 

In order to determine if weld metal 
would respond to increases in tensile 
strength in a manner similar to the 
base metal, longitudinal weld tensile 
samples were solution heat treated, 
water quenched and room temper
ature aged. The ul t imate tensi le 
strength and yield st rength were 
determined at various times follow
ing the water quenching. A plot of the 
longi tudinal weld tensi le data is 
shown in Fig. 7. The ultimate tensile 
strength approaches a max imum 
strength of 5000 psi after a one week 
room temperature age which is iden
tical to the maximum strength and 
time required to reach maximum 
strength in base metal. The yield 

strength approaches a maximum of 
3000 psi after an aging t ime of 48 hr 
which is greater than the maximum 
yield strength of 2600 psi reached in 
the base metal samples in the same 
time interval. 

To determine if weld metal would 
respond to an elevated temperature 
age in a manner similar to the base 
meta l , l ong i tud ina l we ld tens i le 
coupons were solution heat treated, 
water quenched and aged at 100 C. 
Immediately following the elevated 
temperature age, the ultimate tensile 
strength was determined. These data 
were virtually identical to that ob
tained for base metal samples sim
ilarly heat treated and aged. Thus, 
weld metal can be expected to re
spond to solution heat treatment and 
r o o m t e m p e r a t u r e or e l e v a t e d 
temperature age in a manner similar 
to base metal. 

In order to determine if weld metal, 
room temperature aged immediately 
after welding, would respond in a 
manner s imi la r to so lu t i on heat 
treated and room temperature aged 
weld metal, additional longitudinal 
weld tensile coupons were prepared. 
Ultimate tensile strength data were 
obtained after a room temperature 
age of two weeks. The as-welded and 
aged coupons had an ultimate tensile 
strength of 5800 psi. This value is ap
proximately 800 psi greater than sim
ilar samples given a solution heat 
treatment and room temperature age. 
The tensile data indicates that the 
solution heat treatment and room 
temperature age causes a sl ight 
degradation in the as-welded and 
room temperature aged weld metal. 
Hardness data, however, did not show 
indications of degradation in the base 
metal hardness caused by the solu
tion heat treatment and room tem
perature aging. 

To determine the tensile proper
ties of the heat-affected zone, trans
verse weld tensile coupons were pre
pared. Again, the tensile coupons 
were solution heat treated, water 
quenched and room temperature 
aged. A plot of the transverse weld 
tensile data is presented in Fig. 8. The 
maximum ultimate tensile strength of 
5000 psi reached after room temper
ature aging one week compares fav
orably with similarly heat treated and 
aged base metal and weld metal. 
However, in all but three of the trans
verse weld tensile coupons tested, 
each failed in the heat-affected zone. 
The specimens apparently failed in 
the heat-affected zone because the 
weld metal has a slightly higher yield 
strength than the base metal when 
similarly heat treated and aged as 
previously indicated. 

In order to determine the effect of 
an elevated temperature age on the 
heat-affected zone, transverse weld 
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Fig. 9 — Photomicrograph of base metal in a welded speci
men treated at 300 C for two hours, water quenched, and room 
temperature aged for two weeks (acetic acid, hydrogen perox
ide and ethyl alcohol). X750, reduced 8% 

Fig. 10 — Photomicrograph of weld metal solution heat treated 
at 300 C for two hours, water quenched, and room tempera
ture aged for two weeks (acetic acid, hydrogen peroxide and 
ethyl alcohol). X750, reduced 8% 

tensile coupons were solution heat 
treated, water quenched and imme
diately aged at 100 C. Immediately 
following completion of the elevated 
temperature age, the samples were 
tested. These data indicate a gradual 
increase in ultimate tensile strength, 
similar to the longitudinal weld cou
pons and base metal coupons sim
ilarly solution heat treated and aged. 
Thus, the tensile strength in the heat-
affected zone of the welded lead-cal
cium alloy can be expected to re
spond to solution heat treatment and 
aging at room temperature or 100 C in 
a manner similar to the weld metal 
and base metal. 

