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ABSTRACT. An experimental study was 
performed examining the variation of pen
etration, fluid behavior, heat-affected 
zone and arc in plasma arc welding (PAW) 
with respect to subatmospheric ambient 
pressure. The results reveal nonlinear vari
ation of keyhole size, time of penetration, 
and size of the heat-affected zone with 
pressure. In a restricted range of pressure, 
dynamic components of fluid flow di
rected out of the molten pool appear and 
have a profound effect on keyhole for
mation. The generated plasma arc is ob
served to decrease in intensity with de
creasing pressure, resulting in a reduction 
of penetration at lower pressures. 

Introduction 

In the foreseeable future, man will con
struct large structures in space. Welding is 
a basic method for metal joining on earth, 
and its application to construction in space 
is expected. Plasma arc welding (PAW) is 
one of the welding methods being con
sidered for this purpose. In PAW, energy 
is transferred to the workpiece through a 
constricted flow of ionized gas (plasma). 
The arc, which is characterized by high gas 
velocities (up to 2000 m/s) and high tem
peratures (10,000-20,000 K), impinges on 
the workpiece creating a hole through the 
entire piece called a keyhole (Refs. 1, 2). 
Movement of the welding torch relative 
to the workpiece creates a fluid flow in the 
molten pool surrounding the keyhole. 
Metal melts at the leading edge of the pool 
and flows to the rear, where it resolidifies 
to form a weld bead. The ability to form 
and maintain the keyhole and to obtain 
the proper fluid behavior during welding 
are important aspects in achieving a good 
weld. Typically, for plasma arc welding on 
earth, ranges of parameters (i.e., toler
ance boxes; current, torch speed, plasma 
flow) have been developed within which 
quality welds are achievable (Refs. 3-5). 

PAW is an attractive method for in-
space construction due to its high power 
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density characteristics, insensitivity to con
tamination, greater joint penetration, and 
single-pass capability (Ref. 2). PAW com
pares favorably to other high power den
sity welding methods, such as laser and 
electron beam welding, due to its lower 
cost and less stringent control require
ments. 

Past studies of PAW have focused pri
marily on the heat transfer processes 
involved. Hsu and Rubinsky have mod
eled the transient melting of a metal plate 
during a stationary weld and studied the 
two-dimensional heat transfer for a mov
ing weld using a finite element analysis 
(Refs. 6, 7). Metcalfe and Quigley exam
ined the processes of heat transfer and 
their relative importance in PAW as com
pared with GTAW (Ref. 8). 

To adapt PAW to a space environment, 
the effect of small ambient pressures on 
the process must be considered, particu
larly for pressures approaching vacuum. 
Regan reported an experimental study on 
PAW in which the depth-to-width ratio 
was examined at varying subatmospheric 
pressures, to as low as 8.0 kPa (Ref. 9). In 
the study, the depth-to-width ratio in
creased with decreasing pressure from 
atmosphere down to 34.7 kPa. Beyond 
that point, at 8.0 kPa, the depth-to-width 
ratio decreased. In studies done by Nish-
iguchi, Yamamoto and Shimada (Ref. 10) 
on gas tungsten arc (CTA) welding with 
subatmospheric pressure as low as 2.5 
kPa, the arc voltage showed a similar vari
ation with respect to pressure. The volt
age decreased with decreasing pressure, 
reached a minimum at 13.0 kPa, then in-
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creased sharply for lower pressures. In 
addition, the appearance of the gener
ated arc column, as viewed through neu
tral density filters, appeared dimmer and 
more diffuse as the pressure was lowered. 

A study of the effects of ambient pres
sure on the various aspects of PAW with 
pressures approaching vacuum has not 
been reported. This paper reports the re
sults of an experimental study that focuses 
on the variation of penetrating power (the 
ability to form and maintain a keyhole), 
fluid behavior, heat-affected zone, and 
generated arc of PAW with ambient pres
sures as low as 0.7 kPa. The study reveals 
pressure effects that have not previously 
been reported and provides a step to
ward the development of a fundamental 
understanding of the role of ambient 
pressure in PAW. 

