
Helium-Induced Weld Cracking in Low 
Heat Input GMA Weld Overlays 

Helium effects on fusion-zone porosity and HAZ cracking are minimized using 
a technique for shallow penetration welding 

BY S. H. GOODS AND C. W. KARFS 

ABSTRACT. The influence of entrapped 
helium on weldability was examined for 
an AISI Type 304 stainless steel. Two types 
of welding processes were compared: 
conventional, deep penetration, gas metal 
arc stringer bead welding, and a novel, 
very shallow penetration gas metal arc 
weld overlay process. Helium concentra
tions ranging between 2.7 and 85.0 atomic 
parts per million were generated in test 
specimens by tritium charging them to 
saturation and then allowing the dissolved 
tritium to decay to 3He. Detailed scanning 
electron microscopy subsequent to weld
ing revealed the presence of cracking in 
the heat-affected zone of all samples, in
cluding the lowest heat input weld over
lays. No such cracking was observed in 
helium-free control specimens. In every 
instance, the cracking in the helium-bear
ing specimens was intergranular. The grain 
boundary facets of these intergranular 
cracks were decorated with a uniform 
distribution of dimples similar to that typ
ically associated with high-temperature 
gas bubble embrittlement. While all of the 
helium-bearing specimens exhibited some 
amount of cracking (as measured by crack 
length, location and total number of 
cracks), the extent of cracking was signif
icantly reduced in the shallow penetration 
overlays vs. the stringer bead welds. 

Introduction 

The exposure of metallic materials, such 
as structural components of the first wall 
and blanket of a fusion reactor, to neutron 
irradiation will induce changes in both the 
material composition and microstructure. 
Along with these changes can come a 
corresponding deterioration in corrosion 
resistance and mechanical properties. It is 
not unreasonable, therefore, to expect 
that the repair and replacement of de-
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graded reactor components will be nec
essary. Even in current nuclear reactors, 
the repair of defects such as stress corro
sion cracks in reactor tanks may eventuate 
(Ref. 1). Such repairs may require the join
ing of irradiated materials through the use 
of fusion welding procedures. 

Fusion welding processes will be among 
the preferred techniques for repairing 
flaws in these irradiated reactor materials. 
This preference is derived from 1) its 
amenability to remote execution in hostile 
and nearly inaccessible reactor core envi
ronments, 2) its ASME (American Society 
of Mechanical Engineering) code recogni
tion and qualification, 3) the prospect of 
fabricating an actual load-carrying struc
tural repair (rather than simply a superficial 
covering of a crack), 4) the chemical and 
radiation compatibility of the repair mate
rial with the reactor, and 5) the inspect
ability of the repair. Indeed, such fusion 
welding repairs have already been at
tempted using conventional gas tungsten 
arc (GTA) welding processes (Ref. 1). 

The repair of irradiated structures using 
such welding practices will be made ex
ceedingly difficult because the irradiated 
reactor steels contain entrapped helium, 
which is formed by neutron reactions with 
alloy constituents, principally, with boron 
as: 

10B + n 7Li + 4He 
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and with nickel as: 
58Ni + n - * 59Ni + 7 

59Ni + n - 56Fe + 4He 

The very low solubility of helium in 
metals results in its tendency to form small 
clusters on the order of a few tenths of 
nanometers in diameter at low tempera
tures (<100°-200°C/212°-392°F) or 2-
10 nanometer-sized bubbles at higher 
temperatures (<600°C/1112°F). Pre
ferred nucleation sites for this helium-
induced damage are lattice inhomogene-
ities such as radiation-induced defects, 
precipitate interfaces, dislocations, and, 
most importantly, grain boundaries. At el
evated temperatures, these clusters and 
bubbles grow very rapidly and under ap
plied stress can severely weaken grain 
boundaries. Because conventional, deep 
penetration, fusion welding processes 
produce high stresses (above the yield 
strength) as well as high temperatures 
(above the melting point), entrapped he
lium can severely affect the weldability 
and postweld properties of irradiated ma
terials. The severity of the observed ef
fects is thought to be dominated by 
helium content and by the extent and 
magnitude of the temperature and stress 
fields that prevail near the fusion line dur
ing welding. In fact, an attempt to repair a 
leaking crack in an irradiated portion of a 
reactor using conventional deep penetra
tion gas tungsten arc (GTA) welding prac
tices was unsuccessful (Ref. 2). The failure 
was manifested in the formation of an ex
tensive, interconnected network of inter
granular cracks in the heat-affected zone 
(HAZ) and led to the abandonment of the 
entire reactor. 