To determine if the heat-affected 
zone, room temperature aged imme
diately after welding, would show 
a lowering of the tensile strength 
caused by the thermal cycling of the 
weld, transverse weld tensile cou
pons were prepared. Ultimate tensile 
strength data were obtained after a 
room temperature age of two weeks. 
The as-welded coupons had an ulti
mate tensile strength of 4700 psi. This 
value compares with the ultimate ten
sile strength of the solution heat 
treated and room temperature aged 
base metal and weld metal samples. 
Also, these data indicate that the heat 
from welding does not cause a reduc
tion in tensile strength of initially fully 
hardened base metal. Therefore, 
base metal, solution heat treated and 
aged prior to welding, can be welded 
and be expected to reach the initial 
base metal tensile strength after a two 
week room temperature age without a 
solution heat treatment subsequent to 
welding. 

Metallography 

The lead calcium alloy was found to 
be very difficult to prepare for metal

lographic examination. Because of 
the alloy's softness, polishing com
pounds became embedded in the 
sample. Also, if excessive pressure 
was applied during polishing, the 
sample tended to smear. These two 
problems created artifacts in the sam
ple. 

Oxidation of the etched surface 
also created many problems. Approx
imately one hour after etching, the 
etched surface was oxidized severely 
enough to mask the microstructure. 
Therefore, observation of the micro-
structure and obtaining of photomi
crographs had to be accomplished 
within approximately one hour fol
lowing etching. Some of the samples, 
even when observed immediately fol
lowing etching, showed indications of 
light interference fringes apparently 
caused by a thin oxide forming on the 
surface. Thus, it was extremely diffi
cult to characterize the microstruc
ture. 

To characterize the base metal and 
weld metal, a sample was solution 
heat treated for 2 hr at 300 C, water 
quenched and room temperature 
aged for two weeks. A photomicro
graph of the base metal is shown in 
Fig. 9 and a weld metal photomicro
graph is shown in Fig. 10. In both 
micrographs, a lamellar structure can 
be observed. The lamellar structure 
may be present for two reasons. First, 
the solidification structure, which 
could have been a lamellar eutectic 
structure, may have not been hom
ogenized during the solution heat 
treatment. This seems unlikely since 
the material was within approx
imately 27 C of the melting temper
ature for a relatively long time at the 
solution heat treating temperature. 
Second, the lamellar structure may be 
caused by the lead-calcium precip

itate forming on certain habit planes 
which in turn causes preferential at
tack by the etching solution. 

To substantiate this argument an 
electron microprobe analysis was 
performed on the sample. The lamel
lar width is approximately that of the 
diameter of the electron beam. How
ever, calcium rich areas (Pb3Ca 
eutectic phase and/or precipitate) 
were not observed. In addition, the 
rather low calcium level in the alloy 
may be approaching the lower limit of 
detection by the electron micro
probe. 

Metallographic analysis was also 
performed on a sample solution heat 
treated at 300 C for 2 hr, water 
quenched and aged at 100 C for 48 hr. 
The base metal and weid metal ap
peared to have the same structure as 
that in the previously discussed sam
ple. Thus, as would be expected, the 
different aging treatments did not 
have any apparent influence on the 
microstructure. 

To determine if the weld metal in 
the as-welded condition would indi
cate the solidification history, an as-
welded sample room temperature 
aged for two weeks was prepared for 
metallographic analysis. Again, the 
base metal and weld metal had a 
structure which was essentially iden
tical to the structure of the solution 
heat treated and aged samples. Since 
all of the structures are identical it 
appears that aging with or without 
prior solution treatment is obscuring 
any solidification history. Solidifica
tion in the planar growth mode is oc
curring or the metallographic tech
niques are such that structures result
ing from solidification are not re
vealed. The former and the latter may 
be operating in concert to obscure the 
prior solidification history since the 
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Fig. 11 — Scanning 
electron micrograph of a 
fractured weld metal 
tensile coupon, X300, 
reduced 8% 

6. Two hours at 300 C was deter
mined to be adequate for solution 
heat treating. 

7. Weld metal mechanical proper
ties responded in a manner identical 
to the base metal mechanical prop
erties when the material was solution 
heat treated and aged. 

