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Abstract

Although the majority of the irradiation creep data have been developed in fast reactors where the helium generation

rates are rather low, many applications of such data involve neutron or charged particle spectra where the helium

generation rates are much larger. It also appears that hydrogen can accumulate in austenitic steels when large amounts

of cogenerated helium are also present. In such spectra it has been recently predicted that large gas generation rates can

lead to an acceleration of the irradiation creep rate under some conditions often found or expected in some fusion

designs, near-core components of light water reactors, and in some accelerator-driven spallation devices. In the present

paper, this possibility is theoretically explored and shown to be feasible. As a result, an additional degree of conser-

vatism should be included when fast reactor data are applied to spectral environments where large gas generation rates

are expected. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Garner et al. [1,2] have shown that, under irradiation,

the creep law may be represented in terms of the e�ective

creep rate and the e�ective stress by the empirical rela-

tion

_�e
�r
� D _S � B0; �1�

where _S is the swelling rate, D is the creep-swelling

coupling constant, and B0 takes into account the non-

swelling component of irradiation creep. More recently,

Garner and coworkers [3±5] predicted that B0 would be

independent of the dose rate and irradiation tempera-

ture over a very wide range of both variables, but would

be somewhat sensitive to the helium/dpa ratio. This

latter suggestion arises from the consideration that he-

lium bubbles can also contribute a D _S component of

irradiation creep that would appear to be an enlarge-

ment of B0, since ``swelling'' per se had not yet occurred,

and therefore the D _S contribution to creep also had not

yet started.

It was also predicted that helium was not the only

transmutant gas that had to be considered, because

hydrogen might be playing a bigger role than previously

envisioned in both void swelling and irradiation creep

under certain circumstances [4,6,7]. These circumstances

involve irradiation at relatively low temperatures and

displacement rates, especially when there is large con-

current generation of both helium and hydrogen. Under

such conditions, it is proposed that transmutant or en-

vironmentally produced hydrogen, which normally mi-

grates out of steels at most reactor-relevant

temperatures, can be trapped in helium-nucleated bub-

bles and form relatively stable hydrogen gas. The com-

bined hydrogen and helium then drive bubble growth

and accelerate bubble-to-void conversion. Greenwood

and Garner [7] have also shown that the formation of

Ni59, which produces most of the helium in stainless

steels in highly thermalized neutron spectra, also pro-

duces a signi®cant new contribution to the hydrogen

production. At neutron exposures where helium begins

to build up via Ni59 and trap hydrogen, the hydrogen

generation rate is increased.

Journal of Nuclear Materials 271&272 (1999) 78±83

* Corresponding author. Tel.: +852 2766 6646; fax: +852 236

47183; e-mail: mmchwoo@polyu.edu.hk.
1 Operated for the US Department of Energy by Batelle

Memorial Institute under Contract DE-AC06-76RL0 1830.

0022-3115/99/$ ± see front matter Ó 1999 Elsevier Science B.V. All rights reserved.

PII: S 0 0 2 2 - 3 1 1 5 ( 9 8 ) 0 0 7 3 1 - 4



Such conditions are not usually found in fast reac-

tors, in which most of the irradiation creep data are

obtained and used for the design and maintenance of

many other types of irradiation devices. However, high

gas generation rates are common in several types of

devices, such as some fusion designs, like ITER, as well

as in some near-core components of pressurized water

reactors, and in some accelerator-driven spallation

neutron designs. While the possibility of factors of two

to three under-estimation of the B0 component of creep

might not seem at ®rst glance to be very signi®cant, there

are some situations where such an enhancement can

have important consequences. This is especially true

when stress relaxation of long-lived components, such as

bolts or tie-rods, can slacken preload stresses that must

be maintained for safe operation. In order that the fast

reactor data be applied to such cases with greater con-

®dence, a better understanding of the e�ect of gas gen-

eration on irradiation creep is called for.

This paper addresses the possibility that B0 may be

sensitive to the gas generation rate, especially at rela-

tively low temperatures and displacement rates typical of

mixed spectrum reactors, some fusion designs and some

accelerator-driven spallation environments. For illus-

tration of the concept, calculations are performed spe-

ci®cally for 316 stainless steel tubes, internally

pressurized at a hoop stress of 100 MPa and irradiated

at 350°C at an NRT dpa rate of 10ÿ7 dpa/s. The possible

contribution of hydrogen to this process will not be

addressed directly in this paper, but a range of He/dpa

ratios large enough to cover the possible e�ect of both

gases will be used. Unlike the situation in mixed spectra

reactors where the helium via Ni59 formation is nonlin-

ear, we will assume constant He/dpa ratios to demon-

strate the concept. In this sense, such constant rates are

closer to the accelerator-driven spallation neutron case.