Other work has further demonstrated 
that such conventional welding techniques 
cannot be used with materials bearing he
lium at modest concentrations (2-150 
atomic parts per million). In one such ex
periment, the propensity for weld crack
ing was examined in 316 stainless steel as 
a function of helium content (Ref. 3). Here, 
unlike irradiated material, the helium was 
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Table 1—Composition (wt-%) 

Material 

304 
308L 

Cr 

18.22 
20.4 

Ni 

8.28 
10.0 

0.073 
0.015 

Mn 

1.39 
2.0 

Mo 

0.23 

Cu 

0.09 
0.52 
0.36 

0.016 
0.017 

P Fe 

0.023 Bal 
0.026 Bal 

in t roduced into the test specimens 
th rough tr i t ium charging and aging (the 
dissolved tr i t ium subsequently decays to 
3He). Full-penetration GTA welds w e r e 
fabr icated on fully constra ined, hel ium-
bearing plates after the remaining tr i t ium 
was vacuum extracted. The results of this 
study il lustrated the significant effects that 
hel ium can have on the weldabi l i ty of a 
material. At hel ium concentrat ions as l o w 
as 2.3 atomic parts per mill ion (appm), 
catastrophic cracking was observed in the 
heat-af fected zone of w e l d e d plates. The 
cracking was exclusively intergranular and 
occur red in regions w h e r e the stress and 
temperature w e r e most conduc ive to 
grain boundary cavity g r o w t h , wh ich w e r e 
not necessarily in the hottest regions o f 
the we ldmen t . 

The morpho logy of these cracks exhib
i ted the characteristic features of high-
temperature helium embr i t t lement . At 
high magnif icat ion, these intergranular fac
ets w e r e f ound to be decora ted w i t h a 
distr ibut ion of very small dimples wh i ch 
or iginated f r o m the initial distr ibut ion of 
hel ium gas bubbles. Transmission electron 
microscopy revealed that the observed 
degradat ion in weldabi l i ty and cata
strophic cracking resulted solely f r om the 
g r o w t h and coalescence of the grain 
boundary hel ium gas bubb le microstruc
ture. Mechanical propert ies f r o m un
cracked port ions of these we ldments 
w e r e also assessed as part of this study. 
Even in the absence of gross cracking, the 

(1) This welding process was developed by E.A. 
Franco-Ferreira at Westinghouse Savannah 
River Company, Aiken, S.C, to whom the 
reader is referred for details of the procedure. 

residual ducti l i ty of welds was severely 
reduced because of the presence of he
l ium. 

The difficulties in fabricat ing conven 
tional GTA welds on hel ium-bearing ma
terials has lead to the deve lopment of a 
novel , shal low penet ra t ion, w e l d over lay 
process. ' ' ' In this process, a 0.6- t o 1.5-mm 
(0.02 to 0.06-in.) thick gas metal arc (GMA) 
" p a d " of filler metal is w e l d e d o n t o the 
hel ium-bearing workp iece . The fusion 
boundary penetrates only 0.1 to 0.2 m m 
(0.004 to 0.008 in.) into the underly ing 
metal . In principle, the vo lume of material 
that experiences high temperatures and 
the area potential ly a f fec ted by hel ium is 
restr icted to a much more nar row region 
beneath the w e l d than that wh ich w o u l d 
be associated w i t h a convent ional , deep 
penetrat ion w e l d . This repor t summarizes 
the findings of the characterizat ion of 
these we lds ' microstructures. 

Exper imenta l P r o c e d u r e 

Materials and Tritium Charging Conditions 

Specimens for we ld ing w e r e fabr icated 
f rom 304 stainless steel. These specimens 
we re rectangular, having the dimensions: 
120.6 m m long X 31.8 m m w ide X 6.4 
m m high ( 4 . 7 5 X 1 . 2 5 X 0 . 2 5 in.). The 
compos i t ion o f the steel is s h o w n in Table 
1. 

The as-received material had been so
lution annealed at 1040 = C (1904°F) and 
fast coo led in air. The yield strength at 
r o o m tempera ture was 250 MPa (36 ksi), 
the ult imate tensile strength was 580 MPa 
(84 ksi) and the total e longat ion was 68%. 

