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Abstract

Helium bubble structure was examined on a helium-implanted stainless steel after applying thermal and stress cycle

using a weld thermal and stress cycle simulator. Helium ions were implanted on Type 304 stainless steels up to 200

appm uniformly to a depth of 3.5 lm. The specimens were heated at various temperatures between 1073 and 1473 K for

2 s in Ar gas atmosphere. Tensile stresses from 0.5 to 8 MPa were applied during the thermal cycle. TEM observations

revealed that size of the bubbles at grain boundaries was larger for the specimens with a higher tensile stress and with a

higher annealing temperature. Densities of bubbles increased with increasing helium content. A theoretical model

calculation showed a good agreement with the experimental results.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Degradation of weldability in neutron-irradiated

stainless steels is one of the important issues for fusion

reactor development and fission power reactor operation

from the viewpoint of reactor maintenance. The reactor

components exposed to high energy neutrons contain a

large amount of helium produced by nuclear transmu-

tation reactions. Helium is known to have a large effect

on weldability and properties of welded joints [1–5]. The

mechanism of weld cracking in irradiated materials is

considered to be rapid growth of helium bubbles formed

at grain boundaries (GBs) at high temperatures under

the influence of thermal stresses, to a size sufficient to

cause GB separation.

Some theoretical models of helium bubble behavior

at GB during welding have been proposed to predict

weldability [6,7]. In order to understand the mechanism

of weld cracking in irradiated materials and verify the

proposed models, it is necessary to know the details of

bubble evolution during welding. In a previous study,

the helium bubble structure was examined for helium-

implanted stainless steels after applying thermal and

stress cycle using a weld thermal and stress cycle simu-

lator [8]. Helium bubble formation was observed in 304

stainless steels containing 5 appm He even after short

annealing times and the size of the helium bubble at GBs

was strongly dependent on the tensile stress during

heating. In the present study, the effect of tensile stress,

annealing temperature and helium content on the bubble

formation is quantitatively examined for stainless steels

implanted with helium ions up to 200 appm. The ex-

perimental results are compared with a theoretical

model of helium bubble behavior during welding.

2. Experimental procedures

The material used is SUS304 stainless steel, with a

grain size of about 20 lm. The chemical composition is:

0.06 C, 0.57 Si, 1.03 Mn, 0.025 P, 0.007 S, 8.57 Ni and

18.22 Cr in weight percent. Tensile specimens, the gauge

sections of which were 14 mm long, 3 mm wide and 0.2

mm thick, were implanted with 3 MeV helium ions

at room temperature. The implanted area was limited to
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3 mm in diameter at the center of the specimen. A beam

energy degrader was applied to obtain a uniform heli-

um-implanted layer which existed between 1.5 and 3.5

lm in depth from the surface. The calculated helium

concentration was 50 and 200 atomic parts per million

(appm).

The heat cycle was applied to the specimens by a weld

thermal and stress cycle simulator [8]. Fig. 1 shows a

schematic figure of the applied thermal and tensile stress

cycle. The specimens were heated at various tempera-

tures between 1073 and 1473 K for 2 s in Ar gas at-

mosphere. The heat-up rate and cooling rate were

controlled to simulate temperature history at the posi-

tion of HAZ during the tungsten inert gas welding at 20

kJ/cm heat input. Tensile stresses varying between 0.5

and 8 MPa were applied immediately after reaching the

maximum temperature. Two cycle heating was also

performed to investigate the effect of multi-cycle heating

on the bubble behavior to multi-pass weld repair of re-

actor components. The specimens were re-heated at

1273 K with tensile stress of 2 MPa just after previous

heating under the same condition was finished. After

applying the thermal and stress cycle, TEM discs of

3 mm in diameter were punched out at the helium-

implanted area of specimens. TEM discs were elec-

tropolished to the depth of 2 lm from the implanted

surface and back-thinned for perforation in a 10%

HClO4 þ CH3COOH solution. Microstructural obser-

vations were conducted using a TEM operated at

200 kV.

3. Calculation of helium bubble behavior

The helium bubble behavior at GBs during annealing

tests was calculated based on a theoretical model [6,7]

and compared with the microstructural observations.

The model calculates bubble nucleation, coalescence and

growth at the GB using the temperature and stress

changes during the test. In the early stages of the heat-up

period during the test, helium atoms in the grains are

considered to diffuse to GBs and bubbles nucleate at

GBs. Since a vacancy which holds up to two helium

atoms (V-He2) is assumed to be a bubble nucleus [7], the

nucleation rate is given as the reaction rate of a vacancy-

helium complex (V-He) and a helium atom,

dN
dt

¼ f ðKHe þ KHeVÞCHeCHeV; ð1Þ

where N is the areal number density of GB bubble; f, the

geometrical factor of the reaction; KHe and KHeV, the

reaction rate coefficients of He and V-He; CHe and CHeV,

the concentrations of helium atoms and V-He at GB

respectively. CHe and CHeV are determined by their flows

into the GB, and thus the flow rate of helium atom and

V-He into GB are calculated in the diffusion model re-

spectively [7].

