
Introduction

At the present time, there are 104 op-
erating nuclear reactors in the United
States with an average age of more than 30
years (Ref. 1). The Atomic Energy Act
provides for the Nuclear Regulatory Com-
mission (NRC) to issue licenses for 40
years of operation with provisions for re-
newal for an additional 20 years. License
extensions have been applied for 72 reac-
tors with 51 already granted (Ref. 2).
Analysis of materials degradation is al-
ready in progress for anticipated opera-
tion of 80 years (Ref. 3). Exposure to en-
ergetic neutron irradiation produces
significant damage in the microstructure
of metallic materials (Ref. 4). This dam-
age will result in a corresponding deterio-
ration in mechanical properties of inner

structural components of a nuclear reac-
tor, limiting the useful life of these com-
ponents (Ref. 5). For 60- and 80-year life-
times, component failures due to cracking
are a major consideration, especially in
the light of cracking core internal compo-
nents and control rod nozzles in plants
after less than half this time (Ref. 6).
Therefore, it is to be expected that the re-
pair and replacement of degraded reactor
components will be necessary. Such repair
procedures are likely to require the use of
a joining process such as fusion welding.

As discussed further in this article, the
production of helium by neutron interac-
tions in structural alloys presents a major

obstacle to repair welding. Even at the
inner wall of the pressure vessel at the
midplane location, helium concentrations
exceed permissible levels for normal arc
welding in structural alloys after 40 years.
At the top of the pressure vessel in pres-
surized water reactors (PWRs), the neu-
tron flux is approximately a factor of 100
lower, permitting repair welds of struc-
tures such as control rod nozzles at a life-
time of 40 years, but the issue becomes
more uncertain for an 80-year lifetime.
Repair welds have been made in a vessel
head with minimal exposure, but consid-
ering the severity of the problem and pro-
jected lifetime of modern reactor plants,
most reactor operators have chosen vessel
head replacement. This article addresses
the potential and limitations of repair
welding for neutron-irradiated materials.

Helium in postirradiated material is
primarily generated by (n, α) reactions of
thermal neutrons and alloy constituents,
principally with boron and nickel:

10B + n → 7Li + 4He (1)

58Ni + n → 59Ni + γ (2)

59Ni + n → 56Fe + 4He (3)

Because helium is essentially insoluble in
metal, the entrapped helium tends to pre-
cipitate as clusters and nanometer-scale
bubbles even at relatively low tempera-
tures (Refs. 7, 8). Preferred nucleation
sites for helium bubbles are point defects,
dislocations, and grain boundaries (GBs).
At elevated temperatures, helium bubbles
grow rapidly under the influence of both
temperature and stress. The growth of GB
helium bubbles will result in the weaken-
ing of the GB and intergranular fracture,
leading to severe embrittlement in the ma-
terials (Refs. 9, 10). The degradation in
mechanical properties, such as tensile
strength, fatigue, and creep, due to the
presence of entrapped helium in irradi-
ated metal, has been studied by many re-
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ABSTRACT

Energetic neutron irradiation and associated transmutation reactions are known to cause
significant damage to materials. The resultant deterioration in the mechanical properties
and corrosion resistance plays a decisive role in the life expectancy of nuclear reactor com-
ponents. With the first generation of nuclear power plants reaching their life expectancy, the
repair and replacement of degraded reactor components will be required. Hence, joining
using conventional welding techniques will be needed. However, during welding of irradi-
ated materials, a major difficulty must be overcome. Helium generated in the material from
transmutation reactions is almost insoluble in a solid matrix. Under the high temperatures
and high thermal stresses generated during welding, helium bubbles will grow and coalesce
along the grain boundaries. This will cause intergranular cracking and fracture of the com-
ponents during welding repair. This article reviews the investigations that have occurred in-
volving welding postirradiated materials over the last 25 years. The effect of helium on the
weldability and postweld properties of the irradiated structural materials, such as stainless
steels, is summarized. Theories that have been developed to describe the helium-induced
cracking are discussed along with possible techniques to suppress cracking and improve the
weldability of irradiated materials.
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searchers (Refs. 7, 11–16), and significant
reductions in high-temperature ductility
and fatigue life have been observed due to
helium embrittlement (Refs. 11, 17).