The plates we re then tr i t ium charged 
and aged in order t o generate t rapped 

helium over a range of concentrat ions 
b e t w e e n = 3 a p p m and = 8 5 a p p m (tr i
t ium undergoes the decay react ion 
]\-\ - » 5>He + f5, and has a 12.3-year half-
life). All specimens w e r e charged at 4 0 0 ° C 
(752 JF) for 30 days. At the end of that 
t ime, the charging vessels w e r e coo led to 
ambient tempera ture over a per iod of 
approximately 10 hours. The dif fusion o f 
tr i t ium is sufficiently rapid at 400°C to en
sure its un i fo rm distr ibut ion th rough the 
cross-section of the specimen (Ref. 4). In 
order to generate the desired range of 
concent ra t ion, t w o separate charging 
runs, each at a di f ferent tr i t ium overpres
sure, w e r e pe r fo rmed . A low-pressure 
charging run pe r f o rmed at 4.1 MPa (0.6 
ksi) resulted in a hel ium build-in rate of ap
proximately 3 a p p m / m o n t h , whi le a high-
pressure run pe r fo rmed at 63.5 MPa (9.2 
ksi) y ie lded a hel ium build-in rate of = 1 5 
a p p m / m o n t h . At the end of the 30-day 
charging per iod , several specimens f r o m 
each charging vessel w e r e immediately 
vacuum offgassed at 450 G C (842°F) for 5 
days to extract the tr i t ium and stop the 
further build-in of hel ium. Helium is easily 
t rapped in a metal . Therefore , it does no t 
undergo long-range dif fusion and unlike 
the tr i t ium does not offgas dur ing vacuum 
annealing. 

The remaining specimens w e r e stored 
at — 4 0 ' C (—40°F) to cont inue aging in 
hel ium. At this temperature , tr i t ium is es
sentially immobi le in stainless steel. Thus, 
the un i fo rm distr ibut ion established dur ing 
the h igh- temperature charging was main
tained th roughout the aging per iod . W h e n 
the hel ium levels had increased to the de
sired values, addit ional specimens w e r e 
subsequently r e m o v e d f r o m storage and 
offgassed at the same tempera ture and 
for the same t ime as previously indicated. 

Welding 

We ld ing was pe r f o rmed on plates hav
ing hel ium concentrat ions of 2.7, 9.4, 16.6 
and 85.0 a p p m . T w o types of G M A welds 

Fig. 1 — Schematic representation of weld overlay. Transverse and lon
gitudinal directions are defined as shown. 
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Fig. 2 —Crack protiling procedure involved dividing the heat-affected 
zone into equal areas. The number and length of cracks in each area was 
then recorded The large, lens-shaped feature in the fusion zone is a 
welding delect unrelated to the presence of helium in the workpiece. 
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were fabricated: conventional stringer 
bead welds that had relatively deep pen
etrations (on the order of several millime
ters) into the underlying workpiece, and 
shallow penetration GMA weld overlays. 
The composition of the 308L welding wire 
is shown in Table 1. The overlay proce
dure consisted of oscillating a consumable 
electrode so that a 25-mm (1-in.) wide pad 
of weld metal was fabricated in a weave 
pattern as shown schematically in Fig. 1. 
The helium-bearing test plates were 
placed between start and stop tabs. In the 
analysis that follows, "transverse" sec
tions refer to cuts made parallel to the ac
tual weld bead. The thickness of the pad 
was approximately 1.5 mm (0.06 in.). This 
overlay process resulted in minimal pene
tration into the underlying workpiece (0.1 
to 0.2 mm) and is intended to minimize the 
volume of material beneath the weld that 
is heated to high temperatures. In the 
same manner, the shrinkage stresses gen
erated by the overlay are considerably 
different than those established by the 
more conventional process. Three welds 
were examined on each plate: one stringer 
bead weld and two overlays with differ
ent average heat inputs. The weld param
eters are given in Table 2. 

Metallography 

Sections of weldments were cut from 
the welded plates for analysis. Detailed 
metallography was performed on the 
plates containing He at all four concentra
tions. All metallography was done on sec
tions cut parallel to the weld approxi
mately 6 mm (0.24 in.) from the interface 
between the start tab and the specimen. 

Specimens were also cut along the lon
gitudinal midline so that approximately 12 
mm (0.47 in.) of weld interface and heat-
affected zone beneath the weld could be 
examined. These sections were mounted, 
ground and polished to a 0.25 ,um finish 
using conventional metallographic proce
dures. In order to preserve the fine struc
ture of the intergranular cracking, a final 
etch-polish procedure was used. This pro-
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Fig. 3 — Normalized distribution of tritium and helium in a charged and 
aged specimen. Near surface gradients result from offgassing during 
cooling from the elevated charging temperature. 

cedure consisted of polishing the speci
mens on cloth using a solution of 55 mL 
LECO Silica"-*, 4 mL H 20 2 (3%) and 5 mL of 
an etch-polish solution (95 mL H2O, 3 mL 
HCI and 2 mL HNO3). After this final pol
ish, the specimens were swab etched for 
2 minutes using a solution comprised of 
equal parts HCI, HNO3 and CH3COOH. 
The specimens were then carbon coated. 
All metallography was done using electron 
microscopy. 

