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Abstract

A simulation model of helium bubble behavior and crack initiation at grain boundaries in the heat-a�ected zone

(HAZ) during welding is proposed, and the e�ects of welding conditions and helium concentration on bubble evolution

and cracking are evaluated. The model was based on the following assumptions; homogeneous bubble nucleation,

bubble coalescence by random motion, bubble growth by vacancy absorption and ductile fracture. The result of cal-

culations for di�erent welding heat inputs reveal that the ®nal bubble size increases with increasing the weld heat input

and with decreasing bubble spacing at the grain boundary. The calculated critical heat input for cracking as a function

of helium concentration is in good agreement with the results of welding experiments on neutron-irradiated stainless

steels and helium-doped stainless steels. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Large amounts of helium can be produced by (n,a)

reactions in the stainless steels subjected to intense

neutron exposure. Such stainless steels are known to be

susceptible to intergranular cracking in the heat-a�ected

zone (HAZ) during the welding process [1±5]. The

mechanism of this cracking is considered to be rapid

growth of bubbles formed at grain boundaries under the

in¯uence of high temperatures and thermal stresses, to a

size su�cient for grain boundary separation. Several

investigators have performed welding examinations of

neutron-irradiated materials and helium-doped materi-

als in order to understand the weldability and to develop

a welding technique suitable for irradiated materials [1±

10]. The weldability of helium-containing stainless steels

has been found to be in¯uenced by helium concentration

and welding conditions such as heat input, weld pene-

tration and constrained condition. A theoretical model

of helium bubble growth at grain boundaries has been

proposed by Lin et al. [6] and Wang et al. [7], who cal-

culated the e�ects of thermal history on bubble growth

and stress state during welding.

In the present study, a simulation model including

helium bubble nucleation, coalescence, growth and re-

sultant cracking in the HAZ during welding is proposed

to predict weldability. The e�ects of welding conditions

and helium concentration on weld crack initiation in

irradiated materials are evaluated and compared with

reported experimental results.

2. Modeling of helium bubble behavior and crack initiation

during welding

In order to model helium bubble behavior in irradi-

ated stainless steels during welding, the bubble evolution

at grain boundaries is divided into several characteristic

stages: bubble nucleation, coalescence, growth and crack

occurrence. Fig. 1 shows the stages of bubble evolution

and temperature/stress history in the HAZ.

2.1. Bubble nucleation at a grain boundary

Although there have been many experimental and

theoretical investigations of bubble nucleation under

isothermal annealing conditions, there have been no

reports of quantitative data for helium bubble nucle-

ation under post-irradiation welding conditions. Helium

atoms in the grains are considered to di�use and
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nucleate bubbles at grain boundaries in the early stages

of the heat-up period during welding. Since a high

density of defect clusters is produced in grains after

neutron irradiation and act as trap sites for helium at-

oms, only the helium atoms which exist adjacent to grain

boundaries are expected to contribute to bubble nucle-

ation at grain boundaries. In the present model, it is

assumed that the bubbles nucleate homogeneously at

grain boundary and that the areal number density of

nucleated bubbles N0 is proportional to the helium

concentration CHe, thus

N0 � a CHe; �1�
where a is a constant.

2.2. Bubble migration and coalescence

At elevated temperatures during welding, the bubble

density on grain boundaries decreases due to bubble

coalescence along these boundaries [8]. The migration

process of bubbles is considered to be random motion

controlled by surface di�usion [11]. During this stage,

the time rate of change of the bubble density (N) is given

[12] by

dN
dt
� 2pDbN 2

ln�L=4r� ; �2�

where the bubble spacing L � 1=
����
N
p

and the bubble

di�usion coe�cient Db � Ds �a=r�4 (where Ds is the

surface di�usion coe�cient, r the bubble radius and a

the lattice spacing).

The average radius of a coalesced bubble rc is as-

sumed to be regarded as obeying the conservation of

volume

rc � r1 N1=Nc� �1=3
; �3�

where r1 and N1 denote the radius and density of bub-

bles before coalescence, respectively and Nc is the den-

sity of coalesced bubble.

2.3. Bubble growth in the heat-up period

In the heat-up period, bubbles grow by thermal va-

cancy absorption due to helium gas overpressure in the

bubble [6]. The growth rate of the bubble is given by

dr
dt
� dXDgbCe

v

2r2
; �4�

where d is the grain boundary thickness, X the atomic

volume, Dgb the self-di�usion coe�cient in the grain

boundary and C e
v the equilibrium vacancy concentration.

Bubble growth and coalescence in the heat-up period are

assumed to occur at temperatures above 923 K, con-

sidering the experimental results that the growth and

coalescence of helium bubbles become observable by

transmission electron microscopy (TEM) after annealing

at temperatures above 923 K for 1 h in irradiated stainless

steel with 100 atomic parts per million (appm) He [13].

2.4. Bubble growth in the cooling period

In the cooling period, the bubble growth is caused by

stress-induced vacancy absorption [6]. The growth rate

Fig. 1. Modeling of helium bubble behavior during welding.
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of grain boundary bubbles under tensile stress is derived

from the creep void growth mechanism [14]

dr
dt
� 2pdXDgbr

LrkT
; �5�

where r is the tensile stress normal to the grain boun-

dary and k Boltzmann's constant. The tensile stress (r)

is simulated by using elasticity theory [6]: r �
E al Tmax ÿ T� �, where E is the Young's modulus, al the

thermal expansion coe�cient and Tmax the peak tem-

perature during welding. The stress is speci®ed as

r� 200 MPa when calculated r exceeds 200 MPa, con-

sidering the plastic deformation that will occur.

