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Abstract

The objective of this study is to analyse the early stage of swelling and clarify the role of light impurities (nitrogen) in

swelling of austenitic stainless steel. Recent results show that light impurities a�ect the swelling of 316 Stainless Steel

under HVEM irradiation up to 10 dpa. At low concentration of light impurities the radiation swelling increases then

decreases through the maximum as the concentration of light impurities increases. In the present paper the theoretical

model is presented for the explanation of this e�ect. The model is based on the two factors: the in¯uence of absorbed

impurities on the voids caused by the production of an additional gas pressure in voids for their stabilization and the

a�ect of impurities segregated around the surface of voids by the lowering of surface tension. These two a�ects are

taken into account in the calculations of the critical size and the growth rate of cavities. The theoretical predictions on

the radiation swelling rate dependent on the impurity concentration and temperature coincided with the experimental

results on 316 Stainless Steel irradiated by HVEM. Ó 1998 Published by Elsevier Science B.V. All rights reserved.

PACS: 64.75.+g; 66.30.-h; 61.80.Az

1. Introduction

In candidate structural materials (austenitic and

ferritic/martensitic alloys) for fusion reactor, the radia-

tion swelling is one of the most important physical

phenomenon which determines their radiation resis-

tance. Although many studies [1±6] have been made on

this phenomenon including the e�ect of gas atoms such

as helium and hydrogen on swelling [3,5,6], the in¯uence

of light gas impurities like nitrogen on the physical

mechanisms of swelling is not yet so clear. Earlier [7±9]

the e�ect of surface active gases (oxygen) on cavity

surface energy has been used for the explanation of void

stability in alloys. Recently [10,11] the ®rst experimental

data concerning the a�ect of nitrogen on the radiation

swelling in 316 Stainless Steel have been obtained by one

of the author. The aim of this paper is to clarify the role

of light gas impurities (nitrogen) in radiation swelling of

316 Stainless Steel on the basis of the theoretical model

taking into account the e�ect of light gas impurities on

two physical parameters: cavity pressurization and cav-

ity surface energy simultaneously.

2. Experimental results

At ®rst we shall brie¯y describe the experimental data

[10,11] on the in¯uence of light impurities (nitrogen) on

radiation swelling of 316 Stainless Steels. The concen-

trations of nitrogen and carbon atoms in specimens were

changed from 0.002 up to 0.083 wt% for nitrogen and

from 0.002 up to 0.015 wt% for carbon atoms. The

chemical compositions are shown in Table 1. Electron

irradiations were performed using HVEM with fast

electrons (E� 1 MeV). The damage rate was 2 ´ 10ÿ3

dpa/s. The irradiation temperatures were changed from

773 up to 873 K and the total dose was up to 10 dpa.

The changes of microstructure in irradiated samples (the

dislocation density, the cavity density, the mean cavity

radius and radiation swelling) were studied using TEM

by in situ observation. The number density of disloca-

tion loops and cavities increased with the increase of
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impurity content then saturated. The saturated disloca-

tion density at irradiation dose of 2.5 dpa was 3 ´ 1014

mÿ2. The mean cavity radius is insensitive for the con-

tents of nitrogen and carbon and the irradiation tem-

perature. The radiation swelling increases then decreases

through the maximum as the concentration of impurities

increases.

3. Role of light impurities in the nucleation and the growth

of voids

The nucleation of voids in an austenitic steel depends

on light impurities atoms (nitrogen, carbon, oxygen)

contained in these materials. The kinetics of the nucle-

ation of voids with gas atoms is characterized by the two

stages. At ®rst, there occur the agglomeration of gas

atoms and vacancies to form a nucleus of gas bubble,

and followed by the transition from gas bubble to void

due to accumulation of vacancies. The cavities then

grow by the absorption of gas atoms and point defects.

The growth rate of a cavity with radius R can be

expressed as

dR
dt
� 1

R
�Zc

vDvCv ÿ Zc
i DiCi ÿ Zc

vDvC
e

v�; �1�

where Dv and Di are the vacancy and interstitial di�u-

sion coe�cients, Cv and Ci are the concentrations of

vacancies and interstitials, Zc
a is the capture e�ciency of

void for point defect type a (for vacancies a� v and for

interstitials a� i). Here C
e

v is the equilibrium vacancy

concentration at a void surface, C
e

v � Cv0

exp 2c
R ÿ P
ÿ �

X
kT

� 	
, where Cv0 is the thermal equilibrium

vacancy concentration, c the surface tension, P the gas

pressure, X the atomic volume and T the absolute tem-

perature.