Conventional gas tungsten arc (GTA)
welding processes generate high tempera-
ture and internal thermal stresses, which
will enhance the growth of helium bubbles
and cause catastrophic heat-affected zone
(HAZ) cracking in the welds. Even though
welding of irradiated steels had been done
as early as the 1970s (Refs. 18–21), the
severity of the helium embrittlement ef-
fect on the weldability of irradiated mate-
rial was not fully realized until an attempt

to repair corrosion cracks on a Type 304
stainless steel nuclear reactor vessel at the
Savannah River Site failed in 1986 (Ref.
22). When the repair was performed, the
helium contained in the steel wall was
measured to be 3 atomic parts per million
(appm). Patches were welded over the
cracks on the wall using conventional GTA
welding, and an examination after welding
revealed extensive cracking in the HAZ of
the patch welds. These HAZ cracks led to
larger leaks in the reactor vessel and shut-
down of the reactor (Ref. 22). Similar re-
sults were observed by Kanne et al. in
welds of a sample from the Savannah
River R-reactor tank wall, which con-
tained 30 appm helium after 12 years of re-
actor operation (Ref. 23). The HAZ
cracking was intergranular and attributed
to helium embrittlement.

Over the past 25 years, the effect of he-
lium on the weldability and postweld
properties of the irradiated structural ma-
terials, such as stainless steels, has been in-
vestigated. Theories have been developed
to describe helium-induced cracking in ir-
radiated metallic materials during weld-
ing, and several techniques have been ap-
plied to suppress cracking and improve
the weldability of irradiated materials.

Helium-Doping Technique

Materials used in the studies of irradi-
ated materials’ weldability can be divided
into two types: neutron-irradiated materi-
als and helium-doped materials. In order
to reduce the radiological hazard and
avoid the difficulty of hot cell operation,
helium-bearing materials obtained using
the “tritium trick” technique have been
used to study the effect of helium on the
weldability of irradiated materials (Ref.
24). In this technique, helium is intro-
duced into the material by diffusing tri-
tium into the test material and allowing
the tritium to decay to helium. The test
specimens are placed in a tritium gas pres-
surized vessel at an elevated temperature
(300°C) for a specified time, 30 days for in-
stance, to allow tritium to uniformly dif-

fuse into the material. After tritium charg-
ing, the exposed materials are removed
from the vessel, kept at low temperature
to keep tritium from diffusing out of the
material, and the tritium is allowed to
decay with its 12.34-year half life. The dis-
solved tritium decays to form helium by
the following reaction: 3H → β + 3He.
When the desired helium concentration is
obtained, the excessive tritium is removed
by placing the material in a vacuum vessel
at a high temperature, thus stopping the
further generation of helium. By changing
the tritium charging pressure and aging
time (decay time), a wide range of helium
concentrations can be obtained. Details of
the helium-doping process can be found in
several references (Refs. 25, 26). Al-
though the microstructure of tritium
charged and aged material does not com-
pletely represent the radiation damage in
neutron irradiated materials, the “tritium
trick” allows the effect of helium to be iso-
lated from other lattice damage due to
neutron irradiation.

Helium-bearing steels obtained by he-
lium implantation have also been made
and used in weldability investigations
(Refs. 27, 28).

Weldability of He-Containing
Materials

The weldability of stainless steels using
conventional welding processes is strongly
affected by the presence of helium. Lin et
al. systematically studied the helium effect
on the weldability of 316 stainless steel
(Refs. 25, 29, 30). In their study, helium-
doped steels with helium concentrations
of 0.18, 2.5, 27, 105, and 256 appm were
obtained by tritium charging and aging.
Gas tungsten arc welding was used on the
plates of helium-doped steels. The speci-
mens were fully constrained during the
welding process to simulate the structural
restraint encountered in practical repair
and maintenance. Metallographic exami-
nations showed that specimens containing
a very low helium concentration (0.18
appm) could be successfully welded with-
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Fig. 1 — Cracking of as-GTA-welded Type 316
stainless steel with 2.5 appm helium (Ref. 32).

Table 1 — Comparison of Helium-Induced Weld Cracking Tendency among Various Alloys (Ref. 29)

Alloy He Concentration Crack Length Tendency for Weld
(atomic parts per million) (mm/mm) Cracking

SA*316 SS 2.5 0.79 High
20%CW** 316 SS 2.0 0.06 Low

SA* PCA 2.0 0.0017 Very Low
RSP*** 304 SS 7.0 0.0 None

HT-9 1.0 0.009 Very Low

*Solution Annealing (at 1050°C for 1 h in an inert atmosphere).
**Cold Work.
***Rapidly Solidified Processing.