2. E�ects of gas accumulation on irradiation creep

Irradiation creep due to Stress Induced Preferred

Absorption (SIPA) and SIPA Induced Growth [8] (SIG)

and, more recently, the relationships between void

swelling and irradiation creep under cascade damage

conditions [9±11] have been studied in some detail. The

production and annihilation of primary interstitial and

vacancy clusters during cascade irradiation has also

been accounted for in irradiated pressurized tubes in

Ref. [11]. However, the e�ect of gas generation (helium/

hydrogen) has not been considered in this line of work.

The pressure created by the accumulation of gases at

voids reduces the rate of emission of the vacancies and

increases that of the interstitials. The strain ®eld of a

highly pressurized cavity may also induce a bias on the

sink strength of the void. To account for the e�ect of gas

generation on the creep behaviour, the existing theory

would have to be modi®ed accordingly. We are inter-

ested to ®nd out how such modi®cations will a�ect the

creep law derived earlier.

In the absence of helium generation, theoretical

analysis shows [11] that the creep law can be put in ex-

actly the same form as the empirical relation proposed

by Garner et al. [1,2] as in Eq. (1). Expressions for D

and B0, in terms of the hoop stress, the dislocation

structure and the swelling rate, have been derived.

We now consider the case where transmutation gases

are continuously generated by irradiation. Suppose G is

the e�ective point-defect production rate after intracas-

cade recombination is taken into account [12]. If a is the

fraction of intracascade recombination, then

G � �1ÿ a�K, with K being the displacement damage

rate (NRT). We follow a general formulation where

there are N classes of dislocations, including the primary

clusters, each with Burgers vector b�k�, line density qk ,

bias factor for vacancies Zk (i.e., Zk qk is the dislocation

sink strength), and bias pk . Under the operation of DAD

(Di�usional Anisotropy Di�erence), pk can be positive or

negative, as determined by the geometric orientation by

the line direction relative to the principal crystallo-

graphic directions [13]. Let q be the total dislocation

density, k2
d be the total sink strength of the dislocations

for the vacancies, and k2
c the void sink strength for va-

cancies. In addition we assume a gas pressure-induced

bias for voids denoted by pc. Let us ®rst neglect re-

combination due to long-range migration. Within the

Production Bias Theory [12], the steady-state concen-

trations of the freely migrating interstitials, Ci, and va-

cancies, Cv, are given by

�1ÿ e0i�Gÿ ��1� pc�k2
c � �1� �p�k2

d�DiCi � 0; �2�

�1ÿ e0v�Gÿ �k2
c � k2

d�DvCv � 0; �3�
In Eqs. (1) and (2), Dv and Di are the vacancy and in-

terstitial di�usion coe�cients, respectively, e0v and e0i are

given by

e0v � ev ÿ Ke
v=G and e0i � ei ÿ Ke

i =G: �4�
Here the vacancy emission rate Ke

v is a sum of contri-

butions from the voids, Kc, the interstitial loops, Kil, the

network, KN, the Primary Vacancy Clusters (PVCs), Kvc,

and the Primary Interstitial Clusters (PICs), Kic. The

interstitial emission rate Ke
i is the equivalent of Ke

v. In

practice, however, it is only signi®cant for the voids

under a very high gas pressure and at a high enough

temperature. We de®ne the mean bias factor Z and the

mean bias for dislocations �p by

Z �
X

k

fkZk with fk � qk=q; �5�

�p �
X

k

Zkpkqk=Zq: �6�
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Following the analytic procedure in Ref. [9], we found

that the total strain rate under an external stress rmn is

given by

_emn �
_S
3
�
X

k

fk b̂
�k�
m b̂

�k�
n ÿ

1

3

� �
_S � �1ÿ e0i�G Du

rmn

l

�
X

k

qkb̂
�k�
m b̂

�k�
n x̂�k�m x̂�k�n ÿ

X
l

flx̂
�l�
m x̂�l�n

 !
: �7�

Here b̂
�k�
m is the mth Cartesian component of the unit

vector in the direction of b�k�, x̂�k�i the ith Cartesian

component of the unit Burgers vector for loops of the

kth class, or
�������ÿ2
p

times the ith Cartesian component of

the unit line direction vector for line dislocations, and qk

the ratio of the dislocation sink strength of the kth class

to the total sink strength for interstitials (i.e. including

contributions from the primary clusters, see Ref. [14]).