The arrival rate of gas atoms to a cavity is given by

the following equation

dng

dt
� 4pRDgZc

g�Cg ÿ C
e

g�; �2�

where Dg and Cg are the di�usion coe�cient and con-

centration of interstitial impurity atoms; C
e

g is the

equilibrium concentration of light impurities at a cavity

surface (C
e

g � dxgP
kT , d � exp�ÿEf

g=kT �; Ef
g is the energy

solution of impurity); Ze
g is the capture e�ciency of void

for impurity.

The conservation equations for the point defects Cv

and Ci, gas impurities Cg and gas-point defect complexes

Cag are generally expressed by

dCv

dt
� G� Ge

v � bvgCvg ÿ avgCvCg

ÿ DvCv�k2
vc � k2

vd� ÿ aviCvCi; �3�

dCi

dt
� G� bigCig ÿ aigCiCg ÿ DiCi�k2

ic � k2
id�

ÿ aviCvCi; �4�
where G is the generation rate of point defects under

irradiation, Ge
v the total thermal production rate of va-

cancies due to the evaporation of vacancies from voids

and dislocations,

Ge
v � k2

vcDvC
e

v � k2
vdDvCv0;

k2
ac � 4pRNcZc

a; k2
ad � qdZd

a ;

where k2
ac is the sink strength of voids for vacancies

(a� v) and interstitials (a� i); Nc the cavity density; qd

the dislocation density; Zd
a the capture e�ciency of dis-

location for point defect type a. In the Eqs. (3) and (4)

avi and aag are the recombination constant for point

defects and the reaction coe�cients of gas atom and

point defect type a, respectively; bag is the spontaneous

decay coe�cient for impurity±point defect complex

�bag � Dg

a2 exp�ÿEb
ag=kT �; where Dg is the di�usion coef-

®cient for interstitial impurity, Eb
ag the binding energy of

impurity±point defect complex, and a the lattice spacing.

The rate equations for the concentration of impuri-

ties (Cg) and a complex impurity±point defect type

a(Cag) are given by

dCg

dt
� bvgCvg ÿ avgCvCg � bigCig ÿ aigCiCg

ÿ 4pRNcDgZc
g�Cg ÿ C

e

g� ÿ qdDgZd
g �Cg ÿ Cg0�; �5�

dCag

dt
� aagCaCg ÿ bagCag: �6�

For a given number of gas atoms the equation
_R � dR=dt � 0 has in general two roots, Rb

c and R0
c . In

the range of R < Rb
c the cavities grow � _R > 0�,

Rb
c < R < R0

c cavities evaporate � _R < 0� and R > R0
c the

cavities have a positive growth rate. In these cases

the bimodal distribution of voids is formed. When the

number of gas atoms in the void increases, Rb
c

Table 1

Chemical composition of specimens (wt%)

C Si Mn P S Ni Cr Mo N Fe

N1 0.002 0.52 1.59 0.029 0.001 15.6 14.6 2.2 0.002 Bal.

N2 0.004 0.54 0.79 <0.002 0.0006 12.45 15.65 2.20 0.003 Bal.

N3 0.013 0.48 0.98 0.033 0.0028 14.72 17.59 2.56 0.0202 Bal.

N4 0.015 0.50 1.06 0.041 0.0030 12.22 17.49 2.48 0.0837 Bal.

N5 0.009 0.50 0.95 0.028 0.0037 11.95 16.91 2.18 0.1438 Bal.
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approaches to R0
c . At a critical value of gas number n�g

the radii Rb
c and R0

c are equal to R�c which is the mini-

mum critical radius. At ng > n�g cavities will grow with-

out critical barrier.

These critical values for van der Waals gas are given

by Mansur et al. [3]

R�c �
2c
f

1� d
2� d

� �
; �7�

where

f � kT
X

ln
Zc

vDvCv ÿ Zc
i DiCi

Zc
vDvCv0

� �
;

d � 1� 3Bef f
kT

� �1=2

;

and Bef is van der Waals exclusion coe�cient.

Very important parameters in the calculations of

radiation swelling are the coe�cients of capture e�-

ciency of the void (Zc
a) and the dislocation (Zd

a) for the

point defect of type a. These coe�cients were calculated

in papers [12±15]. The calculations for cavities [12±14],

however, show that Zc
a � 1� DZc

a; �DZc
a � 1�.