A

B

C
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out defects. However, catastrophic inter-
granular HAZ cracking occurred in the
welds of 316 stainless steel containing he-
lium concentrations of 2.5 appm and
higher. Figure 1 shows HAZ cracking in
316 stainless steel doped with 2.5 appm
helium (Ref. 29). The GB facets of the
HAZ fracture surface are fully decorated
with uniformly distributed dimples about
1 μm in diameter, which indicate that the
fracture was caused by the growth of he-
lium bubbles at GBs. The average dimple
size was shown to be independent of the
helium concentration. The cracks typically
occurred in the HAZ within 1–3 grain di-
ameters from the fusion boundary and
were always parallel to the welding direc-
tion. Videos of the welding process re-
vealed that the cracking occurred approx-
imately 1 s after the passage of the heat
source. For the specimens with higher he-
lium concentrations, HAZ cracking
showed similar morphology. These obser-
vations indicated that high temperature
alone is not sufficient to cause cracking.
Shrinkage-introduced tensile stresses play
an important role in the helium bubble
growth during the welding process.

Results of an annealing study on he-
lium-containing steel provided support
evidence of the effect of stress on weld
cracking (Refs. 29, 31). Specimens of 316
stainless steel containing 256 appm he-
lium were heat treated at temperatures up
to 1300°C for 1 h. Even though helium
bubble coalescence and growth were ob-
served with increasing aging temperature,
no cracking was observed in any aged
specimens.

In the fusion zone of the helium-doped
316 stainless steel welds, spherical pores
due to the coalescence of helium bubbles
were found to decorate the solidification
dendrite boundaries. When the helium
concentration in the steel exceeded 105
appm, interdendritic cracking in the fu-
sion zone was observed in the welds in ad-
dition to HAZ cracking.

In order to study the mechanical prop-
erties of the helium-bearing welds, tensile
tests as a function of temperature were
performed on both unwelded and welded
helium-doped 316 stainless steel speci-
mens containing different levels of helium
(0, 27, and 105 appm) (Ref. 32). The re-
sults revealed that welded helium-bearing
specimens suffered severe degradation in
ultimate tensile strength and ductility. All
welded, helium-doped specimens failed at
the fusion zone with an elongation of less
than 2% and as low as 0.2%. The loss of
ductility of the welded helium-containing
specimens is attributed to the growth of
grain boundary helium bubbles, resulting
in a reduction of the contiguous grain
boundary area. Such a situation would im-
pose a severe risk for weld-repaired nu-
clear reactor components under opera-

tional conditions, such as elevated tem-
perature and fatigue loading.

Degradation in weldability and me-
chanical properties due to helium embrit-
tlement has been observed in welds of 
different helium-doped and neutron-
irradiated steels and other alloys (Refs.
33–40). It is found that intergranular HAZ
cracking occurred along prior-austenite
grain boundaries in ferritic Sandvik HT-9
steel (12Cr-1MoVW) doped with 1 appm
He (Refs. 34, 36). Severe fusion and HAZ
cracking were also reported by Lin and
Braski in the vanadium alloy, V-15Cr-5Ti,
with 25.6 appm helium introduced by tri-
tium charging and decay (Ref. 35). The re-
sults revealed that the vanadium alloy is
more susceptible to fusion zone cracking
than helium-doped 316 stainless steel,
which demonstrated fusion zone cracking
only in welds containing very high helium
(>105 appm). Fabritsiev et al. reported
that welding caused a dramatic degrada-
tion in fatigue properties for neutron-irra-
diated Fe-16Cr-11Ni-3Mo-Ti austenitic
steel (Ref. 38) and 316 stainless steel
(Refs. 37, 41). Even at a helium concen-
tration of 1 appm, the number of cycles to
failure in low-cycle fatigue tests for the
austenitic steels decreased by a factor of
four to five following welding (Ref. 38).

In summary, helium entrapped in irra-
diated materials degrades their weldabil-
ity by producing cracking in the HAZ and,
with higher helium concentrations, in the
fusion zone. The severity of the degrada-
tion has been found to be influenced not
by single parameters, but rather by the in-
teraction of multiple parameters. The
weldability is primarily affected by the
combination of helium concentration and
welding conditions such as heat input,
weld penetration, and weld constraint.
Successful welding without the formation
of weld defects can be obtained in stainless
steels containing very low levels of helium,
which indicates the existence of a helium
threshold, below which crack-free weld-