Experimental Apparatus 

The experimental apparatus was devel
oped to obtain a welded specimen, video 
data, and weld plate temperature data 
from plasma arc welds done at vary
ing ambient pressures. An iron 0.95-cm 
(0.37- in.) thick vacuum chamber (180-cm/ 
5.9-ft diameter, 345-cm/11.3-ft length) 
was used to encase the experiment in a 
pressure-controllable environment. With
in this chamber, a welding fixture made up 
of a 30.5 X 30.5 X 0.64-cm (12 X 12 X 
0.25- in.) aluminum base plate and weld
ing torch holder was mounted. A Kinney 
KT-150 mechanical pump, connected to 
the chamber, was used to reduce the 
pressure inside the chamber to as low as 
0.7 kPa. Using the pump and a manual in
let valve, the ambient pressure surround
ing the plasma arc weld was controlled to 
an accuracy of 0.1 kPa. The welding unit 
used was the Linde PWM-9, which con
sists of a direct polarity welding power 
unit and torch assembly. The torch was 
fastened to the welding fixture inside the 
chamber and was connected to the power 
unit through the vacuum chamber con
nection board. Argon gas was used to 
generate the plasma. The torch orifice and 
diameter were 5/64 in. (1.9 mm) and V32 in. 
(3.9 mm), respectively, and a 3/32-in. (2.4-
mm) electrode was used. 
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Fig. 1 —Schematic of experiment. 

A water quenching system was built to 
douse the weld plate at a certain time af
ter welding had begun, capturing the 
instantaneous weld geometry in the plate. 
The system consists of pipes that channel 
cold water into the chamber, a network of 
hoses that symmetrically direct the water 
onto the weld, and an activation switch. 
Use of the quenching system effectively 
controlled the application time of the 
plasma arc to the workpiece. 

To record video and temperature in
formation, a video camera system and 
thermocouple were used. The video cam
eras (GE 9-9806, Tritronics PCSM-6500 
MF) recorded the welding through 1.5 
stops of neutral density filtering (Kodak 
Wratten gelatin filters 149 4941) to reduce 
the intense light of the plasma arc. Two 
viewing angles were used; a profile angle 
and general top viewing angle. The profile 
shot was used to study the shape and in
tensity of the plasma arc, while the general 
view shot was used to study all aspects of 
the welding process, including the fluid 
motion of the molten pool. To obtain 

comparable information on the heat-af
fected zone, a chromel-alumel thermo
couple was placed on the top surface of 
the weld plate at a distance of 1.43 cm 
(0.56 in.) away from the point of torch 
application in each experiment. 

The weld plates used were of A36 steel 
with dimensions 1.524 X 0.762 X 0.0454 
cm (0.6 X 0.3 X 0.02 in.). For each exper
iment, the plate was clamped to the alu
minum base plate of the welding fixture to 
achieve the effect of a weld plate of large 
dimensions. A schematic of the experi
mental setup is shown in Fig. 1. 

Experimental Results and 
Discussion 

In order to isolate the effects of varying 
ambient pressure on the PAW process, all 
parameters except pressure were kept 
constant throughout the experiments. 
These parameters are listed in Table 1. An 
application time of 20 s was selected on 
the basis of producing widely contrasting 
results in keyhole penetration with the 

Table 1—Welding Parameters Used in 
Experiments 

Argon orifice gas flow = 9.91 X 10~2 m3 /h 

Shield gas flow = 0 

Arc current = 70 A 

Torch velocity = 0 

Arc length (distance of torch from 
workpiece) = 0.475 cm 

Time duration of weld = 20 s 

variance in pressure. The stationary arc 
was used to simplify the penetration study. 

The experimental results, in the form of 
quenched weld specimens, video data 
and plate temperature data reveal infor
mation concerning the variation of key
hole penetration, fluid flow, size of the 
heat-affected zone, and arc column ap
pearance. In general, the penetration and 
fluid behavior of the weld were examined 
using the weld specimens and video data, 
the size of the heat-affected zone was 
evaluated by the temperature data, and 
the arc was examined using the video 
data. Three experiments were performed 
for each pressure level, and the results 
were consistent between experiments. 