At elevated temperatures during heating, the bubble

density on GBs decreases due to bubble coalescence

along these boundaries [9]. The migration process of

bubbles is considered to be random motion controlled

by surface diffusion [10]. The time rate of change of the

bubble density (N) on GBs is given by [6]

dN
dt

¼ � 2pa4DsN 2

r4 ln½1=ð2r
ffiffiffiffi

N
p

Þ�
; ð2Þ

where Ds is the surface diffusion coefficient; r, the bubble

radius and a, the lattice spacing. The average radius of

coalesced bubbles is assumed to obey the conservation

of volume [6].

During heating, the GB bubble is assumed to grow

by thermal vacancy absorption due to helium gas

overpressure in the bubble when applied stress is under

0, and to grow by stress-induced vacancy absorption

when tensile stress is applied. The growth rate of bubbles

is given [6] by

dr
dt

¼ dXDgbCe
v

2r2
ðr6 0Þ; ð3Þ

dr
dt

¼ 2pdXDgbr
ffiffiffiffi

N
p

rkT
ðr > 0Þ; ð4Þ

where r is the bubble radius; d, the GB thickness; X, the

atomic volume; Dgb, the self-diffusion coefficient in

the GB; Ce
v, the equilibrium vacancy concentration; r,

the tensile stress normal to the GB; k, the Boltzmann

constant; and T, the temperature. The calculations of

bubble size and density were obtained by specify-

ing Ce
v ¼ ½expð1:5Þ expð�2 eV=kT Þ�=X m�3, Dgb ¼ 5	

10�5 expð�1:8 eV=kT Þ m/s. The other parameter values

used in calculations were similar to these in [6,7].

4. Results and discussion

Fig. 2 shows TEM microstructures of the specimens

containing 200 appm He after applying various thermal

Fig. 1. Applied thermal and stress cycle.
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and stress cycles. He bubbles were observed at GBs and

in the matrix. Fig. 3 shows the average GB bubble dia-

meter as a function of the angle between the stress di-

rection and the GBs. The application of tensile stress

during heating tends to increase the diameter of the

bubbles located in GBs perpendicular to the applied

stress. Fig. 4 shows the average diameter and density of

bubbles observed in GBs perpendicular to the applied

stress, together with theoretical calculations. The ex-

perimental data reveal that the bubble diameter was

larger for the specimens with a higher annealing tem-

perature and with a higher tensile stress. It is reported

that tensile stresses during isothermal annealing tests

enhance the bubble growth that is thought to be due to

the vacancy absorption [11]. It is suggested that the GB

bubble growth observed in this study is attributable to

stress-induced vacancy absorption, which is often

adopted in models for bubble growth during welding.

Fig. 2. Helium bubble microstructures in 200 appm He specimens after applying thermal and stress cycles: (a) 1073 K, 2 MPa, (b) 1273

K, 2 MPa, (c) 1273 K, 8 MPa.

Fig. 3. Average helium bubble size as a function of the angle /
between the stress direction r and the GB: 200 appm He, 1273

K, 8 MPa.

Fig. 4. The bubble diameter (a) and density (b) at GBs ob-

served in 200 appm He specimens as a function of stress for

different annealing temperatures. The curves show results of

model calculations.
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The observed bubble density decreased with increasing

annealing temperature. It is considered that the bubble

coalescence along these boundaries is enhanced at higher

temperature due to the bubble migration controlled by

surface diffusion. The calculated bubble size and density

correspond well to the results of TEM observations in

this study.

Fig. 5 shows the GB bubble diameter and density

obtained from TEM observations as a function of he-

lium content, together with theoretical calculations. The

observed bubble diameter and density increased with

helium content. The bubble nucleation at GB is con-

sidered to be increased by increasing the flow of helium

atoms into GB in the specimen with higher helium

content. The calculated results are in good agreement

with the results of TEM observations. Fig. 6 shows the

effect of applied thermal/stress cycle number on GB

bubble diameter and density. Applying two thermal

cycles enhances the bubble growth. Theoretical calcu-

lations can hence predict the bubble behavior in various

thermal/stress cycles.

5. Conclusions

The helium bubble structure was examined in helium-

implanted 304 stainless steels after applying thermal and

stress cycle using a weld thermal and stress cycle simu-

lator. TEM observations revealed that size of the bub-

bles at GBs was larger for the specimens with a higher

tensile stress and with a higher annealing temperature.

Densities of bubbles increased with increasing helium

content. A theoretical model calculation showed a good

agreement with the experimental results.
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Fig. 5. GB bubble diameter (a) and density (b) from TEM

observations as a function of helium concentrations. The curves

show results of model calculations: 1473 K, 2 MPa.

Fig. 6. Effect of applied thermal/stress cycle number on GB

bubble diameter and density in the case of 200 appm He

specimen: 1273 K, 2 MPa.
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