Eq. (7) has exactly the same form as Eq. (34) of Ref.

[9]. Gas production a�ects the nucleation and growth of

cavities and therefore the void sink strength and swelling

rate, its e�ects being contained in _S and qk . Since Eq. (7)

is the basis of the creep equations (11) and (12) of Ref.

[11], it is clear that they are also applicable to cases

where gas generation e�ects have to be accounted for.

However, for a quantitative study, the swelling rate _S
and the relative sink strength of the dislocations qk have

to be obtained from a numerical integration of the

swelling-rate equation.

Let us consider a speci®c case in which only helium is

generated. For simplicity, we assume all of the helium is

accumulated at the voids. The helium gas pressure in the

voids and the corresponding vacancy and interstitial

emission is calculated following Refs. [15,16]. 2 We as-

sume at the start of the integration (10ÿ3 dpa), the

bubble nucleation process is completed, and the void

nuclei are in the form of helium bubbles with a tem-

perature-dependent number density. The starting bub-

bles are assumed to be in equilibrium [16], that is, the

surface tension is balanced by the gas pressure. Subse-

quent void growth is caused by the net vacancy in¯ux

and the helium accumulation. The growth rate is limited

by the emission of the vacancies through surface of the

void when the combined force of the gas pressure and

the vacancy in¯ux is not enough to support the void

from collapsing under the action of the surface tension.

The strain rate tensor is calculated from the dislocation

climb velocities Vk according to

_emn �
X

k

Vkqkbkb̂
�k�
m b̂

�k�
n : �8�

The Vk 's are in turn calculated from rate equations

following the formulation of Woo and Semenov [14],

with SIPA taken into account in calculating the dislo-

cation bias of the various classes of dislocations. The

dislocation densities are calculated according to Ref.

[11]. In addition, recombination due to long-range mi-

gration is also taken into account, following Ref. [12].

The hydrostatic component of the strain rate tensor

gives the swelling rate used in the integration, and the

shear components give the creep rates as a function of

dose. At the same time the relative total sink strength of

the dislocations q to be used in Ref. [11] can also be

obtained. We note that in this calculation only the line

dislocations are taken into account in q, the primary

clusters are neglected. For an irradiated internally

pressurized tube, we apply a biaxial stress with a two to

one stress ratio. The creep constants D and B0 can then

be calculated following Ref. [11].

3. Results

Calculations are performed for 316 stainless steel

tubes, internally pressurized at a hoop stress of 100 MPa

and irradiated at 350°C assuming an NRT dpa rate of

10ÿ7 dpa/s. We consider four helium production rates:

0.5 appm/dpa, 5 appm/dpa, 20 appm/dpa, and 40 appm/

dpa. The input parameters are the same as those in Refs.

[12,14] (upper limits of network dislocation density of

1015 mÿ2, loop number density of 5 ´ 1021 mÿ3 and void

number density of 5 ´ 1022 mÿ3, respectively are im-

posed).

The swelling and the creep rates (in units of dpaÿ1)

for di�erent helium generation rates are plotted against

the dose in Fig. 1(a) and (b). It can be seen that the

helium generation rate indeed has a signi®cant e�ect on

both the swelling and creep rates at low doses (< about

1 dpa), in the gas-driven/enhanced swelling regime. It

can also be seen from this calculation that swelling at

these low temperatures is indeed possible, as observed

in low carbon stainless steel in PWRs [3,4]. Due to the

higher void number density used, the swelling rate in

these ®gures is higher than the observed values [3,4].

Using a void number density closer to the observed

value (i.e., �1021 mÿ3), the calculated results agree well

with the observed values (i.e., >0.01% but, <0.1% at a

dose of between 0.1 and 1 dpa). In all cases, a large

swelling of over 10% can be obtained at doses close to

100 dpa. Indeed, experimental results presented at this

conference [17] support the prediction that swelling

levels of 10% or greater can be reached at these tem-

peratures and doses.

The creep rates, on the other hand, is less sensitive to

the void number density. The calculated diametral creep

rate compares well with the experimental values of

about 10ÿ4 dpaÿ1 in Ref. [18]. The e�ect of helium

production is apparent and is con®ned to the low dose

regime.2 A minor error in Eq. (15) of Ref. [15] has been corrected.
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We can understand this behaviour through the rela-

tionship among the four variables: swelling rate (Fig. 2),

creep rate, helium generation rate and dislocation ani-

sotropy. In the low dose regime, when the cavity radius

is smaller than the critical radius, the swelling rate is

very small, and depends on the helium generation rate.