Crack Profiling 

To meaningfully compare the extent of 
cracking between weldments, a protocol 
was established to count the number, 
length and location of cracks beneath the 
fusion line. Figure 2 is a low-magnification 
scanning electron micrograph of an over
lay and illustrates the method used. The 
region extending to a depth of 540 jum 
beneath the fusion line was examined. 
This region was divided into three bands 
each having a depth of 180 jum. Each band 
was further partitioned into a number of 
rectangular elements as shown. The num
ber of cracks present in each element of 

the grid was counted and their lengths 
were noted. In many cases, grain bound
aries were extensively decorated with 
pores or cavities. For the purposes of this 
analysis, a crack was defined as any length 
of grain boundary in which more than 
50% of the interface had clearly sepa
rated. Any grain boundary separation of 
<10 fim was ignored. If a crack extended 
beyond a single element or band, its total 
length was measured. However, its origin 
was assigned to the first band beneath the 
fusion line in which it appeared. Crack 
lengths were sorted into bins of: 10-50 
nm, 50-100 nm. 100-200 nm, 200-500 
nm and >500 £im. In addition to charac
terizing the extent of intergranular crack
ing in the HAZ, the weld interface was ex
amined for other discontinuities such as 
the total length of nonfusion along the fu
sion line and the degree of porosity in the 
fusion-zone. 

Results 

Tritium and Helium Profiles 

The final tritium profile after the 30-day 
charging period is shown in Fig. 3. This 

Fig. 4 - Helium bubble microstructure in tritium charged and aged specimen. A — After offgassing at 450 C (852 °F) stainless steel; B - after annealing 
at 850°C (15b2°F), the bubble morphology has coarsened, resulting in larger and more widely spaced bubbles. 
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Fig. 5 —Porosity and cracking in stringer bead 
specimen. A — Large pores within the weld 

metal decorate the fusion boundary; B — HAZ 
cracking is intergranular. Arrow identifies 

grain boundaries exposed by a missing grain; 
C—grain boundary facets are decorated 

with a uniform distribution of dimples. (85.0 
appm He, heat input = 60.8 I/mm2) 
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distribution was calculated using DIFFUSE 
(Ref. 5), a one-dimensional diffusion code 
that takes into account time-temperature-
pressure history and specimen geometry. 
For a radioactively unstable isotope, such 
as tritium, the code can also predict the 
distribution of daughter products (3He, in 
the present case). Figure 3 shows the 
specimen surface-to-centerline concen
tration normalized so that the peak value 
equals one. The code predicts that the tri
tium concentration within the interior of 
the specimen is nearly constant. There is 
a near surface, tritium depleted region. 
This results from tritium offgassing during 
the cool-down of the pressure vessel 

from 400°C to ambient temperature. 
Since the resulting helium distribution is 

a direct function of the tritium profile (in
tegrated over time), the through-thickness 
distribution of helium in an aged specimen 
is essentially identical to that shown for 
tritium in Fig. 3. Thus, the shallow pene
tration weld overlays were fabricated into 
regions exhibiting some variation in helium 
concentration. Depending on the actual 
depth of the fusion line, the helium con
centration was never less than 80% of the 
maximum. For the sake of simplicity, the 
helium levels reported reflect the bulk 
concentration, rather than the local, near 
surface value. 

Table 2—Welding Parameters 

Type 

Stringer 
Overlay #1 
Overlay #2 

Current 

(I) 

150 
80 
45 

Voltage 
(V) 

26.5 
19.5 
19.5 

Travel'3' 
mm/s (in./min) 

6.77 (16.0) 
1.02 (2.4) 
0.64 (1.5) 

Oscill'b> 
mm/s (in./min) 

0 
17.1 (40.5) 
17.1 (40.5) 

Width'01 

mm (in.) 

8.38 (0.33) 
25.4(1.0) 
25.4 (1.0) 

Heat input'd> 
| /mm 2 (kj/in.2) 

60.8 (39.2) 
60.5 (39) 
54.4 (35.1) 

(a) Travel refers lo Ihe velocity o l (he electrode in the longitudinal direction. 
(b) Oscillation refers l o Ihe velocity of Ihe electrode in the transverse direction. 
(c) Width is defined as Ihe length of Ihe fusion line. 
(d) For the overlays, heal input is < al< ulated as Efficiency X (I X V)/(Travel X width). It is further modified by the overlap of the weave 
pattern Some of these fat tors. m< ludmg process efficiency and degree of overlap, are poorly known. In the table, efficiency is taken 
as 10 Thus, the tabulated values should be used for comparative purposes only. 