A sample of the quenched specimens 
for welds done at atmospheric pressure 
(i.e., normal welding conditions) is shown 
in Fig. 2. Figure 2A and 2B depict the top 
and bottom views of the welded plate, 
respectively. The keyhole geometry 
formed during the weld can be clearly 
seen. To compare the keyhole penetra
tion achieved at each pressure level, the 
minimum keyhole diameter was used as 
the criteria. At this pressure it is measured 
to be 0.44 cm (0.17 in.). An overall graph 
of minimum keyhole diameter vs. pres-

Fig. 2-Plate welded at atmospheric pressure, P = 101.3 kPa. A - Top view; B —bottom view (bar - 1 cm). 
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sure is shown in Fig. 3. On both the top 
and bottom surfaces of the welded plate 
shown, the weld pool boundary can be 
seen. On the top surface, the boundary is 
asymmetric, extending slightly toward the 
bottom-left portion of the plate and re
sulting in the formation of a lip. Protruding 
weld drops located on the bottom molten 
pool indicate fluid flow in the molten pool 
toward the bottom. 

The video data of the weld show the 
formation of the weld pool and subse
quent movement of the molten fluid as 
the keyhole is formed. Pictures of the 
video footage at different times during the 
weld are shown in Fig. 4. In Fig. 4A (taken 
at 6 s from the onset of welding), the 
plasma arc, which appears bright and 
somewhat bell-shaped, impinges on the 
workpiece, with the asymmetrical molten 
pool forming on the workpiece below it. 
Above, the outline of the bottom of the 
torchhead can be made out. Figure 4B 
through 4E shows the progressive forma
tion of the keyhole, which takes place at 
approximately 15 s into the weld. In Fig. 
4B, on the left-hand side of the molten 
pool, the molten liquid has already begun 
to move into the forming keyhole and the 
asymmetrical lip can be seen. In Fig. 4C 
through 4E, the downward motion of fluid 
in the left-hand side of the pool as the 
keyhole is formed can be seen. Using the 
video data, a second comparative mea
sure for penetration is obtained: the time 
of keyhole formation (in this case 15 s). A 
graph of the time of keyhole formation vs. 
pressure is shown in Fig. 5. 

The variation in size of the heat-af
fected zone in the experiments is indi
cated by the thermocouple temperature 
measurements taken at a point on the 
weld plates a constant distance away 
from the point of torch application. From 
the thermocouple measurement, the time-
temperature profile of the constant point 
in the heat-affected zone is obtained. The 
maximum temperature reached (typically 
occurring right before quenching, i.e., 20 
s) is used as the comparative measure of 
the size of the heat-affected zone. The 
variation of the maximum temperature 
with pressure is shown in Fig. 6. 

The video data are used to compare the 
plasma arcs in each run. The appearance 
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Fig. 3—Minimum keyhole diameter as a function of pressure. 

so 

of the arc changes as the keyhole is 
formed and may depend on the dimen
sions of the formed keyhole. Therefore, 
comparison is based on a picture of the 
arc at the beginning of each run (under 3 
s into the run). Figure 7 illustrates the ap
pearance of the plasma arc as a function 
of pressure. The arc for the run at atmo
spheric pressure is shown in Fig. 7A. 

A welded plate from the experimental 
runs done at 80.0 kPa is shown in Fig. 8. 
On the top and bottom surfaces of the 
weld plate, variations in penetration and 
fluid behavior are readily apparent. On 

the top surface, a substantial fluid droplet 
has formed to the left of the keyhole in the 
same area the asymmetrical lip appeared 
in the previous run, indicating less fluid 
motion in the pool upon formation of the 
keyhole. On the bottom surface, small 
molten droplets appear at varying dis
tances (up to 1.9 cm) and directions from 
the molten pool, indicating separation of 
fluid from the molten pool and movement 
of the resulting droplets along the bottom 
plate surface. In regard to penetration, the 
minimum keyhole diameter has decreased 
with the decrease in pressure —Fig. 3. 