2.5. Cracking at grain boundaries

The morphology of a weld crack is known to be

ductile fracture on grain boundaries decorating a dimple

structure [2,5,6]. In the present model, bubbles at grain

boundaries are assumed to act as cavities or voids in

micromechanism models of ductile fracture. It is also

assumed that cracking occurs when the tensile strain

imposed in the HAZ exceeds the fracture strain (ef )

calculated by the following equation according to

Mclintock's ductile fracture model [15]

ef � �1ÿ n� ln�L=2r�
sin h

���
3
p �1ÿ n�=2
� � ; �6�

where n is the work hardening rate. The tensile strain

imposed in the HAZ is simply deduced from the volume

change induced by weld metal shrinkage.

2.6. Calculation

The bubble diameter in the HAZ during welding was

calculated for di�erent heat input conditions assuming

single bead-on-plate welds by the gas tungsten arc

(GTA) process. The temperature±time relationship

during welding was derived from heat conduction

analysis in an in®nite solid with a moving point heat

source. The diameter and density of bubbles was ob-

tained by iterative calculation of Eqs. (2)±(5). The

parametric values used in the calculation are shown in

Table 1.

3. Calculational results and discussion

Fig. 2 shows the temperature and helium bubble di-

ameter as a function of time for di�erent weld heat in-

puts at 0.1 mm from the fusion line, where the HAZ

cracking has been observed in helium-containing stain-

less steels [6]. The growth rate of the helium bubble is

enhanced at higher heat input, since the temperature in

the HAZ is raised for longer periods by increasing the

heat input. Fig. 3 shows the e�ect of heat input on ®nal

bubble size for the di�erent initial bubble spacing to-

gether with the critical weld heat input for cracking. The

®nal bubble diameter increases with increasing weld heat

input and decreasing initial bubble spacing. On the other

hand, as the initial bubble spacing becomes higher, the

critical weld heat input for cracking becomes higher.

Fig. 4 shows the ®nal bubble diameter and spacing as a

function of the distance from the fusion line welded at 1

kJ/cm heat input. The increase in the size and spacing of

bubbles is restricted to the narrow region that extends

only 1 mm below the fusion line. This result agrees with

the bubble microstructure observed by TEM after low-

penetration welding in helium-doped stainless steels with

85 appm He [8].

The critical weld heat input for cracking as a function

of the helium concentration can be derived from the

results in Fig. 3 and Eq. (1). Fig. 5 shows the calculated

criteria for cracking in a helium concentration vs. heat

input map assuming a� 1.25 ´ 1012 (mÿ2 appmÿ1) in

Eq. (1) together with the results of welding experiments

Table 1

Parameter values used in calculation

Initial bubble radius r0 1 nm

Grain boundary thickness d 0.4 nm

Atomic volume X 1 ´ 10ÿ29 m3

Lattice spacing a 0.2 nm

Self-di�usion coe�cient in the GB Dgb [16] 2 ´ 10ÿ4 exp()1.65 eV/kT) m2/s

Surface di�usion coe�cient Ds [17] 0.4áexp()2.2 eV/kT) m2/s

Equilibrium vacancy concentration Ce
v [6] C e

v � [exp(DSv/k) exp()DHv/kT)]/X mÿ3

Boltzmann's constant k 8.618 ´ 10ÿ5 eV/K

Vacancy formation entropy DSv 1.5 k

Vacancy formation energy DHv 1.8 eV

Work hardening rate n 0.3

Thermal expansion coe�cient al [18] 2 ´ 10ÿ5 Kÿ1

Young's modulus E [19] [243.9 ) 0.1078 T] ´ 109 N/m2

Initial bubble spacing L0 50±2000 nm

Weld heat input Q 1±15 kJ/cm
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[5,9]. The calculated criterion for cracking is in good

agreement with the result of the welding experiment. For

a� 1.25 ´ 1012, the ®nal bubble spacing is 0.9 lm in the

case of welding at 1 kJ/cm for 1 appm He. This spacing

is consistent with the dimple spacing of about 1 lm

observed on the HAZ fracture surface after GTA

welding at 0.7 kJ/cm in helium-doped stainless steels

containing 2.5 appm He [6]. Hence, the present simula-

tion model has good capability for predicting weld-

ability.

The constant a in the present model is an adjustable

parameter for the experimental data. To determine a

reasonable value of a and to improve modeling of the

nucleation stage of helium bubbles, details of the bubble

morphology in welded helium-containing materials are

necessary.

Fig. 3. Final bubble diameter as a function of welding heat

input for di�erent initial bubble spacing L0. Solid circles indi-

cate the critical weld heat input for cracking calculated by

Eq. (6).

Fig. 4. The ®nal bubble diameter and spacing as a function of

the distance from fusion line in the case of welding at 1 kJ/cm.

Fig. 5. Comparison of the calculated cracking criteria with re-

sults of welding experiments for neutron-irradiated stainless

steels and helium-doped stainless steels [5,9].

Fig. 2. Temperature (a) and helium bubble diameter (b) as a

function of time for di�erent welding heat inputs.
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4. Summary

Helium bubble nucleation, growth and crack occur-

rence in HAZ during welding were modeled and the

e�ects of welding conditions and helium concentration

on cracking were evaluated. The result of calculations

for di�erent welding heat inputs revealed that the ®nal

bubble size increases with increasing weld heat input and

with decreasing bubble spacing at a grain boundary. The

calculated critical heat input for cracking as a function

of helium concentration was in good agreement with the

results of welding experiments on neutron-irradiated

stainless steels and helium-containing stainless steels.
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