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A large number of swelling measurement data on the 0.1C–16Cr–15Ni–2Mo–2Mn–Ti–Si austenitic steel
used as a fuel cladding at temperatures 640–870 R in the BN-600 fast reactor were analyzed. It was found
that within irradiation temperatures 690–830 R a steady-state swelling dose rate was from 0.45%/dpa to
1.1%/dpa. By the statistical model of point defect migration for the 0.1C–16Cr–15Ni–2Mo–2Mn–Ti–S steel
the dependence of the steady-state swelling rate on the irradiation temperature and displacement rate
was calculated. The calculation data were consistent with the experimental data.

� 2009 Published by Elsevier B.V.
1. Introduction

In order to predict vacancy swelling under high dose neutron
irradiation for fission and fusion reactors it is needed to know both
the condition of an onset of steady-state swelling and a steady-
state swelling rate. One current concept [1] is that the steady-state
swelling rate is �1%/dpa independent of dpa rate and temperature
over a wide range of typical neutron irradiation conditions. At the
same time the different experimental data ranging from 0.8%/dpa
to 1.6%/dpa [2] can be found in other publications. The objective
of this paper is to explore the dependence of a steady-state swell-
ing rate on an irradiation temperature and dpa rate.
2. Material and examination methods

Approximately 1800 swelling measurements on the 0.1C–16Cr–
15Ni–2Mo–2Mn–Ti–Si steel as fuel cladding irradiated under tem-
peratures from 640 to 870 K [3] in the BN – 600 reactor were ana-
lyzed for the dependence of a steady-state swelling rate. The
measurements were made on 41 fuel claddings taken from 10 dif-
ferent fuel element assemblies. The first data set was obtained
from 3 assemblies irradiated in the 750 mm-length core at a max-
imum dpa rate of 2 � 10�6 dpa/s. The second data set was obtained
from 7 assemblies operated in the modernized core of 1030 mm-
length at a maximum dpa rate of 1.6 � 10�6 dpa/s. The composi-
tions of cladding materials before and after the core modernization
were slightly different (Table 1).
Elsevier B.V.
The data of both sets were divided into groups, each corre-
sponding to a 10 degree-interval of the irradiation temperatures.
Irradiation temperatures inside such group were assumed to be
the same to facilitate plotting the experimental dose dependencies
of swelling.

These dependencies were described by the empirical equation
[3] with the corrections that took into account the results provided
in [4], they suggested that the onset of the steady-state followed a
swelling value of �10%. The approximation equation of the dose
dependence on swelling was

S¼ 0; at D� D0; ð1Þ
S¼ A� ðD�D0Þ � ð1� expð�p� ðD�D0ÞÞÞ; at D0 < D< Ds; ð2Þ
S¼ Vs � ðD�DsÞþ Ss at D� Ds; ð3Þ

where Vs is the steady-state swelling dose rate, dpa�1; D0 is the
incubation swelling dose, dpa; Ds is the dose corresponding to the
onset of the steady-state swelling, dpa; p and A are the factors
describing a rate of reaching the steady-state of swelling, dpa�1;
Ss is determined by Eq. (2) at D = Ds.

The factors in Eq. (2) were fitted using both the optimization by
the criterion {2 [5] and the swelling values of <10%. For Ds the dose
was chosen such that gave Ss = 10% from Eq. (2). Then the steady-
state rate, Vs, was obtained from Eq. (3) by the points representing
the swelling of >10% and the Ds-value. Vs can be estimated also
from the tangent slope to the curve of Eq. (2) at Ds position
(Fig. 1) and it can be considered as a lower estimate of steady-state
rate. This procedure was considered correct for the temperature
intervals, where the swelling value was not less than Ss.

The irradiation temperature range, that met the above condi-
tions for data set #1, was 700–750 R, where maximal swelling val-
ues though reached but not exceeded Ss. For this range Vs was
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Table 2
Steady-state swelling dose rate of 0.1C–16Cr–15Ni–2Mo–2Mn–Ti–Si steel at different
irradiation temperatures.

Irradiation temperature
(K)

Steady-state swelling dose rate Vs

Data set No. 1 Data set No. 2

Tangent slope
technique

Eq.
(3)

Tangent slope
technique

698 0.44 0.6 0.6
708 0.44 1.1 0.6
718 0.5 0.7 0.6
728 0.5 0.7 0.7
738 0.52 0.7 0.7
748 0.54 1.1 0.8
758 0.7 0.7
768 1 0.7
778 0.8 0.8
788 0.7 0.7
798 1 0.7
808 0.6 0.6
818 0.7 0.7
828 0.6 0.6

y = -2E-05x3 + 0,0424x2 - 32,889x + 8495,7
R2 = 0,998

y = 6E-05x3 - 0,139x2 + 99,377x - 23616
R2 = 0,992
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Fig. 2. Irradiation temperature dependence on dose DS, corresponding to a steady-
state swelling onset.
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Fig. 1. Typical dose dependencies of swelling: (a) for data set #1, Tirr = 728 K; (b) for
data set #2, Tirr = 718 K.