The calculations for straight dislocation [15] in FCC

materials (Stainless Steel 316) taking into account the

anisotropic di�usion for point defects show that the

capture e�ciency of dislocation Zd
a is expressed by

Zd
a � 2p= ln Rd

Rs
a
, where Rd is a measure of dislocation

spacing �Rd � �pqd�ÿ1=2�, Rs
a is the dislocation capture

radius for point defect type a, and typical capture radius

for interstitials in 316 Stainless Steel Rs
a � 10a. Using

the experimental data [11] for dislocation density

qd� 3 ´ 1010 cmÿ2, we have the estimation of Zd
a � 3.

At low dose where the dislocations are dominant sink

for point defects and using the quasi-stationary equa-

tions for point defects (3) and (4) we can see, that at low

generation rate in neutron irradiation with G � 10ÿ6±

10ÿ7 dpa/s and intermediate temperatures GB
Zd

v Dsqd
� 1

� �
,

the critical radius is approximated by

R�c �
2cXZd

v Dsqd

GBkT
1� d
2� d

� �
; B � Zd

i Zc
v ÿ Zd

v Zc
i

Zd
v Zc

v

: �8�

We can see, that R�c / 1=B.

In the case of electron irradiation the generation rate

G is very large (G� 2 ´ 10ÿ3 dpa/s), so that we have

GB=Zc
vDsqd � 1, and in this case the critical radius is

approximated by

R�c �
2cX

kT ln�GB=Zd
v Dsqd�

1� d
2� d

� �
: �9�

The calculations using the typical material constants

in Table 2 and the experimental results for 316 Stainless

Steel under electron irradiation show, that at the con-

centration of gas atoms CS� 0.0215 wt% the minimum

critical number of gas atoms n�g is estimated as 8270 and

the minimum critical radius R�c � 8.54 nm.

On the other hand, the light impurities (oxygen, ni-

trogen, carbon) can be absorbed on the cavity surface

and e�ect on the surface tension of materials. The

physical basis for this e�ect lies in the reduction in sur-

face tension of materials. The physical basis for this ef-

fect lies in the reduction in surface tension due to

segregation of impurity atoms near the cavity surface.

This model derived for a pure metal [7] and follow was

proposed for the explanation of void stability in nickel

and alloys caused by the absorption of oxygen on void

surfaces [8,9].

In this case the surface tension is given by the fol-

lowing relation

c � c0 �
RST hsat

A
ln 1ÿ h

hsat

� �
; �10�

where c0 is the surface tension of the pure metal, RS the

gas constant, A the molar area per surface metal atom, h
the degree of nitrogen coverage at the surface, hsat is the

saturated value of h. The value of h is determined by the

following equation

h

hsat �
CN exp�ÿDE=RT �

1� CN exp�ÿDE=RT � ; �11�

where DE is the activation energy for surface segregation

and absorption at the metal surface (note, that in

Eq. (11) CN denotes usual atomic concentration of im-

purities).

The numerical estimations using the following values,

DE� 1.9 eV, CN1� 0.002 wt% and CN2� 0.0837 wt%,

show that the surface tension can be decreased by

c(CN1)/c(CN2) � 1.5. According to Eq. (9) the critical

radius R�c decreases by the same way when the nitrogen

concentration increases.

The typical dependence of cavity growth rate on

cavity radius at T� 823 K is illustrated in the Fig. 1.

4. Radiation swelling

On the steady stage of swelling at high temperatures

we can neglect the recombination process between point

defects and gas atom±point defect complex formation.

Table 2

Material constants of typical 316 Stainless Steel �Da � Da0 exp�ÿEm
a =kT �; Cv0 � exp�ÿEf

v=kT ��
Dv0 (cm2/s) Em

v (eV) Ef
v (eV) Di0 (cm2/s) Em

i (eV) Dg0 (cm2/s) Em
g (eV) Ef

g (eV) Eb
gv (eV) Eb

gi (eV) c0 (erg/cm2) X (cm3)

0.6 1.3 1.3 0.001 0.15 0.055 1.18 1.5 1.5 0.5 2000 8 ´ 10ÿ24
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In this case the main sinks for point defects are cavities

and dislocations, then using the quasi-stationary

Eqs. (3) and (4) for nearly equilibrium cavities (P � 2c/

R) and in the range of doses (U P 2 dpa), the swelling

rate can be written as

dS
dt
� 4pNcR2;

dR
dt
� A
�1� Qv� �

GBQi

�1� Qv��1� Qi� ;

�12�
where Qa � Zd

a qd

4pNcRZc
a
, A � Zd

v qdDsX
kT P ÿ 2c

R

ÿ �
.

Here Qa is the ratio of the absorption e�ciency for

the point defect with type a of dislocations to that of

voids.