8. As-deposited weld metal (room 
temperature aged) mechanical prop
erties also responded in a manner 
identical to solution heat treated and 
aged base metal and weld metal. 

9. Mechanical property degrada
tion did not occur in the weld metal or 
heat-affected zone as a result of ther
mal excursions during welding. 

10. A solution heat treatment is not 
required after welding to achieve 
maximum and identical mechanical 
properties in all weld zones if a two-
week aging time is permitted. 

planar growth mode would not be ex
pected in this alloy. 

Electron Microprobe. To deter
mine the distribution of calcium in the 
lead-calcium alloy and to identify the 
lamellar structure observed in the 
op t i ca l me ta l l og raph i c ana lys is , 
samples were subjected to electron 
microprobe analysis. There was no 
apparent difference in the calcium 
distribution on any of the samples in 
the base metal, weld metal or heat-
affected zone. The calcium appeared 
to be uniformly distributed through
out the samples with no enriched in
clusions apparent. The calcium con
tent was observed to vary f rom 0.04 to 
0.07 wt % which was essentially iden
tical to the calcium variation deter
mined by the atomic absorpt ion tech
nique. 

Scanning Electron Microscopy. 
Most of the tensile coupons failed in a 
ductile knife-edge manner. However, 
a few of the coupons fractured before 
complete necking. These fractured 
surfaces appeared to exhibit porosity 
and were therefore examined by 
scanning electron microscopy. Figure 
11 represents a fractograph from the 
weld metal. As can be observed, the 
fractographs indicate that porosity 
was not present. Failure appeared to 
occur in a ducti le-dimple manner. The 
dark holes appearing in the fracto
graphs were too deep to be observed 
with the scanning electron micro
scope. The deep holes may be 
caused by localized premature duc
t i le-dimple failure followed by a large 
amount of plastic yielding prior to the 
sample failure. 

Conclusions 

Welding 

1. The gas tungsten-arc alternat
ing current weld ing process was 

determined to be capable of welding 
the lead-nominal 0.06 wt % calcium 
al loy w i thou t p r o d u c i n g ca lc ium 
losses in the weld metal. The welding 
process also permitted fusion of the 
mo l ten meta l and resu l ted in a 
smooth weld bead. 

2. Welding parameters were devel
oped for single pass welds in VA in. 
thick lead-nominal 0.06 wt % calcium. 

3. Mater ia l th icknesses greater 
than VA in. require mul t ip le pass 
welds. 

4. A backing material is required 
during welding to prevent molten 
metal drop through. 

5. The material should be posi
tioned such that the weld is made with 
a slight up-hill slope. This is to pre
vent the molten metal f rom flowing 
under the joint ahead of the arc and 
solidifying in the backing groove. This 
causes an effective increase in mate
rial thickness which prevents proper 
penetration. 

Properties 

1. The lead-nominal 0.06 wt % 
calcium alloy responds to solution 
heat treatment and aging. 

2. Room temperature aging and 
100 C aging produce a hardness ap
proximately three times that of solu
t ion heat t reated and quenched 
material and approximately two times 
that of overaged material. 

3. Room temperature aging and 
100 C aging produce essentially iden
tical hardness and tensile strength 
characteristics. 

4. For material room temperature 
aged, two weeks are required to 
reach maximum hardness, ultimate 
tensile strength and yield strength. 

5. For material aged at 100 C only 
48 hr are required to reach hardness 
and strength. 
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