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ABSTRACT: Experiments have shown that Type 316 stainless steel is
susceptible to heat-affected-zone (HAZ) cracking upon cooling when
welded using the gas tungsten arc (GTA) process under lateral
constraint. The cracking has been hypothesized to be caused by stress-
assisted helium bubble growth and rupture at grain boundaries. This
study utilized an experimental welding setup which enabled different
compressive stresses to be applied to the plates during welding.
Autogenous GTA welds were produced in Type 316 stainless steel doped
with 256 appra helium. The application of a compressive stress, 55 MPa,
during welding suppressed the previously observed catastrophic cracking.
Detailed examinations conducted after welding showed a dramatic change
in helium bubble morphology. Grain boundary bubble growth along
directions parallel to the weld was suppressed. The results suggest
that stress-modified welding techniques may be used to suppress or
eliminate helium-induced cracking during joining of irradiated
materials.
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Large amounts of helium will be generated within many materials
from transmutation reactions as a consequence of neutron bombardment of
structural components in a fusion reactor[l-3]. Due to its inert nature
and extremely low solubility in metals, helium will diffuse and
agglomerate to form bubbles after being trapped at point defect
aggregates, dislocations, and grain boundaries. Such bubbles have been
shown to degrade materials properties [3-12].
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Investigations have also shown that helium bubbles grow rapidly
along grain boundaries that are subjected to a tensile stress at high
temperature [9-15]. Both high stress and high temperature are typically
encountered following conventional gas tungsten arc (GTA) welding upon
cooling. Shrinkage-induced tensile stresses are produced due to the
volume contraction of the weld upon solidification and subsequent
thermal contraction during cooling. Intergranular heat-affected-zone
(HAZ) cracking following GTA welding with lateral constraint was
observed by Lin et al. in Type 316 stainless steel with helium
concentrations greater than 2.5 appm [9-12]. HAZ cracking was found to
occur at the grain boundaries parallel to the welding direction,
approximately 2 to 3 grain diameters (grain size was about 70 pm) from
the fusion boundary. Centerline interdendritic fractures in the fusion
zone have also been observed in GTA welds of Type 316 stainless steels
containing more than 100 appm helium. These severe failures are
attributed to the growth of helium bubbles at both HAZ grain boundaries
and weld dendrite boundaries.

The objective of the present study was to investigate techniques
which might be used to eliminate heat-affected-zone tracking in helium-
containing steels subjected to GTA welding. These techniques need to be
identified to enable repair and maintenance of the first wall of a
fusion reactor. This work investigated the weldability of helium-
bearing austenitic Type 316 stainless steel under controlled stress
conditions during welding. Modification of the stress field was
accomplished by the application of a compressive stress perpendicular to
the weld direction during welding.

EXPERIMENTAL PROCEDURES

The material investigated in this study was 0.76 mm thick
austenitic Type 316 stainless steel sheet. Following a solution anneal
at 1050°C for one hour, the average grain size was about 70 nm. Helium
was implanted into the steel using tritium doping and decay*. The steel
was exposed to tritium gas at 125 MPa at 300°C for 30 days. The
dissolved tritium was then allowed to decay to helium at -40°C for six
months. The excess tritium was then pumped off under a vacuum (10'3 Pa)
at 400°C to prevent further helium generation. This doping process
introduced 256 appm helium into the steel. The pump-off treatment
resulted in the formation of stable helium bubbles about 4.5 x 102Q/m3

in density and approximately 1.7 nm in diameter in the matrix while a
density of 8.8 x 1014/m2 and 2.0 nm diameter bubbles were observed on
the grain boundaries.

Autogenous single pass GTA welds were produced under laterally
constrained conditions. The edges of the plates parallel to the weld
direction were securely fastened to the welding stage to simulate the
restraints encountered in practical weld repair and maintenance of
structural components. Welding was performed at 10 VDC, 24 A at a torch
travel speed of 3.6 mm/s under a protective argon atmosphere. The
resulting heat input was 66.7 J/mm, which produced a full penetration
weld approximately 3 mm wide.

*The tritium doping was performed at Sandia National Laboratory,
Livermore, CA.