Fig. 4 — Keyhole formation for experimental run at atmospheric pressure. A — Formation after six s from start of welding; B through E—progress of for
mation through 15 s of welding (bar = 1 cm). 
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Fig. 5 —Keyhole formation time as a function of pressure. 
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Fig. 7-Appearance of the plasma arc as a function of pressure. A — 101.3 kPa (atmospheric); B — 
80.0kPa; C-53.3kPa;D-26.7kPa; E-6.7kPa;F-2.7kPa; G- 1.3kPa;H-0.7kPa (bar = 1cm). 
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Fig. 6 - Maximum temperature reached on top plate surface as a func
tion of pressure. 

Despite this change in keyhole size, there 
is no substantial change (relative to the 
range of scatter in the data) in the time of 
keyhole formation —Fig. 5. The maximum 
temperature has generally remained con
stant with the change in pressure, indicat
ing no apparent effect of the change in 
pressure on size of the heat-affected 
zone. The appearance of the arc column, 
as shown in Fig. 7B, appears to decrease 
slightly in intensity with the decrease in 
pressure. 

At the next two pressure levels, 53.3 
and 26.7 kPa, new components of fluid 
flow are observed. From the video data, 
at the onset of each weld, a rapid flow of 
fluid out of the immediately formed mol
ten pool is visible. This flow is pictured in 
Fig. 9. In Fig. 9A, taken at approximately 1 
s into a weld at 26.7 kPa, liquid formations 
can already be seen extending out of the 
molten pool to the right of the plasma arc. 
In Fig. 9B, taken at 3 s into the weld, a large 
molten drop has emerged from out of the 
weld pool and moved out onto the plate 
surface. It appears that due to the pres
sure of the plasma arc and the reduced 
ambient pressure, the molten liquid is 
forced out of the molten pool. The dura
tion of the flow is for the first 4 s of the 
welds. After that time, the keyhole is seen 
to form and the flow is no longer visible. 
The dynamic flow of fluid out of the mol
ten pool substantially decreases the key
hole formation time in runs done at these 
pressures (approximately 4 s). From the 
welded plates, the drop can be clearly 
seen on the top surface (see Fig. 10A for 
pressure = 53.3 kPa and Fig. 11A for 
pressure = 26.7 kPa) away from the weld 
pool in the direction of common asym
metry in the experiments. From the bot
tom surfaces of the plates (Fig. 10B and 
11B), the small molten droplets along the 
bottom surface are still noted, and in this 
case a drop develops toward the bottom 
molten pool at 26.7 kPa. 

Despite the decrease in keyhole forma
tion time, the minimum keyhole diameter 
decreases slightly in these runs —Fig. 3. 
The maximum temperature decreases 

238-s | SEPTEMBER 1991 



Fig. 8-Plate welded at 80.0 kPa. A - Top view; B-bottom view (bar = 1 cm). 

Fig. 9-Fluid flow for experimental run at 26.7 kPa. A - liquid formations extending out of molten pool (1 second into weld); B — Molten drop moving 
out of pool onto plate surface (3 s into weld) (bar = 1 cm). 

Fig. 10-Plate welded at 53.3 kPa. A — Top view; B —bottom view (bar = 1 cm). 

' • 
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with decreasing pressure, indicating a de
creasing heat-affected zone with a de
crease in pressure in this range —Fig. 6. 
The plasma arcs are shown in Fig. 7C and 
7D, with no major differences shown 
from previous runs. 

For the next two pressure levels, at 6.7 
and 2.7 kPa, the magnitude of the initial, 
rapid flow of fluid increases substantially. 
Video shots of the flow in the two runs are 
shown in Fig. 12. In these runs, the large 
liquid drops resulting from the flow are 
present on the top surfaces of the weld 
specimens (see Fig. 13A for pressure = 6.7 
kPa and Fig. 14A for pressure = 2.7 kPa). 
From the video shots and the geometries 
obtained on the plates, it is evident that 
there is a large increase in the amount of 
fluid involved in the dynamic flow out of 
the molten pool as the pressure is de
creased. The effect of the flow on the 
minimum keyhole diameter can be seen 
from the welded plates; the diameter in
creases sharply as the pressure decreases 
(Fig. 3). The heat-affected zone also be
gins to increase with the decreasing pres
sure—Fig. 6. 