ments can be made. Above the threshold,
the extent of cracking increased with an in-
crease in helium concentration. As the he-
lium concentration was reduced, welding
defects in irradiated materials varied from
severe surface cracking, to subsurface
cracking, and to helium bubble formation
along GBs (Ref. 42). A linear relationship
between the extent of weld cracking and
helium concentration was observed (Ref.
43). Based on this relationship, Wang et al.
estimated the threshold level for cracking
in helium-doped 316 stainless steel during
GTA welding to be approximately 1 appm
(Refs. 43, 44). Cracking in the welds of the
irradiated materials is due to the growth
and coalescence of helium bubbles at GBs,
and is controlled by the combination of
high temperature and stress during the
welding process. Conventional stringer
bead GTA welding results in high heat
input, deep penetration, and strong
shrinkage stresses. These adverse factors
combine to make irradiated materials
more susceptible to weld cracking. By ap-
plying lower heat input and less restraint,
sound GTA welding of neutron-irradiated
steels containing helium up to 10 appm
was accomplished (Refs. 42, 45–48).

Weld Cracking Tendency for
Different He-Containing Alloys

Because of the complexity of helium em-
brittlement during welding, the tendency of
weld cracking for different irradiated alloys
is also affected by their microstructure,
chemical composition, and fabrication his-
tory. Table 1 lists a comparison for several
alloys that describes the GTA weld cracking
tendency (Ref. 29). Annealed Type 316
stainless steel shows the worst susceptibility
to helium-induced cracking, while rapidly
solidified processed 304 stainless steel ex-
hibits the best resistance. Techniques that
inhibit the formation and growth of helium
bubbles along GBs improve the weldability
of helium-bearing alloys. Cold working was

Fig. 2 — Schematic representation of helium bubble growth mechanism along GBs during welding
(Ref. 25).
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found to alleviate the HAZ cracking in 
helium-bearing steel (Ref. 49). This ten-
dency is attributed to the following two pos-
sible mechanisms: 1) a high dislocation den-
sity that traps helium atoms and vacancies
or 2) recovery processes of cold-worked
grains that reduce available vacancies for
bubble growth. Precipitates in the alloys
may act as trapping sites for helium, thereby
inhibiting helium embrittlement. For exam-
ple, Ti-modified austenitic stainless steel
(PCA) exhibits much better resistance to
GTA weld cracking than SA 316 stainless
steel because the addition of Ti to the
austenitic stainless steel leads to the forma-
tion of MC precipitation (Refs. 49, 50).

Tosten et al. reported that more exten-
sive helium-induced weld cracking oc-
curred in a high-carbon Type 304 stainless
steel than in a special grade (ITER Grade)
of 316LN (316LN-IG) stainless steel after
plates of both steels were welded using low
heat gas metal arc (GMA) overlay welding
(Ref. 51). Both steels were tritium charged
and aged to contain helium concentra-
tions of 90 appm. The authors suggested
two possible reasons for this behavior as
follows: 1) 316LN is inherently more re-
sistant to high-temperature creep than
304 stainless steel and therefore stress-
induced cavity growth (intergranular
cracking in HAZs) is suppressed in
316LNL, or 2) carbides present at GBs in
304 steel may provide more nucleation
sites for helium bubbles. Further investi-
gation is needed to provide a better un-
derstanding of observed results.

The method of helium introduction
may also affect the weldability of materi-
als. Kanne et al. reported that irradiated
steel is more susceptible to helium em-
brittlement during welding than tritium
charged and aged steel (Ref. 52). Kanne et
al. hypothesized that this was due to the
difference in distribution of helium in ir-
radiated and tritium charged and aged
steel (Ref. 52). In the irradiated material,
the distribution of helium from the trans-

mutation reaction depends on the distri-
bution of the transmutation element in the
material. For example, the helium from
boron transmutation is expected to be in
the grain boundaries. On the other hand,
for tritium charged and aged material, he-
lium is expected to distribute uniformly in
the steel due to the high solubility of the
tritium in the stainless steel. Additionally,
the presence of other transmutation prod-
ucts and matrix damage in the irradiated
material may also play an important role
in helium embrittlement susceptibility.
However, Wang et al. found weld cracking
in neutron-irradiated 316 stainless steel
and PCA alloys was no greater than that in
materials doped with He by tritium charg-
ing and aging (Ref. 53).

Mechanism of Helium
Embrittlement during the
Welding Process

To quantitatively understand the mech-
anism of helium embrittlement, Lin et al.
(Ref. 25) and Wang et al. (Ref. 44) pro-
posed a model for the growth kinetics of
helium bubbles during the welding
process. Kawano et al. later proposed dif-
ferent “simulation modes” to predict the
weldability of irradiated stainless steel
(Ref. 54). These modes have been found
to agree with experimental observations.
Based on these modes, evaluation of the
helium bubbles can be divided into several
stages, including helium bubble nucle-
ation, coalescence, growth, and resultant
cracking in the HAZ during welding.