A theoretical model has been proposed by Lin et al. to describe
the helium bubble growth during GTA welding of helium containing
materials [9-12]. The model indicates that the growth of grain boundary
helium bubbles should be significantly altered by a change in the stress
state during cooling of the weld. To investigate this hypothesis, a
weld plate fixture system was constructed to apply a controlled
compressive stress (55 MPa, i.e., 25% of the yield stress) perpendicular
to the weld path (Figure 1). The compressive stress is produced b}'
applying a constant compressive strain perpendicular to the weld
direction from the edges of weld plates. Both optical microscopy and
scanning electron microscopy (SEM) were used to examine the integrity of
the weld and the surrounding heat-affected zone. Transmission electron
microscope (TEM) specimens were prepared from the fusion zone/heat-
affected-zone interface for both standard (control welds) and stress-
modified welds for further examination.
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FIG. 1--Schematic of applied compressive stress during welding.

RESULTS AND DISCUSSION

According to the proposed model, most of the grain boundary helium
bubble growth which occurs during welding is stress-assisted [9-12].
The growth of grain boundary bubbles in the HAZ can be divided into
three regimes. In regime I, the heat-up regime before the material
reaches its melting temperature, compressive stresses are introduced
normal to the welding direction due to thermal expansion of the plates.
Although grain boundary helium bubbles can grow by thermal vacancy



absorption in this regime, the compressive stress tends to retard the
bubble growth. Consequently, it was assumed that there is no bubble
growth in this heat-up period. In regime II, where the torch passes
through, the material reaches the melting temperature and a stress-free
state is obtained in the melted region. Therefore, the stress is
assumed to be zero in areas adjacent to the melted region. The bubbles
grow mainly by vacancy absorption during this stage due to the high
vacancy concentration and diffusivity at that temperature. The grain
boundary bubble growth in this regime is derived based on the theory of
helium bubble growth in the matrix by vacancy absorption presented by
Greenwood and Speight [16]. The final bubble radius, R, was expressed
by Lin et al [9,10,12] as

R3 - Ri3 = 3SRbfiDgbCvAt/2 (1)

where

R — bubble radius, m,
Ri = bubble radius at regime I, m,
Sgb =- grain boundary thickness, m,
ft = atomic volume, m3,
DgL =• grain boundary vacancy diffusivity, m2/s,
Cv - equilibrium vacancy concentration, nf3, and
At = elapsed time in regime II, s.

Finally, in regime III, the stress state becomes tensile at grain
boundaries parallel to the welding direction due to weld solidification
and cooling. Stress-assisted bubble growth dominates, and most of the
grain boundary bubble growth during welding occurs in this regime. The
bubble growth at grain boundaries in this regime can be expressed by the
following equation, which is based on Hull and Rimmer's models [17,18]:

AR - 2^gbnDgb(t)a(t)At/{R(t)
2kT(t)log(a/R(t)-0.75)} (2)

where

k - Boltzmann's constant, J/K,
a — average bubble spacing, m,
AR - amount of bubble growth, m,
T(t) - temperature at time t, K,
ff(t) - thermal stress at time t, Pa,
R(t) = bubble radius at time t, m, and
Dgb(t) - grain boundary vacancy diffusivity at time t, m

2/s.

It should be emphasized that this model is not meant to predict the
resulting stress state of the weld but rather to give physical insight
into what may be occurring during the weld process.

Results of grain boundary bubble growth calculations for the final
stage are shown in Figure 2. In this study, grain boundary thickness is
assumed to be 8 A. The average bubble spacing on grain boundaries was
assumed to be 1 /jm from examination of the HAZ fracture surfaces which
were decorated with uniformly distributed dimples about 1 /xm in
diameter. The initial bubble radius at regime III, i.e., final radius
at regime II, was 0.049 fim after calculations according to equation (1).
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FIG. 2--The predicted grain boundary bubble size in Regime III. In a
standard weld without external applied stress, curve A, bubbles reach
critical size, dotted line, at about 2 seconds after the onset of Regime
III, while bubble growth is retarded by the application of a compressive
stress (indicated as a percentage of the yield strength) during welding,
curves B, C and D.

In the standard weld, curve A, HAZ cracking occurs approximately 2
seconds after the onset of Regime III, where bubbles reach 1 /im. This
is consistent with the results of video-taping during welding, which
showed cracks that initiate 1 to 2.2 seconds after passage of the weld
pool. When a compressive stress is applied during welding, bubble
growth is retarded, and bubble size may never reach the critical size
which leads to cracking (curves B, C and D). Bubble growth was also
retarded when the bubble surface tension is greater than thermal tensile
stresses (where 5(t) became negative in equation (2), i.e., in
compressive state), as indicated at the beginning region of Figure 2.