While Fig. 3 illustrates the macroscopic 
distribution of helium within a specimen, it 
is well known that the offgassing proce
dure used results in a local partitioning of 
helium to grain boundaries and other mi
crostructural features in the form of a gas 
bubble microstructure (Refs. 6, 7). The 
size and spacing of the gas bubbles de
pend in a complex way on a number of 
parameters, including grain boundary 
structure, annealing temperature, time at 
temperature and helium concentration. 
Figure 4A is a transmission electron micro
graph that shows the typical bubble mi
crostructure developed in a 316L stainless 
steel specimen following the charging, 
aging and offgassing procedure. In this 
specimen, the helium concentration was 
33 appm. The micrograph reveals a well-
defined grain boundary bubble micro-
structure. The bubbles lying along the 
grain boundaries are very small (2-3 nm). 
The bubbles are also very closely spaced. 
Comparable bubble microstructures were 
observed in the specimens used in the 
present study. In addition to this grain 
boundary structure, helium bubbles were 
present within the grains, primarily at dis
locations and stacking faults. 

Such bubble microstructures are not 
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Fig. 6 — Scanning electron micrograph showing transverse section below 
weld overlay. A nearly continuous network of cracking is present in the 
HAZ. (85.0 appm He, heat input = 60.5 //mm2) 

Fig. 7 —A —High-magnification micrograph reveals intergranular nature 
of HAZ cracking; B — at higher magnification of highlighted region in Fig. 
7A, intergranular facets reveals dimple structure. (Overlay, 85.0 appm 
He, heat input = 60.5 j/mm2) 

stable. Rather, they tend to coarsen with 
increasing annealing or offgassing temper
ature. An example of this is shown in the 
transmission electron micrograph —Fig. 
4B. The figure shows the resulting micro-
structure in the same 316L stainless steel 
specimen that was tritium charged and 
offgassed in a manner identical to that 
shown in Fig. 4A. However, it was sub
jected to further vacuum annealing at 
850°C (1562°F). The bubbles are now 
much larger (30-40 nm diameter) and 
much more widely spaced (0.5-1.0 jitm). 

Metallography 

Stringer beads. Figure 5 is a metallo
graphic cross-section of the highest heat 
input stringer bead weld, 60.8 )/mm2. The 
figure reveals that helium had a profound 
effect on the weldability of 304 stainless 
steel. For the specimen shown here (85.0 
appm He), the micrograph (Fig. 5A) reveals 
that there was a large amount of porosity 
within the fusion zone, arising from the 
mixing of the molten 308L welding wire 

and helium-bearing 304 base metal prior 
to solidification. Similar fusion-zone po
rosity has been observed in GTA welded 
316 stainless steel (Ref. 3). Figure 5 also 
reveals that in the HAZ, cracking was 
found to extend at least 1 mm (0.04 in.) 
below the fusion line. At higher magnifi
cation (Fig. 5B), it can be clearly seen that 
this cracking was intergranular. The arrow 
in Fig. 5B highlights an area where crack
ing was so severe that a grain has sepa
rated from the remaining specimen. At still 
higher magnification (Fig. 5C), the grain 
boundary facets exposed by the separa
tion of the grain reveal a characteristic 
dimple structure associated with high-
temperature helium embrittlement. The 
dimple spacing is on the order of 0.5 to 1.0 
jum. Even at the lowest helium content 
studied (2.7 appm), cracking in the HAZ 
beneath these high heat input stringer 
bead welds was significant — a nearly con
tinuous network of cracks was seen to 
extend well over 200 nm below the fusion 
line. No such fusion-zone porosity or HAZ 
cracking was observed in helium-free con