In this case, the creep rate is dominated by the B0 term,

which has been shown to increase when the dislocation

anisotropy decreases from the maximum [11]. Earlier

studies have also shown that the dislocation anisotropy

decreases with increasing swelling rate [11,18]. Thus,

increasing the helium production rate increases the

swelling rate, reduces the dislocation anisotropy and ®-

nally increases B0 and the creep rate. Thus, the reason

for the creep rate sensitivity to the helium generation

rate in this regime lies in the relation between the creep

rate and the swelling rate, through the dislocation ani-

sotropy.

At a higher dose, as the bubbles grow through the

critical radius, the swelling rate increases sharply and

becomes independent of the helium generation rate. The

sharply higher swelling rate reduces the dislocation

anisotropy and sharply increases B0. At the same time,

the D _S term starts to contribute signi®cantly to the creep

rate, producing a rapid increase in the dose regime be-

tween 0.1 and 1 dpa. The subsequent void growth re-

duces the relative dislocation sink strength, translating

into a creep rate that decreases with increasing dose and

is insensitive to the helium generation rate. In Fig. 3(a)

and (b), we plot the values of D and B0 as a function of

dose for di�erent rates of helium generation. The de-

pendence of both values on the helium generation rate is

obvious. Similar to the creep rate and swelling rate, the

dependence only concentrates in the low dose regime

when the cavities are below the critical size. The de-

pendence occurs, as discussed in the foregoing, and

earlier in the literature [11,18], through the e�ect of the

swelling rate on the dislocation anisotropy. At high

dose, the reduction of the relative dislocation sink

strength as the voids grow is the mainly responsible for

the drop of both D and B0. The values of both param-

eters agree well with experimental values.

The calculation has been repeated for a dose rate of

10ÿ6 dpa sÿ1 with similar results, except for the factor of

three reduction in the swelling rate, creep rate, as well as

B0. This re¯ects a square-root dose-rate dependence due

to the enhanced recombination resulting from a higher

cluster density generated from cascade debris from a

higher dose rate. This result is to be expected from the

present calculation where the primary clusters are as-

Fig. 2. Calculated swelling rate at 350°C for a dose rate of 10ÿ7

dpaÿ1 as a function of dose for austenitic stainless steels for

di�erent helium generation rates.

Fig. 1. Calculated (a) swelling and (b) creep rate at 350°C for a

dose rate of 10ÿ7 dpaÿ1 as a function of dose for austenitic

stainless steels for di�erent helium generation rates.
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sumed not to contribute to the SIPA process as normal

line dislocations. This may cause the dose-rate depen-

dence of q to be over-estimated. The value of D, on the

other hand is not sensitive to the dose rate.

The e�ect of void number density is also investigated.

At a maximum void number density of 1021 mÿ3 the

results show substantially less swelling, and less depen-

dence (Fig. 4(a)) on the helium generation rate, for the

three rates studied. At a smaller void number density,

the gas accumulation per void is much faster, and the

voids can get through the critical size much faster,

without showing too much sign of dependence on the

helium generation rate. The same e�ect is also found for

the creep rates (Fig. 4(b)). As a consequence, for the

three helium generation rates used in the present calcu-

lation, the assumption that all helium generated ends up

in a void under-estimates the e�ect of the helium gen-

erated rate.

4. Conclusion

It indeed appears possible that enhanced rates of

transmutant gases and concurrent helium bubble for-

mation not only can accelerate swelling at low dpa levels,

but can also accelerate irradiation creep. These e�ects are

largely transient in nature, however, and exert their

largest in¯uence at relatively low (<10 dpa) dpa levels.

During this period, the creep rate at a high gas generation

environment can be a factor 2±3 larger than that in a low

gas production environment. The e�ects are most pro-

nounced when the bubble density is large and the bubbles

Fig. 4. Calculated (a) swelling and (b) creep rate at 350°C for a

dose rate of 10ÿ7 dpaÿ1 as a function of dose for austenitic

stainless steels with a maximum void number density of 1021

mÿ3 for di�erent helium generation rates.

Fig. 3. Calculated creep compliances (a) D and (b) B0 at 350°C

for a dose rate of 10ÿ7 dpaÿ1 as a function of dose for austenitic

stainless steels for di�erent helium generation rates.
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are small, conditions found when the temperature is

relatively low and the gas generation rates are large.
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