The appearance of the plasma arc 
changes substantially at 6.7 kPa and 2.7 
kPa. As seen in Fig. 7E and 7F, the arc ap
pears dimmer and more diffuse as com
pared to previous runs. Note that the 
keyhole formation time also begins to in
crease through these runs (5 s at 6.7 kPa 
and 12 s at 2.7 kPa), despite the increased 
fluid flow. 

As the pressure is further reduced, to 
1.3 kPa, the nature of the initial fluid flow 
changes. The movement of fluid away 
from the molten pool becomes slower, 
with the duration of motion increasing. 
Pictures of the flow from an experimental 
run at 1.3 kPa are shown in Fig. 15. The 
duration of the flow (i.e., the time of key
hole formation) is approximately 18 s at 
this pressure level. From the welded spec
imen (Fig. 16), it is apparent that the vol
ume of fluid contained in the drops on the 
top plate surface has decreased, indicat
ing that the amount of fluid involved in the 
flow has decreased. The keyhole size has 
also decreased with pressure —Fig, 3. As 
seen in Fig. 7G, the appearance of the 
plasma arc continues to become dimmer 

and diffuse with decreasing pressure. The 
size of the heat-affected zone also con
tinues to increase —Fig. 6. 

At 0.7 kPa, the lowest pressure achieved 
in the experiments, the fluid f low out of 
the molten pool becomes much slower 
and there is a large reduction in the 
amount of fluid involved. As seen in Fig. 
17, the flow has generally reduced to one 
large drop, which shows gradual move
ment away from the molten pool through 
the entire 20-s duration. At this pressure, 
penetration is reduced to the point where 
no keyhole is achieved. From the weld 
specimen in Fig. 18, the hemispherical 
cavity resulting from the weld can be seen 
on the top surface, along with the liquid 
drop trailing away from the pool. From the 
small circular protrusion seen on the back 
surface of the plate, it is evident that the 
molten pool formed during the welding 
barely extends to the back surface, with its 
diameter greatly diminished at that depth. 
The penetration of PAW in the experi
ments has reached its minimum at this 
pressure level. The arc continues to ap
pear dimmer and more diffuse than pre-

Fig. 11 —Plate welded at 26.7 kPa. A — Top view; B — bottom view (bar = 7 cm). 

Fig. 12 —Fluid flow for experimental run at 6.7 kPa (bar = 1 cm). 
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Fig. 13-Plate welded at 6.7 kPa. A - Top view; B-bottom view (bar = 1 cm). 

Fig. 14-Plate welded at 2.7 kPa. A —Top view; B-bottom view (bar = 7 cm/ 

Fig. 15 —Fluid flow for experimental run at 1.3 kPa (bar = I cm). 

vious runs — Fig. 7H. The size of the heat-
affected zone continues to increase as in
dicated in Fig. 6. 

The effects of pressure on the keyhole 
diameter achieved, the time of keyhole 
formation, and the size of the heat-af
fected zone are summarized by the graphs 
in Figs. 3, 5 and 6. The variation of the ap
pearance of the plasma arc with pressure 
can be seen in Fig. 7. In terms of keyhole 

width, as the pressure is decreased from 
atmosphere to 26.7 kPa, the keyhole size 
decreases. Below 26.7 kPa, the keyhole 
size increases sharply with decreasing 
pressure, but at pressures below 2.7 kPa, 
it decreases sharply, in this case, to zero. 
The time of keyhole formation and size of 
the heat-affected zone appear to have 
similar patterns with respect to pressure. 
From atmosphere to 80.0 kPa there is no 

substantial change in both measurements. 
From 80.0 to 26.7 kPa, both measure
ments decrease with decreasing pressure, 
and below 26.7 kPa, they increase. The 
similar patterns suggest that there is a cor
relation between the time of keyhole for
mation and the size of the heat-affected 
zone. The appearance of the plasma arc 
becomes dimmer and more diffuse with 
decreasing pressure, which is similar to the 
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Fig. 17 —Fluid flow for 
experimental run at 0.7 

kPa. (bar = 1 cm). 

pattern found by Nishiguchi, Yamamoto 
and Shimada with the arc in GTA welding 
(Ref. 10). 