Figure 3 shows the results of macroscopic examination of weld
integrity. Continuous through-thickness heat-affected zone cracking was
observed in standard welds of Type 316 stainless steel containing 256
appm helium. Further examination also revealed that the crack was
completely intergranular. The crack ran parallel to the welding



direction and was within 2 to 3 grain diameters of the fusion zone/heat-
affected- zone interface. Helium bubbles had migrated and grown rapidly
at grain boundaries under the combined actions of high temperature ^nd
internal tensile stress, which occurred during the welding process.
Grain boundary strength decreases as the grain boundary helium bubbles
grow and the area fraction of bubbles increases. Rupture occurs as the
cohesive strength of the grain boundaries, reduced by the growing
bubbles, can no longer bear the shrinkage-induced internal tensile
stress during cooling.

•;V- Cracking *?•*"'

FIG. 3--Comparison of as-welded heat-affected zones in Type 316
stainless steel containing 256 appm helium: (a) continuous through-
thickness intergranular HAZ cracking in standard weld; (b) no visible
HAZ cracking in stress-modified weld.



Results from stress-modified GTA welds reveal no visible cracks in
the heat-affected zone, as shown in Figure 3b. A corapressive stress of
55 MPa, about 25% of the room temperature yield stress of Type 316
stainless steel, was applied in these experiments, as measured by strain
gauges attached to the weld plates. This result is consistent with the
conclusion from Lin's study that high temperature alone is not
sufficient to cause significant grain boundary helium bubble growth and
HAZ cracking. The combination of both high temperature and high tensile
shrinkage stress are required for intergranular HAZ cracking [9-12],

Further examinations on TEM disks, prepared from the fusion
zone/heat-affected-zone boundary, were conducted using scanning electron
microscopy following jet thinning. The results are shown in Figures 4
for both standard and stress-modified welds. Welding directions are
indicated by the large arrows. In the standard GTA weld, as shown in
Figure 4a, severe perforation and cracking are observed with cracks
tending to align parallel to the welding direction. On the other hand,
parallel cracking associated with grain boundary helium bubble growth
has been effectively suppressed by the application of a compressive
stress in the stress-modified GTA welding process, as shown in Figure
4b. In addition, the bubble growth has been altered such that larger
bubbles grow predominantly along grain boundaries perpendicular to the
weld direction, whereas previously they occurred principally on grain
boundaries parallel to the weld. It should be pointed out that jet
polishing during TEM specimen preparation attacks the grain boundaries
and enlarges grain boundary holes. Therefore, the grain boundary bubble
sizes indicated in Figures 4 are exaggerated as compared to the as-
welded material. Figure 4c and 4d are magnified views of the circled
areas in Figure 4a and 4b respectively. Results of TEM examinations are
not available at this time, and will be presented in the future.

During weld solidification and cooling, the principal shrinkage-
induced internal tensile stress is perpendicular to the welding
direction. The stress level is enhanced by the lateral constraints as
in the repair welding of structural components. This stress causes the
helium bubbles to grow rapidly at the grain boundaries at high
temperatures, preferentially along grain boundaries aligned
perpendicular to the stress (parallel to the weld). Since the
shrinkage-induced tensile stress is altered by applying an initial
compressive stress perpendicular to the welding direction, the helium
bubble growth process is retarded along grain boundaries parallel to the
weld; therefore, HAZ cracking is less likely to occur. However, a small
number of helium bubbles still grow preferentially along the direction
perpendicular to the weld. This may be due to the internal tensile
stresses generated by bulk body constraint of the steel along the weld
direction during cooling.

CONCLUSIONS

The following conclusions can be drawn from this study:
1. Severe intergranular heat-affected-zone cracking during welding of
helium-bearing Type 316 stainless steel is caused by the grain boundary
helium bubble growth.
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2. Grain boundary helium bubble growth is enhanced by the combined action
of high temperature and shrinkage-induced tensile stress generated during
the welding process.
3. Sound autogenous GTA welds can be produced in helium-bearing Type 316
stainless steel by the application of a compressive stress to alter grain
boundary bubble growth kinetics.

The results of this study suggest that the stress-modified welding
process can effectively suppress the helium bubble growth and may be
applied to eliminate the severe HAZ cracking which occurs during GTA
repair welding of irradiated materials.
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