trol specimens. 
Overlays. The weld overlays were free 

of the large porosity shown in Fig. 5. This 
can be understood in terms of the minimal 
penetration of the weld into the work-
piece which, in turn, resulted in much less 
mixing of helium-bearing metal into the 
molten pool. Further, the overlay welding 
induced less extensive cracking than was 
the case for the stringer bead welds in 
specimens of comparable helium content. 
This was most likely due to the less exten
sive shrinkage stresses associated with the 
shallow penetration. Figure 6 shows a 
typical transverse cross-section beneath 
the weld overlay of a specimen containing 
85 appm helium. The overlay was fabri
cated using the welding parameters re
sulting in the higher of the two net heat 
inputs, 60.5 I/mm2. At the top of the fig
ure, the fusion line clearly delineates the 
resolidified weld metal from the HAZ. 
Within the HAZ, extensive cracking was 
apparent, although, to a far lesser extent, 
that was the case for the conventional 
weld shown in Fig. 5. Here, as in all of the 
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helium-bearing specimens, the cracking 
was intergranular and was preferentially 
oriented normal to the overlay fusion 
boundary. The furthermost extent of 
cracking shown in Fig. 6 is ==600 /_m be
neath the fusion line. It can also be seen 
that the crack faces can be separated by 
as much as 10 ,um. These wide separations 
resulted from thermal stress-induced de
formation of the HAZ as the weld cooled 
from high temperature (Ref. 8). As before, 
no such cracking was observed in helium-
free control specimens. 

Another type of discontinuity can be 
seen in Fig. 6. These are roughly spherical 
pores that lie within the grain matrix. 
These features are present in both the 
charged and aged (helium-bearing) as well 
as in the uncharged, helium-free speci
mens. They arise from the dissolution of 
inclusions during metallographic prepara
tion and are unrelated to helium or weld
ing effects. 

Figure 7 shows additional cracking in 

the same specimen containing 85 appm 
He. As in the previous figure, the predom
inant cracking is oriented nearly normal to 
the fusion line. At the higher magnification 
of Fig. 7A, the intergranular nature of the 
cracking is more clearly revealed. Indeed, 
the arrow indicates an entire exposed 
grain boundary facet oriented nearly par
allel to the plane of the micrograph. The 
highlighted area in Fig. 7A is shown at yet 
higher magnification in Fig. 7B. At this 
magnification, the grain boundary facets 
are revealed to be decorated with a dim
ple structure similar to that shown in Fig. 
5. 

As before, the dimple spacing is ex
ceedingly uniform, approximately 0.5 to 
1.0 ^m, and is characteristic of high-tem
perature helium embrittlement. The uni
formity of the dimple spacing suggests 
that the dimples formed from the preex
isting bubble microstructure. That the 
spacing of the dimples is greater than the 
helium bubble spacing shown in Fig. 4A 

further suggests that the bubbles agglom
erate during the early stages of welding to 
form a coarser structure (i.e., during the 
preheating of the workpiece as the elec
trode approaches any given point in the 
path of the weld) or afterward, during the 
initial cooldown. It is from this coarsened 
helium bubble microstructure, much like 
that shown in Fig. 4B, that the dimple 
structure arises. Similar dimple structures 
have been observed on intergranular 
cracks in gas tungsten arc welded 316 
stainless steel containing helium at con
centrations between 2.3 and 256 appm 
helium (Ref. 3) and within the HAZ of 
weldments of irradiated stainless steel 
containing = 3 appm He (Ref. 9). Similar 
cracking was observed in all of the tritium-
charged and aged specimens. For the 
overlays, the extent of the damage oc
curred to a greater or lesser degree de
pending on helium content and heat input, 
as will be described in the next section. In 
every instance, the cracking characteris-
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Fig. 8 — Nonfusion in a helium-bearing specimen; B — higher magnification 
of highlighted region in Fig. 8A reveals dimple structure similar to that on 
grain boundary facets. (Overlay. 85.0 appm He, heat input = 60.5 
/. mm2) 

Fig. 9 — Cracking extends into lusion zone in helium-bearing specimen; 
B—interfacial cracks are decorated with dimple structure similar to that 
on grain boundarv facets. (Overlay, 85.0 appm He, heat input = 60.5 j 
mm2) 
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Fig. 10 — Distribution of cracks in the HAZ of the high heat input weld overlays for all helium-bearing specimens. (Heat input = 60.5 / mm2) 

tics were identical to those described in 
the previous paragraphs, i.e., intergranu
lar with the grain boundary facets exhib
iting a uniform dimple structure. In no in
stance were any toe cracks found that 
terminated at the specimen surface. 

Figure 6 also reveals the presence of 
areas of nonfusion; that is, areas where 
the weld metal did not adhere to the un
derlying HAZ. Such areas are features that 
may be induced by helium and should be 
distinguished from incomplete fusion that 
is associated with weld wire feed and lack 
of melting. An example of this is clearly 
seen in Fig. 8A where a large fraction of 
the weld overlay has separated from the 
specimen. No such discontinuities were 
observed subsequent to welding in the 
unaged, helium-free specimens. Thus, as 
with the intergranular cracking, the obser
vation of nonfusion was associated with 
the presence of helium. The arrow in Fig. 
8B points to a region where the weld 
metal side of the nonfused fusion line ex
hibited the same kind of dimple structure 
as that described above for the inter
granular cracks in the heat-affected zone, 
suggesting a similar cracking mechan
ism. 