Table 1
Composition of claddings made of 0.1C–16Cr–15Ni–2Mo–2Mn–Ti–Si steel.

Data set Element, wt%

C Cr Ni Mo Mn Si Ti V B N Co P S

#1 0.06–0.07 15.5–16.7 14.7–15.1 2.18–2.44 1.0–1.8 0.41–0.47 0.35–0.46 – 0.002–0.005 0.005–0.014 0.010–0.020 0.012–0.017 0.004–0.005
#2 0.06–0.07 15.9–16.7 14.0–14.7 2.09–2.24 1.4–1.6 0.39–0.50 0.30–0.41 0.10–0.24 0.001–0.003 0.009–0.015 0.004–0.010 0.006–0.018 0.003–0.007
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obtained only by the tangent slope technique. For data set #2 the
dpa rate exceeded the value of Ds over the range 700–830 R. For
the specimens chosen by the above criterion the dpa rates were
1.5–2.0 � 10�6 dpa/s for data set No. 1 and 1.0–1.6 � 10�6 dpa/s
for data set #2.

3. Results

A typical shape of the dose dependencies of swelling obtained
from the experiments (designated as squares) and that of the
dependencies derived from Eqs. (1)–(3) (designated as lines) are
shown in Fig. 1.

The steady-state swelling dose rates, Vs (%/dpa), found by the
above procedure for different temperature ranges are given in
Table 2. It includes the values obtained from Eq. (3) and those ob-
tained by the tangent slope to the curve of Eq. (2) at the Ds position.
For data set #1 the lower estimate of Vs is within 0.44–0.54%/dpa.
For data set No. 2 Vs varies from 0.6%/dpa to1.1%/dpa. It is noted
that the values of Vs obtained by the tangent slope technique are
changing within narrower limits than the values obtained from
Eq. (3). The temperature dependencies of Ds for both data sets
are shown in Fig. 2. They are well described by cubic polynomials.
4. Data analysis

The main instrument of the analysis was the statistical thermo-
dynamic model of an irradiation-induced [6] point defects migra-
tion to sinks. This model allows to determine the mean time of
diffusion of vacancies and interstitials to reach the sinks of differ-
ent types. The mean time is expressed through the part of the vol-
ume occupied by the areas adjacent to the sinks. The model also
characterizes a mobility of the point defects and their interactions
with the sinks. In order to determine a swelling rate one needs to
know a flow of vacancies and interstitials into voids and to take
into account a flow of vacancies emitting from the voids.
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When a surface of voids is well developed absorption of point
defects by the voids makes an essential contribution to a total bal-
ance of vacancies and interstitials in a crystal. In this case the point
defect balance equation must comprise the term of the point defect
absorption by voids in addition to the terms of the absorption by
grain boundaries, dislocations and recombination. The most easy
for such calculation is the case when a total surface area of the
voids does not change and that case is realized at the stationary
swelling stage [4]. The volume of the area adjacent to a void of a
diameter d is determined by the formulae

DV ¼ p � a � ðd2 þ 2d � aþ 4a2=3Þ; ð4Þ

where a is the lattice parameter and d is the void diameter. Accord-
ing to [6] in the approximation of the voids of the same mean-
square size the expression of mean diffusion time for vacancies to
reach the voids is

svv ¼
1

v � p � n � a � ðd2 þ 2d � aþ 4a2=3Þ
� exp

Emv

kT

� �

� 1þ 5 � exp �Ev � U
kT

� �� �
; ð5Þ

where Emv is the energy of vacancy migration; Ev is the energy of va-
cancy formation; k is Boltsman constant; T is the temperature; n is
the concentration of voids; m is Debay frequency; U is determined as

U ¼ a3 � c
d

; ð6Þ

where c is the surface tension coefficient.
The time of diffusion (5) is readily expressed through the total

surface area of voids as

F ¼ p � n � d2
; ð7Þ

where n is the concentration of voids. A mean-square diameter of
pores in the 0.1C–16Cr–15Ni–2Mo–2Mn–Ti–Si steel at steady-state
stage over the range 690–830 R takes the values from 20 to 80 nm
[7]. Herewith the energy U changes from 4 � 10�2 to 4.5 � 10�3 eV,
that is negligibly small as compared to the energy of vacancy forma-
tion. The vacancy formation energy itself converts the exponent in
the second term in brackets into a value ranging from 3 � 10�12