Helium Bubble Behavior in the
Heat-Affected Zone

Nucleation of Helium Bubbles

Even though it has been observed that
nano-scale helium bubbles distribute
throughout the matrix of annealed 
helium-containing materials, helium em-

brittlement during welding is considered
to be attributed primarily to the growth of
GB helium bubbles. Kawano et al. pro-
posed that helium bubbles nucleate at
GBs during the heat-up period of welding
(Ref. 54). Assuming the bubbles homoge-
neously nucleate at the grain boundary,
the density of the nucleated bubbles N0 is
proportional to the helium concentration,
CHe:

N0 = ACHe (4)

where A is a constant. The constant A is an
adjustable parameter based on the exper-
imental data. Postirradiation materials
contain a high density of defects due to the
neutron irradiation. Helium atoms in the
grain interiors are trapped in these de-
fects. It has been found that the formation
of bubbles on GBs is accompanied by the
development of a bubble-free zone adja-
cent to the boundaries in most cases (Ref.
55). Therefore, it is expected that only the
helium atoms adjacent to GBs contribute
to bubble nucleation. More studies and
knowledge of the bubble morphology in
helium-containing materials are needed to
determine a reasonable value of A. This
determination is complicated by the fact
that bubbles in the range of 6–18 nm have
been observed in irradiated stainless steel
(Ref. 56). Clearly, the bubbles observed in
welded material result from growth and
coalescence of the numerous nucleated
bubbles.

Bubble Coalescence

At the elevated temperatures experi-
enced during welding, helium bubbles
along GBs migrate and coalesce, which re-
sults in a decrease in the bubble density
(Refs. 57, 58). During this stage, the time
rate of change of the bubble density (N) is
given by (Refs. 54, 59)

where L is the bubble spacing, Db is the
bubble diffusion coefficient, and r is the
bubble radius.

Bubble Growth

The growth of helium bubbles at GBs
in the HAZ during welding can be divided
into three sequential time regimes (Ref.
25). Figure 2 shows a schematic of the he-
lium bubble growth mechanism along GBs
during welding (Ref. 25). Regime I is the
heat-up period before melting occurs. In
this regime, bubble nucleation along GBs
occurs. The bubbles can grow by absorp-
tion of thermal vacancies during the heat-
up period. However, compressive stresses

dN

dt

D N

L r
b = 

2

ln( /4 )

2π
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Fig. 3 — Schematic representation of the GMA cladding process (Ref. 65).
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generated by the thermal expansion of the
material will retard the growth of the bub-
bles. It is reasonable to conclude that the
growth of bubbles is minor in this regime.

Regime II is when the molten pool is
present, during which the HAZ is in a
stress-free state. In this regime, the bub-
bles grow primarily through the absorp-
tion of vacancies into helium bubbles. The
driving force for growth is the helium gas
overpressure in the bubble. Under high
temperature, the gas pressure in the he-
lium bubble exceeds the surface tension
restraint. This overpressure prevents ther-
mal emission of vacancies for the bubbles
and results in a net vacancy flux to the bub-
bles. This process is particularly favored at
the HAZ close to the molten pool, where
the temperature is close to the melting
point, thus there is a high vacancy concen-
tration. The growth rate of the bubbles in
this regime is given by (Ref. 25)

where δ is the grain boundary thickness, Ω
is the atomic volume, Dgb is the self-diffu-
sion coefficient in the GB, and  Ce

v is the
equilibrium vacancy concentration. Equa-
tion 5 indicates that bubble growth during
this regime is significantly affected by va-
cancy concentration. At low temperatures
(below 1000°C in steels) with low vacancy
concentration, no significant bubble
growth is predicted (Ref. 25). Based on
temperature profiles of the HAZ during
the GTA welding process, the radius of the
helium bubble at the end of regime II is
0.025 μm according to Equation 5 (Ref.
44).