Cracking was found to extend beyond 
the HAZ and fusion line into the weld 
overlay itself. An example of this is shown 
in Fig. 9. However, the depth of cracking 
never extended more than approximately 
10 /tirm into the overlay. The crack path in 
the weld metal is similar to that within the 
heat-affected zone in that the cracks fol
low the interfaces within the cast micro-
structures of the overlays. Similar interfa
cial cracking has been reported after 
welding high helium content 316 stain
less steel (Ref. 3). Figure 9B reveals that 
the cracking in the fusion zone exhi
bited the same kind of dimple structure as 
that found in the heat-affected zone, 
again suggesting a similar helium-induced 
effect. 

Crack Profiling 

Using the protocol described previ
ously, the distribution of cracks within the 
weld heat-affected zones was determined 
for both the weld overlays and the stringer 
bead welds. Figure 10A shows the results 
of crack counting procedure (per cm of 
fusion line) for the high heat input weld 
overlay (60.5 J/mm2) in the highest helium 

content specimen. Over 130 cracks per 
centimeter of fusion line were counted in 
this specimen. More than 50"> of these 
cracks were short, less than 50 ^m in 
length. The origin of these cracks was not 
strongly dependent on their location with 
respect to the depth below the fusion line. 
In addition to these short cracks, there 
were a significant number of longer cracks. 
The longest crack measured was 680 ^m 
in length. Most of these long cracks tended 
to originate immediately below the fusion 
line. 

Figure 10B-D shows that the total num
ber and length of cracks decreased dra
matically with decreasing helium concen
tration. For the specimen containing 16.6 
appm He (Fig. 10B), fewer than 100 cracks 
of all lengths were counted. Nearly 85", of 
these cracks were in the 10 to 50 (jm 
range and approximately 80",, of all the 
cracks, regardless of length, had their or
igin immediately below the fusion line. At 
9.4 appm He, there were no cracks over 
200 nm in length. At the lowest helium 
level, no cracks over 50 /um were found, 
and all cracks had their origin immediately 
below the fusion line. In a similar way. Fig. 
I I summarizes the crack length observa-
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tions for the lower heat input weld over
lays across all helium concentrations. As 
with the previous figure, it is clear the 
propensity for cracking was substantially 
reduced with decreasing helium concen
tration. Indeed, at the lowest helium con
centration, only one crack (<50 nm) was 
observed in the heat-affected zone be
neath the weld. 

Comparing Figs. 10 and 11 reveals that 
heat input is an important parameter in 
regard to the degree of cracking that re
sulted from applying the weld overlays, 
especially at low-He concentration. Even 
the relatively small decrease in heat input 
had a significant effect on the degree of 
cracking. The relationship between heat 
input, helium concentration and HAZ 
cracking can be seen in a more straight
forward way in Fig. 12, where the total 
crack length is shown vs. helium concen
tration. For this figure, total crack length is 
approximated from the data presented in 
Figs. 10 and 11 by summing the number of 
cracks in each bin times the average bin 
length. The weld overlay data are repre
sented by the solid lines, while the stringer 
bead welds are represented by the bro
ken line. It is clear from this figure that the 

extent of cracking increased with increas
ing helium concentration. Although the 
data are limited, the figure indicates that 
the propensity for weld induced cracking 
in the shallow penetration overlays was 
reduced by decreasing heat input. How
ever, it further shows that the welding 
process was an even more important fac
tor in regard to cracking. While the heat 
input value for the deep penetration 
stringer bead welds were comparable to 
that for the highest heat input overlay, 
they exhibited significantly more HAZ 
cracking. 

For the high heat input weld overlays, 
nonfusion accounted for 32% of the total 
fusion line in the highest helium content 
specimen. In the specimen containing 16.6 
appm, it amounted to about 8%. At 9.4 
appm helium, the total length of nonfused 
fusion line was negligible, less than 100 
nm. Nonfused areas were not observed in 
the lowest helium content specimen. Non-
fusion was not observed in any of the 
deep penetration stringer bead welds. 