Under electron irradiation (G� 2 ´ 10ÿ3 dpa/s) in the

temperature range of 773 K6T6 873 K we can see, that

GB � A. Then the swelling rate ®nally has the following

form

_S � dS
dt
� GB

Qa

�1� Qa�2
: �13�

The derivation of swelling rate by concentration of ni-

trogen can be expressed as

d _S
dCN

� GB
�1ÿ Qa�
�1� Qa�3

dQa

dCN

: �14�

We can see from Eq. (14), that the extremum of Qa

coincides with that of _S, because in the range of Qa > 1,

the range of the decreasing of Qa�dQa=dCN < 0� coin-

cide with that of the increasing of swelling rate

�d _S=dCN > 0�, and in the range of the increasing of

Qa�dQa=dCN > 0� the swelling rate decreases

�d _S=dCN < 0�, i.e. the minimum of Qa coincides with the

maximum of the swelling rate in their dependence on the

concentration of nitrogen. The same tendency should be

for not only for the swelling rate _S but and for the

swelling S.

These relations agree with the obtained experimental

data. Figs. 2 and 3 show the dependencies of Qa value

and radiation swelling rate as a function of the nitrogen

concentration, respectively.

Since the dislocation bias for point defect has the

weak temperature dependence �B / lnÿ1T �, the deriva-

tion of swelling rate by is temperature given as

d _S
dT
� GB

�1ÿ Qa�
�1� Qa�3

dQa

dT
: �15�

In the case of Qa > 1, the location of the minimum of Qa

in dependence on temperature coincides with that of the

swelling rate maximum. The experimental results for 316

Stainless Steel shown in Figs. 4 and 5 illustrate this

correspondence.

Fig. 2. Value of Q as a function of nitrogen content [11].

Fig. 3. The swelling rate at 5 dpa irradiation dose as a function

of nitrogen content [11].

Fig. 1. The dependence of cavity growth rate on cavity radius at

T� 823 K.
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The dependence of swelling rate as a function of Qa is

represented in Fig. 6. We can see that the swelling be-

havior is explained reasonably by the changes of Qa.

5. Summary

The e�ects of light gas impurities and temperature on

swelling behavior of 316 Stainless Steel are investigated

in the temperature range of 773 K6T6 873 K under

electron irradiations using HVEM.

1. The impurities (nitrogen) can stabilize the cavity

formation in 316 Stainless Steel through the absorption

of atoms inside void and the decreasing of surface ten-

sion by segregation around void.

2. The swelling behavior of 316 Stainless Steel is ex-

plained by the changes of Qa value, the ratio of the sink

strength of the dislocation density to that of cavities.

Close correspondence between the swelling rate and Qa

value is illustrated in their dependence on temperature

and nitrogen concentrations.

References

[1] A.D. Brailsford, R. Bullough, J. Nucl. Mater. 44 (1972)

121.

[2] L.K. Mansur, W.A. Goghlan, J. Nucl. Mater. 119 (1983) 1.

[3] L.K. Mansur, E.H. Lee, P.J. Maziasz, A.P. Rowcli�e, J.

Nucl. Mater. 141±143 (1986) 633.

[4] E.H. Lee, L.K. Mansur, Philos. Mag. A 61 (1990) 751.

[5] E.H. Lee, L.K. Mansur, Metall. Trans. A 21 (1990)

1021.

[6] L.K. Mansur, J. Nucl. Mater. 206 (1993) 306±323.

[7] G. Bernard, C.H.P. Lupis, Surf. Sci. 42 (1974) 61.

[8] L.E. Seitzman, L.M. Wang, G.L. Kulchinski, R.A. Dodd,

J. Nucl. Mater. 141±143 (1986) 738.

[9] S.J. Zinkle, E.H. Lee, Metall. Trans. A 21 (1990) 1037.

[10] N. Igata, N. Eguchi, E. Nishibe, A. Naito, J. Nucl. Mater.

212±215 (1994) 341.

[11] N. Igata, E. Nisibe, A. Naito, H. Saikawa, J. Nucl. Mater.

239 (1996) 107.

[12] W.G. Wolfer, M. Ashkin, J. Appl. Phys. 46 (1975) 547.

[13] A.I. Ryazanov, D.G. Sherstennikov, J. Nucl. Mater. 186

(1991) 33.

[14] V.A. Borodin, A.I. Ryazanov, C. Abromeit, J. Nucl.

Mater. 207 (1993) 242.

[15] V.A. Borodin, A.I. Ryazanov, J. Nucl. Mater. 210 (1994)

258.

Fig. 4. Value Q as a function of irradiation temperature [11].

Fig. 5. The irradiation temperature dependence of swelling rate
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