Regime III occurs after the molten
pool has begun to solidify. In this regime,
strong tensile stress is generated in the
material due to shrinkage during cooling.
The helium bubble growth is still caused
by the vacancy adsorption. However, the
driving force for adsorption is the external
stress. Under this condition, the growth
rate of the helium bubbles is approxi-
mately given by (Ref. 25)

where α is the spacing between the center
of the bubbles and σ is the shrinkage stress
normal to the GB. This model has the abil-
ity to predict the bubble sizes in different
locations of the HAZ, which have experi-
enced different thermal histories and
residual stresses. Based on Equation 6, Lin
et al. calculated the approximate bubble
size after regime III in the HAZ for he-
lium-charged Type 316 stainless steel. The
results showed that the bubbles on grain
boundaries located 1 to 3 grain diameters
from the fusion zone should be 0.85 μm in

diameter 1.0 s after resolidification of the
molten pool (Refs. 25, 29). This result was
consistent with the measured time be-
tween the passing of the weld torch and
onset of cracking, and the observed size of
dimples decorated on the grain bound-
aries on the fracture surface. The high
consistency of the calculated result based
on the model and the experimental data
suggests that the contribution of bubble
coalescence to the bubble growth is a sec-
ondary effect. Comparing the calculated
radius of helium bubbles at the end of
regime II to that at the end of regime III
clearly suggests that the dramatic growth
of the helium bubble is stress assisted.

Cracking at the Grain Boundary

The formation and growth of GB he-
lium bubbles reduce the contact areas of
the GB and weaken the GB (Refs. 25, 52–
54). Cracking in the HAZ of irradiated
materials is ductile fracture with helium
bubbles at grain boundaries acting as cav-
ities or voids. The cracking occurs when
the tensile stain induced by weld shrinkage
in the HAZ exceeds the fracture strain.
The fracture strain (εf) can be calculated
by (Ref. 54)

where n is the work-hardening rate, L is
the bubble spacing, and r is the bubble 
radius.

In order to better understand the
mechanism of weld cracking in irradiated
materials and verify the proposed models,
welding simulations were performed on
304 stainless steels containing helium both
by tritium charging and decay (Ref. 60)
and helium implantation (Refs. 61, 62).
Applied through a simulator, the testing
material was subjected to various thermal
and stress cycles similar to the conditions
the irradiated material would experience
during an actual welding process. The he-
lium bubble behavior (size and density) in
the test material under different condi-
tions was examined. A comparison be-
tween the theoretical model calculation
and experimental results showed good
agreement (Refs. 61, 62), which provides
further evidence of the combined effects
of high temperature and stress on weld
cracking.

Helium Bubble Behavior in the Fusion
Zone

In the fusion zone, brittle failure is
caused by the precipitation of helium bub-
bles along the dendrite boundaries. Dur-
ing material resolidification, helium is re-
jected by the growing dendrites due to the

low solubility of helium in the solid. He-
lium bubbles are trapped between den-
drites after solidification, which results in
formation of microcracks and weakening
of the interdendritic region. The shrink-
age stress during weld cooling causes
propagation of these microcracks and brit-
tle rupture.

Techniques to Improve the
Weldability of Irradiated
Materials

Low-Heat Gas Metal Arc (GMA) Weld
Cladding Technique

Researchers at Westinghouse Savan-
nah River Co. developed a low-heat gas
metal arc (GMA) weld cladding technique
to improve the weldability of helium-
containing materials (Refs. 63–66). Figure
3 shows a schematic representation of the
GMA cladding process (Ref. 65). To min-
imize the heat input, this technique em-
ploys a short-circuiting metal transfer
mode and high-speed cross-joint mechan-
ical oscillation to produce cladding of ad-
equate width to cover the repair area.
Compared with conventional GTA weld-
ing, this technique generates much less
heat during welding. The penetration of
weld metal cladding into the underlying
base metal was only about 0.076 mm (Ref.
65). The low heat input and shallow weld
penetration produced by this technique
was intended to minimize the temperature
and stress around the weld, thus minimiz-
ing helium embrittlement cracking.

Type 304 stainless steel containing he-
lium from tritium decay was welded using
the GMA cladding process, in which 308L
welding wire was used as the filler metal
(Ref. 65). Metallographic results showed
that toe cracking, experienced on conven-
tional stringer welds, was eliminated in the
steel containing helium at concentrations
up to 220 appm (Ref. 65). Underbead in-
tergranular cracking started appearing in
the GMA welds with 17 appm helium con-
tent and found to increase with higher he-
lium concentrations. However, the
amount of underbead intergranular crack-
ing in GMA welds is much less compared
with that in the GTA stringer welds.