to 4 � 10�8, that is substantially less than 1. Besides, a/d� 1. A time
of diffusion of interstitials (with their energy of migration) into
voids, siv, is calculated in the same manner. Taking into account
these approximations Eq. (5) is expressed as

sðv;iÞv ¼
1

v � F � a � exp
Emðv ;iÞ

kT

� �
ð8Þ

Thus, the balance equations set for the stationary (equilibrium in
irradiation conditions) concentration of point defects [6] is

d � Gþ Gtermv ¼ 3
Rb �ð1þ5�expð�Evb=kTÞ þ

3�p�qd �a
2�ð1þ5 expð�Evd=kTÞÞ þ F

� �
� a � v � cv

� exp � Emv
kT

� �
þ 16p�4g3 �ci �cv �v

3 � exp � Emi
kT

� � ð9Þ

d � G ¼ 3
Rb �ð1þ5�expð�Eib=kTÞ þ

p�qd �a
2�ð1þ5 expð�Eid=kTÞÞ þ F

� �
� v � a � ci

� exp � Emi
kT

� �
þ 16p�g3 �ci �cv �v

3 � exp � Emi
kT

� � ; ð10Þ

where d is the cascade efficiency; indices v, i are for vacancies and
interstitials; cv, ci are the stationary concentrations of vacancies
and interstitials, respectively; g is the radius of spontaneous recom-
bination expressed as lattice parameters; Evd, Eid are the energy of
relation of a vacancy and an interstitial with the dislocation, respec-
tively; Evb, Eib are the energy of relation of a vacancy and an inter-
stitial with the grain boundary, respectively; Rb is a half of mean-
grain size; qd is the density of dislocations, G is the radiation dam-
age rate; Gterm is the term, which describes the intensity of thermal
emission of vacancies from the grain boundaries, dislocations and
voids, this term in the above approximation is expressed as

Gtermv ¼ exp � Ev þ Emv

kT

� �
� v � a � 3

Rb � ð1þ 5 � expð�Evb=kTÞÞ

�

þ p � qd � a
2 � ð1þ 5 � expð�Evd=kTÞÞ þ F

�
; ð11Þ

The interactions of the point defects with impurities and second
phase precipitates were not considered at this stage of calculations.

The analytical solutions of the system of Eqs. (9) and (10) were
obtained and the dependencies of cv, ci on the irradiation temper-
ature, displacement rates and the steel characteristics were calcu-
lated. For these equations temperature variations were over the
range 573–823 K, the displacement rate was from 10�2 to
10�9 dpa/s and the data on the 0.1C–16Cr–15Ni–2Mo–2Mn–Ti–Si
structure as well as point defects in the steel exhibited in Table 3
were used. The structure characteristics were determined experi-
mentally for the specimens related to data set No. 2, the values
of the point defect migration energy were taken from [8], the en-
ergy of point defect interaction with dislocations were estimated
by the model suggested in [9] with the assumption that the dislo-
cations are of the SD-type as given in Table 4 [9]; the values of the
total surface area of the voids at different temperatures at the stea-
dy- state swelling were provided in [7] and the cascade efficiency
was taken from [10].

The dependencies of the stationary concentration of vacancies
and interstitials at the steady-state swelling on a dpa rate for dif-
ferent irradiation temperatures are shown in Fig. 3(a) and (b). At
823 K the concentration of vacancies does not change with an in-
crease in the dpa rate to 10�7 dpa/s and keeps thermal stability.
The swelling does not occur under these conditions. A further in-
crease in the dpa rate leads to slow (weakly detectable in logarith-
mic coordinates) growth of the stationary concentration of
vacancies followed by its faster increase (Fig. 3(a)). At lower tem-
peratures the increase in the vacancy concentration begins at low-
er dpa rates. The stationary concentration of interstitials over the
whole temperature range of examination substantially exceeds
thermally equilibrium values (�2 � 10�25 m�3 at 823 K) and at
temperatures higher than 673 K the temperature dependence is
very weak (Fig. 3(b)).

Using the obtained values of stationary concentrations of vacan-
cies and interstitials and the expression of the mean diffusion time
(8), the expressions for both a flow of vacancies and interstitials
into voids and a flow out of pores can be derived. Then the swelling
rate at the stationary stage can be calculated from these
expressions

_Ss ¼ Jvþ � Jiþ � Jv� ¼
cv

svv
� ci

siv
� v � a � F � exp � Ev þ Emv

kT

� �
; ð12Þ

where Jv+, Ji+ are the flows of vacancies and interstitials into voids;
Jv- is the flow of vacancies emitting from voids; _Ss is the swelling
rate at the stationary stage, s�1. We substitute the mean diffusion
time expressions (8) in (12) and obtain

_Ss ¼ v � F �a � cv �exp �Ev

kT

� �� �
�exp �Emv

kT

� �
� ci �exp �Emi

kT

� �� �
;

ð13Þ

where F is the integral square of the voids surface determined by
experimental porosity measurements in [7]. In order to find the
dpa rate in %/dpa, one needs to multiply a value of _Ss (calculated
by (13) by 100/G.
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Table 3
Structure characteristics of the 0.1C–16Cr–15Ni–2Mo–2Mn–Ti–Si steel as fuel
cladding in BN-600 reactor.