From the experiments, it appears that 
the major causes for the highly nonlinear 
behavior of the keyhole size, keyhole for
mation time and size of the heat-affected 
zone are the changes in both the fluid flow 
of the molten region and the plasma arc. 

The dynamic components of fluid flow 
out of the molten pool appear to result 
from the different pressures that the 
plasma arc and surrounding air exert on 
the pool as the ambient pressure is low
ered. At lower pressures, the impinging 
plasma arc forces the molten fluid out of 
the newly formed pool onto the plate 
surface (Figs. 9, 12 and 15), which results 

in an increase in keyhole size and decrease 
in keyhole formation time. Assuming that 
this is the actual mechanism, with all other 
factors constant, the magnitude of the 
flow and its effect on penetration would 
increase with decreasing pressure. The 
plasma arc, as seen in Fig. 7, shows a pat
tern of becoming dimmer and more dif
fuse as the pressure is decreased, partic
ularly for pressures equal to and less than 
6.7 kPa. The dimness of the arc indicates 
that the intensity and energy the arc sup
plies to the workpiece decrease with de
creasing pressure, which would have the 
effect of reducing the penetration 
achieved during welding. Therefore, as 
the pressure is decreased, the changes in 
fluid flow and plasma arc appear to have 
opposing effects on penetration. 

The effects of the changes in fluid flow 
and plasma arc can be seen in the results 
of the experiments. It is apparent that the 
appearance of the dynamic components 
of fluid flow results in both a substantial 
increase in keyhole size (in the pressure 
range of 26.7 to 1.3 kPa) and reduction in 
time of penetration (in the range of 26.7 
to 2.7 kPa). However, as the pressure is 
decreased below these ranges, the key-
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Fig. 18 —Plate welded at 0.7 kPa. A — Top view; B —bottom view, (bar = 7 cm). 

242-s | SEPTEMBER 1991 



hole size and time of keyhole formation 
rapidly decrease and increase, respec
tively. The changes in behavior at these 
pressures seem to be due to changes in 
the plasma arc, which at these pressures 
has greatly decreased in intensity. The de
crease in energy input to the workpiece 
appears to decrease the magnitude of the 
dynamic fluid flow as well as the penetra
tion, which reduces to zero. 

It is anticipated that other factors, such 
as changes in convection and radiation 
cooling of the welded plate, have varying 
effects on penetration in PAW. However, 
these effects cannot be singled out from 
this study. 

Conclusions 

New experiments were performed on 
the variation of penetration, fluid flow, 
size of the heat-affected zone and arc of 
PAW with subatmospheric pressures. The 
following conclusions were reached for 
the experimental system studied here: 

1) The keyhole size and the time re
quired to achieve penetration vary non-
linearly with decreasing pressure. Dynamic 
components of fluid flow out of the mol
ten pool appear to cause an increase in 
keyhole size in the pressure range of 26.7 
kPa to 1.3 kPa and a decrease in time of 
penetration in the range of 26.7 kPa to 2.7 
kPa. At pressures below these ranges the 
keyhole size rapidly decreases and time of 
penetration rapidly increases due to 
changes in the plasma arc, which appears 
to decrease in intensity as the pressure 

decreases, indicating a decrease in net 
energy input to the workpiece. 

2) For pressures equal to and lower 
than 26.7 kPa, new components of fluid 
flow in the molten pool are observed to 
exist. These components seem to vary in 
character and magnitude depending on 
the pressure level. To adapt PAW to any 
of these reduced pressure levels, the 
effects of the flow, not only on the pen
etration of the plasma arc but on the ref
ormation process that is necessary in 
PAW, must be considered. 