Kanne et al. studied the mechanical
properties of GMA cladding welds of 304
stainless steel plates that contained 3 to
220 appm helium from tritium decay (Ref.
64). The tensile tests were performed to
evaluate the strength and ductility of the
HAZ, and the interface between the
cladding and base steel. The axis of the
tensile test was perpendicular to the clad
surface. Bending tests were used to deter-
mine the effect of stress on existing helium
cracks, and were performed on wafer
specimens that were machined to contain
both weld cladding and base metal. No sig-

dr

dt

D C

r

gb v
e

 = (5)
δΩ

2 2

ε f
n L r

n
=

(1- )ln( /2 )

sinh 3
(7)

( ) /1 2−⎡⎣ ⎤⎦

dr

dt

D

rkT
gb = 

2
(6)

πδ σ

α

Ω

23-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Li et al Supplement January 2011:Layout 1  12/13/10  4:45 PM  Page 23



nificant degradation in mechanical prop-
erties was found for welded specimens
containing less than 30 appm helium. A
sharp drop in area reduction was observed
for test samples with helium concentra-
tions above 35 appm. The specimens
failed in a completely brittle fracture
mode when the helium concentration was
increased to 221.1 appm. The significant
decrease in ductility and strength was at-
tributed to the change in failure location
from base metal to the underbead HAZ,
where excessive helium bubble growth 
occurred.

Similar results were observed by Goods
et al. when the GMA cladding was applied
on Type 304 stainless steel containing 2.7
and 85 appm helium from tritium decay
(Refs. 58, 66). In their process, cladding
with a thickness of 1.5 mm was welded
onto the helium-containing steel. The
penetration into the base metal was about
0.1 to 0.2 mm. No toe cracking in the
cladding was observed. Scanning electron
microscope examination revealed that in-
tergranular cracks occurred in the HAZ of
all helium-containing samples. The orien-
tation of the cracks were preferentially
normal to the cladding fusion boundary,
and the crack facets exhibited a dimpled
structure, indicative of helium-induced
weld cracking. However, the extent of
weld cracking was significantly reduced
compared to that of the conventional
stringer bead welds.

Kanne et al. applied the GMA cladding
technique to irradiated 304 stainless steel
that contained 10 appm helium (Refs. 52,
55). The irradiated steel was obtained
from reactor tank walls at the Savannah
River Site. A specimen from a 15-cm disc
was welded. The irradiation resulted in a
helium concentration of 10.4 appm on the
inside surface and 5.0 appm on the outside
surface of the disc. A GMA cladding weld
approximately 7.6 cm long and 2.6 cm wide
was made on each side of the disc. Metal-
lographic examination and dye penetra-
tion testing revealed that surface cracks
were eliminated, and underbead cracking
was minimal in the welds. On the other
hand, the conventional GTA welding
method resulted in deep surface cracks
and severe underbead cracks in the welds
of the steel containing helium even at a
low concentration of 3.3 appm.

Stress-Modified Welding Technique

Because internal tensile stresses signif-
icantly accelerate the growth of helium
bubbles during the cooling of the weld, it
was hypothesized by Lin and Chin that
changing the stress state in the material
during welding would suppress the growth
of helium bubbles and hence stop cracking
(Ref. 25). During weld solidification and
cooling, the principal shrinkage-induced

tensile stress is perpendicular to the weld-
ing direction. Wang et al. applied a con-
trolled compressive stress perpendicular
to the welding path to improve the weld-
ability of irradiated steels (Refs. 44,
67–71). In their study, the stress-modified
complete penetration GTA welding
process was used to weld tritium charged
and aged Type 316 stainless steel sheets
containing helium concentrations of 10
and 256 appm. Experimental results
showed that GB helium bubble growth
was effectively retarded. The bubble
growth was reoriented from along grain
boundaries parallel to the weld path to
along GBs perpendicular to the weld path.
Wang et al. found that a compressive stress
level at approximately 25% of the room
temperature yield strength eliminated all
fusion zone and HAZ cracking (Refs. 44,
67, 68). The mechanical properties were
studied for the unwelded base steel and
stress-modified welds containing 10 appm
helium (Refs. 43, 44). In nearly all cases,
the helium-bearing tensile test samples
failed in the base metal region. The ulti-
mate, yield strength, and elongation val-
ues of the stress-modified welds were
found to be similar to the values of un-
welded helium-containing base steel.
Their conclusion was that sound welds
may be produced in helium-
containing material using the stress-mod-
ified welding technique. Other steels were
also investigated. By applying a compres-
sive stress of 55 MPa perpendicular to the
weld direction, successful GTA welding
was also achieved in neutron-irradiated
20%CW 316 stainless steel, 25%CW
PCA, and HT-9 steel (Ref. 53).

It appears that this technique is the so-
lution to the problem of repairing irradi-
ated materials. However, application of a
compressive stress to the actual compo-
nents is difficult or impossible. Thus, the
technique illustrates the nature of the
problem and provides guidance for fur-
ther research, but additional work is re-
quired nonetheless.