Value a (m) R (m) qd

(m�2)
g Emv

(eV)
Em,(eV) m (c�1) d

Magnitude 3.6 � 10�10 5 � 10�6 3 � 1014 1 1.23 0.3 1 � 1013 0.3

Table 4
The edge dislocations, that are the most energy – contributing to f.c.c. metals, and
their energies of binding with an interstitial in the <100> dumbbell configuration and
with a vacancy.

Designation of
dislocation

Burger’s
vector, b

Plane of
sliding

Direction of
dislocation, n

Binding energy in
f.c.c. iron (eV)

Interstitial Vacancy

SD a/2[110] (111) [110] 0.96 0
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We should note that all the values in the calculation formulas
(for concentration of vacancies and interstitials, concentration of
voids, dislocation density, specific grain boundary area and etc.,)
have to be normalized by a unit volume of matrix rather than a vol-
ume unit of body, (i.e., a volume of voids present in a cubic meter
has to be deducted).

The data on the temperature dependence of the steady-state
swelling rate at 1 � 10�6 dpa/s, calculated by (13) are plotted in
Fig. 4 (line). This figure also includes the values (Table 2) deter-
mined from the experiment for data set #1 (triangles) and for data
set #2 (rhombs).

It is seen from the figure that most of the experimental data of
set #2 (the structure characteristics from it were used in the calcu-
lation) are located somewhere higher than the calculation values
and they have a large scattering, with which the temperature
dependence is not so evident. In the experimental data of set #1,
where the scattering is essentially less, the tendency of the stea-
dy-state rate to grow with an irradiation temperature can be no-
ticed. The theoretical dependence in Fig. 4 was plotted without
accounting for the interaction of point defects with impurities
and second phase precipitates and therefore an absolute value of
steady-state rate could not be obtained from it. Since not a single
fitting parameter has been used in the theoretical calculations,
we can state that in general the calculation values are in a good
agreement with the experimental data. Some discrepancy can be
noted in the run of the calculation dependence curve and the
experimental data of set #2 at temperatures higher than 800 R. It
can be attributed to a scarce amount of the experimental data on
swelling exceeding 10% at these temperatures, hence the experi-
mental estimation of the swelling rate value may be inaccurate.
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The suggested calculation technique was used to analyze the
manner of the dependence of steady-state swelling dpa rate on
irradiation temperature and displacement rate. Fig. 5 shows the
dependencies of stationary swelling rate on irradiation tempera-
ture at dpa rates over the range 1 � 10�2 to 1 � 10�9 dpa/s. It is
seen that at temperatures from 573 to 750 K and dpa rates lower
than 10�4 dpa/s the stationary swelling rate practically does not
depend on temperature. A further increase of the temperature
leads to a growth of the swelling rate. At higher dpa rates
(>10�4 dpa/s) the steady-state rate increases monotonously with
temperature (in the examined range).

The dependence of steady-state rate on dpa rates at different
irradiation temperatures over the range 573–823 K is presented
in Fig. 6. It shows that the stationary swelling rate does not depend
on the dpa rate at all irradiation temperatures within the examined
range of dpa rates from 1 � 10�8 to 1 � 10�4 dpa/s.
5. Conclusions

� The experimental values of steady-state swelling dpa rates
from 0.45%/dpa to 1.1%/dpa were obtained for the 0.1C–
16Cr–15Ni–2Mo–2Mn–Ti–Si steel as fuel cladding material
irradiated at 700–830 K in the BN-600 fast reactor.

� The stationary swelling rate for the specimens in two sets
with slightly different content differs by a factor of �1.5.

� The temperature dependence of the steady-state swelling
rate was calculated by the statistical model of point defect
migration for the 0.1C–16Cr–15Ni–2Mo–2Mn–Ti–Si steel,
this dependence is consistent with the experimental data
obtained at temperatures lower than 800 K.

� The calculations made by the model show that at the dpa
rates lower than 10�4 dpa/s over the range 570–730 K the
stationary swelling rate does not change and at higher irra-
diation temperatures the steady-state swelling rate
increases with temperature. The stationary swelling rate at
all irradiation temperatures does not depend on dpa rates
over the range 10�8–10�4 dpa/s.
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