3) Variations in the plasma arc and 
heat-affected zone are observed with 
pressure. The intensity of the plasma arc 
and the net energy input the arc delivers 
to the workpiece appear to decrease with 
decreasing pressure, particularly for pres
sures equal to or lower than 6.7 kPa. To 
maintain the same energy input to the 
workpiece achieved at atmospheric pres
sures, welding units may have to supply 
significantly more power to the plasma arc 
for welding at lower pressures. The vari
ation of the heat-affected zone seems to 
correlate with the time of keyhole forma
tion. 
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Assessing Fracture Toughness and Cracking Susceptibility of Steel Weldments—A Review 

By J. A. Davidson, P. J. Konkol and J. F. Sovak 

The l i terature survey reviews the domestic and foreign l i terature to determine, document and evalu
ate: 1) the parameters of welding that control weld-metal and HAZ cracking; 2) tests for assessing the 
susceptibility of structural steel to weld-metal and HAZ cracking; 3) the parameters of welding that con
trol HAZ toughness; and 4) tests for measuring the toughness of weld metal and HAZ. The work was per
fo rmed at the United States Steel Corporat ion Technical Center in Monroeville, Pa., and was sponsored 
by the Offices of Research and Development, Federal Highway Administrat ion, U.S. Department of 
Transportat ion, Washington, D.C. 

Publication of this bulletin was sponsored by the Weldability Commit tee of the Welding Research 
Council. The price of WRC Bulletin 345 is $30.00 per copy, plus $5.00 for U.S. and $10.00 for overseas, 
postage and handling. Orders should be sent with payment to the Welding Research Council, Room 1301 , 
345 E. 47th St., New York, NY 10017. 
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WRC Bulletin 343 
May 1989 

Destructive Examination of PVRC Weld Specimens 202, 203 and 251J 

This Bulletin contains three reports: 

( 1 ) Destructive Examination of PVRC Specimen 202 Weld Flaws by JPVRC 
By Y. Saiga 

( 2 ) Destructive Examination of PVRC Nozzle Weld Specimen 203 Weld Flaws by JPVRC 
By Y. Saiga 

( 3 ) Destructive Examination of PVRC Specimen 251J Weld Flaws 
By S. Yukawa 

The sectioning and examination of Specimens 202 and 203 were sponsored by the Nondestructive 
Examination Committee of the Japan Pressure Vessel Research Council. The destructive examination of 
Specimen 251J was performed at the General Electric Company in Schenectady, N.Y., under the 
sponsorship of the Subcommittee on Nondestructive Examination of Pressure Components of the 
Pressure Vessel Research Committee of the Welding Research Council. The price of WRC Bulletin 343 is 
$24.00 per copy, plus $5.00 for U.S., or $8.00 for overseas, postage and handling. Orders should be sent 
with payment to the Welding Research Council, Room 1301, 345 E. 47th St., New York, NY 10017. 

WRC Bulletin 354 
June 1990 

The two papers contained in this bulletin provide definitive information concerning the elevated tem
perature rupture behavior of 2V4Cr-lMo weld metals. 

( 1 ) Failure Analysis of a Service-Exposed Hot Reheat Steam Line in a Utility Steam 

Plant 
By C. D. Lundin, K. K. Khan, D. Yang, S. Hilton and W. Zielke 

(2 ) The Influence of Flux Composition of the Elevated Temperature Properties of Cr-Mo 
Submerged Arc Weldments 
By J. F. Henry, F. V. Ellis and C. D. Lundin 

The first paper gives a detailed metallurgical failure analysis of cracking in a longitudinally welded hot 
reheat pipe with 184,000 hours of operation at 1050°F. The second paper defines the role of the welding 
flux in submerged arc welding of 21/4Cr-lMo steel. 

Publication of this report was sponsored by the Steering and Technical Committees on Piping Systems 
of the Pressure Vessel Research Council of the Welding Research Council. The price of WRC Bulletin 354 
is $50.00 per copy, plus $5.00 for U.S. and $10.00 for overseas postage and handling. Orders should be 
sent with payment to the Welding Research Council. 345 E. 47th St., Room 1301, New York, NY 10017. 
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