Discussion 

The metallographic results and crack 

counting protocol reveal that the degra
dation in weldability was extremely sensi
tive to helium concentration, the specific 
welding process and heat input. The role 
of helium in inducing cracking in the heat-
affected zone of the welds was identical 
to that briefly described in the introduc
tion. As a result of the thermal and me
chanical response of the workpiece to the 
welding processes, the helium bubbles 
that resided at the grain boundaries grew 
and coalesced. Indeed, it was the coales
cence of these relatively uniform arrays of 
grain boundary bubbles that gave rise to 
the characteristic dimple structure of the 
intergranular crack facets in the HAZ. 

The mechanism of such cavity growth 
processes under high-temperature iso
thermal and isostatic (creep) conditions 
has been modeled extensively (Refs. 10-
14) and experimentally examined in the 
literature (Refs. 15-18). The evidence pre
sented in these studies strongly suggests 
that preexisting intergranular cavities (or 
helium bubbles) grow by a grain bound
ary/surface-self diffusion process, by the 
deformation (creep) of the matrix imme
diately surrounding the cavities, or by a 
combination of the two. In all cases, cav-
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ity growth is driven by tractions imposed 
on the precavitated grain boundary and 
fracture is therefore localized to the 
boundary. Thus, these preexisting cavity 
microstructures result in: 1) changes in 
fracture mode to one that is entirely inter
granular in nature and 2) dramatically 
reduced ductility. Such embrittlement pro
cesses are usually observed at high tem
perature, near and above the half-melting 
point of a material where creep processes 
are rapid or where the vacancy concen
tration and mobility are adequate to sus
tain the growth mechanism. In these cases, 
the helium (or any inert, gaseous specie) 
itself, plays essentially no direct role in re
ducing high-temperature ductility. Rather, 
it acts only as a source for cavity nucle
ation prior to the imposition of tempera
ture and stress. 

In the present case, welding induced 
neither time independent temperatures 
nor stresses as addressed in these earlier 
studies. However, the degradation in 
weldability of the helium-bearing speci
mens examined here has its origins in pre
cisely the same cavity growth mechanism 
as that just described. The role of the en
trapped helium was to establish a preex
isting, grain boundary bubble or cavity 
microstructure. These bubbles then grew 
and linked to cause intergranular fracture. 
The dimpled appearance of the intergran
ular facets in the heat-affected zone of the 
weldments was morphologically identical 
in every respect to that reported in stud
ies of high-temperature gas bubble em
brittlement where the embrittlement is 
ascribed to intergranular cavity growth. 
Moreover, further evidence of the role 
that helium played in the degrading weld
ability is derived from transmission elec
tron microscopy, where the growth and 
coalescence of grain boundary helium 
bubbles in the heat-affected zone of a 
weldment has been directly observed 
(Refs. 3, 19). 

In welding, the actual driving forces for 
cavity growth can be found in both the 
high temperatures and in the stresses that 
are generated in the heat-affected zone 
beneath the weld. Thermomechanical 
modeling of the weld overlays indicates 
that significant shrinkage stresses, trans
verse to the weld (parallel to the fusion 
line) are generated as the weld cools (Ref. 
8). For a diffusive cavity growth process, 
one would expect that those boundaries 
oriented normal to these shrinkage 
stresses would be the most susceptible to 
cracking. The metallographic observations 
indicate that this was the case, with the 
great majority of the cracks oriented in 
this preferred direction. Further, the grain 
boundary cracks that were most nearly 
normal to the fusion zone showed the 
greatest separation, indicating that the 
shrinkage stresses were greatest in the 
transverse direction with respect to the 
weld. Much larger shrinkage stresses cre-
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ated within the HAZ by the deeper pen
etration stringer bead welds result in sig
nificantly more cracking. 

Conclusions 

Metallographic analysis of GMA welds 
fabricated on helium-bearing 304 stainless 
steel plates revealed the presence of 
heat-affected zone cracking and cracking 
in the fusion zone. The morphology of the 
cracking suggested that the degradation in 
weldability resulted from intergranular 
cavity growth and coalescence via a high-
temperature gas bubble embrittlement 
process. The entrapped helium served 
only to nucleate a gas bubble microstruc
ture prior to welding. 

1) The extent of this damage depended 
on heat input. Minimizing the heat input, 
as was done in the overlay welds, signif
icantly reduced all manner of damage. 

2) Cracking in conventional, deep-pen
etration stringer bead welds was much 
more extensive than in shallow-penetra
tion weld overlays, indicating that the 
welding process was equally important in 
determining weldability. 

3) The greatest degree of microstruc
tural damage was found in the highest he
lium content specimen for all welding 
conditions. 

The overlay technique described shows 
great promise for minimizing the charac
teristic cracking associated with the weld
ing of helium-bearing materials. 
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