Yttrium Aluminum Garnet (YAG) Laser
Welding Technique

Welding helium-containing/irradiated
materials using a Nd-YAG laser beam has
been investigated by several Japanese
groups (Refs. 27, 72–77). The laser weld-
ing method was found to minimize the
heat input and stress in the welds and
greatly improve the weldability of irradi-
ated materials. Kawano et al. conducted
bead-on-plate YAG laser welding on 304
stainless steel containing 0.5, 5, and 50
appm helium (Ref. 27). The experimental
material was obtained by helium ion im-
plantation using a cyclotron. It was found
that the value of heat input during welding
strongly affected the weldability of the ma-

terial. When laser welding with a heat
input of 20 kJ/cm was performed, which is
typical for conventional GTA welding, in-
tergranular cracking was observed in the
HAZ in the specimens containing 50
appm helium. On the other hand, helium
bubble growth was negligible even in the
specimens containing 50 appm helium
after laser welding with 1 kJ/cm heat input,
which is typical for laser welding.

It was found that YAG laser welding
mitigated weld cracking in irradiated
steels as compared with GTA and GMA
weld cladding methods, even though
equivalent heat input (1.5~2 kJ/cm) was
used during GTA and GMA welding
(Refs. 27, 73). The authors hypothesized
that this is because the YAG laser gener-
ates much smaller weld beads (less than
0.5 mm2), and thus, causes lower effective
heat input and less stress in the material
(Ref. 27).

Nishimura et al. successfully lap
welded unirradiated 316L stainless steel
plates (0.5 mm thick) to neutron-
irradiated 304L stainless steel plates (8
mm thick) using a high-power YAG laser
under conditions of both continuous wave
(CW) and pulse modes (Ref. 72). Bead-
on-plate welding was also performed on
the irradiated 304L stainless steel. The
304L stainless steel was irradiated in a
boiling water reactor (BWR) and con-
tained 9 appm helium. The heat input gen-
erated by the laser was 240–360 J/cm for
the pulse mode and 420–540 J/cm for the
CW mode. For lap welded specimens, no
helium-induced cracking in the HAZ was
observed in any welds. However, cracks in
the weld metal appeared in irradiated
steel for pulse laser welds. For bead-on-
plate welding, HAZ intergranular cracks
were only observed in specimens welded
by the CW YAG laser with the highest
heat inputs (480 and 540 J/cm). Tensile
tests revealed that YAG laser welded spec-
imens showed good mechanical proper-
ties. All specimens failed not in the irradi-
ated 304L steel but in the unirradiated
material (Ref. 72).

Welding irradiated 316LN-IG stainless
steel plates and tubes, containing 3.3 appm
helium, using a YAG laser has been re-
ported by Yamada et al. (Refs. 74–76). YAG
laser welding (heat input 1.2 kJ/cm) was car-
ried out in a hot cell by remote operation
and performed to weld the following three
types of specimens: unirradiated/unirradi-
ated, irradiated/unirradiated, and irradi-
ated/irradiated. The tensile tests of the
welded specimens showed that the mater-
ial’s ductility was reduced by the welding for
all three types of specimens. However, it
was found that the ductility of an irradi-
ated/unirradiated specimen was similar to
that of an irradiated material without weld-
ing. The reduction in the ductility caused by
irradiation damage was much larger than
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that by welding (Ref. 75). Laser welding did
not worsen the ductility of the irradiated
welds. Three-point bend tests were also per-
formed on YAG laser welded irradiated
316LN-IG stainless steel specimens (Ref.
74). The results showed that the bend prop-
erties of irradiated/irradiated welds were al-
most the same as the bend properties of an
unirradiated/irradiated weld. It is believed
that helium embrittlement does not affect
the bend properties of laser welded 316LN-
IG stainless steel specimens containing 3.3
appm helium.

Conclusions

The exposure of a nuclear reactor’s
inner components to intense neutron
fluxes results in transmutation of minor el-
ements, and in some cases, major alloy
components, that generate helium in the
matrix of the material. This helium is
nearly insoluble in the matrix and can lead
to serious heat-affected zone cracking
during weld repair. This article summa-
rizes the effects of helium on the weld-
ability of helium-bearing materials and
their postweld mechanical properties. The
mechanism of helium-induced weld crack-
ing is discussed. Novel welding tech-
niques, such as low-heat gas metal arc
weld cladding, stress-modified welding,
and YAG laser welding, can be used to ef-
fectively suppress the weld cracking and
yield mechanical properties similar to that
of a base metal.
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