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INTRODUCTION 
Because SA and CW 316 stainless steels were used as standard cladding 

material, a lot of plastic strain data is now available. Most of it is published 
M , 2, 31 and analyzed in tern of an irradiation creep modulus A defined as 
the ratio of the equivalent plastic strain to the product of the equivalent 
stress by the dose. 

In fact the experimental data and the theoretical analysis of the 
in-pile deformation mechanisms show a more complicated situation. The purpose 
of this paper is to reanalyze our results taking into account this situation. 

THEORETICAL BACKGROUND 
MANSUR |4| has shown that one may write the strain-rate as the sum 

of three different components : 
Ar. ,,-SIPA . JPSIPA . , 0 

dt at d dt d dt 

where c and S are respectively the equivalent plastic strain and the swelling ; 
o is the equivalent stress. 

1 - Stress Induced Preferential Absorption 
. SIPA d |HI 
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It is a diffusion type mechanism. Let us discuss briefly its microstruc
ture dependence, assuming the diffusion coefficients of point defects (Dj, Dy) 
and capture efficiencies of the sinks are constant during the irradiation. 

In the incubation dose of swelling, where dislocations are the domi
nant sinks it can be shown that SIPA rate is an increasing function of the 
dislocation density % with two limiting cases. 

»\j 
. Recombination regime (low p^) : de ' d t is proportional to 

DjDv and ^0 (0 : dose rate). 

V DV STPA Sink regime (high Pj) : de /dt is proportional to 0 and indepen
dent of Pj, Dj, Dy but depends only on the sink efficiencies. 

On the other hand, the increase of the loss rate of point defects 
to the voids because of the void growth, does result in a decrease of the 
interstitial concentration Cj and thus in a decrease of the SIPA rate if we 
assume pg- is constant. 

2 - Climb controlled glide terms „ 
B PAG SIPA 

de L, 0, de • preferential Absorption Glide : -rr = ̂ l ' ~TT 

The controlling climb mechanism is SIPA. 

Swelling Glide : — = -(a) ~ 
SG 

dt " dv~' dt 

The controlling climb mechanism is the swelling rate because of 
the excess of interstitials diffusing tc dislocations when swelling occurs 
17!. 

L/d characterizes the obstacles : L is the distance between them, 
d their height. The stress dependence of L/d is rather low \U, 5, 61. In fact, 
if we assume as in 141 that the climb glide mechanism involves the network 
junctions as obstacles, the PAG term is quadratic in stress, the swelling 
glide term remains linear with stress and is called I-oreep 181. 
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PHENOMENOLOGICAL APPROACH : IRRADIATION CREEP SWELLING CORRELATION 

We divide this approach in two parts : 

i) the high temperature range (T .> 450 °C) where data come from 
irradiated pins, 

ii) the low temperature range (T x. 450 °C) where results come from 
pressurized tubes irradiated in experimental rigs or from planime
tries made on the wrapper tube faces. 

1 - High temperature range 

For two neighbouring pins irradiated in the same subassembly, 
thus having the same irradiation conditions, the higher, the swelling, the 
higher, the plastic strain ; see figures 1 and 2 for solution annealed and 
cold worked 316 examples. 

1.1. - Plastic strain of solution annealed 316 stainless steel 

The data come from fuel pins irradiated in standard Rapsodie 
subassemblies. We examine three lots R1, R1bis, Rlter issued from the same heat, 
the chemical composition of which is given in the table I below : 

c Ni Cr Mo Mn Si 

wt % 0,055 13?9 17,1 2,2 1,6 0,60 

The main difference between the three lots is the concentrations 
of elements in solid solution. 

The analysis of the length increase Ml and of the plastic hoop 
strain !2| have shown that the latter quantity results mostly from the fission 
gas pressure by irradiation creep. 

Analysis of the data 

Figures 3 below, show for the R1 ter lot that for a given set 
of irradiation condition (dose 0t ; dose rate 0 ; temperature T) there is 
a good correlation between the measured plastic strain and the swelling. 

. . . / . . . 
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The figure 1 shows that at equivalent swelling values the creep 

swelling correlation slope is rather insensitive to the dose rate. 

Such a plastic strain swelling correlation is common to the three 

lots at irradiation temperature ranging from 530 *C to ~ 585 °C, the slope 

of the correlation lines being hardly dependent on the lot. 

At lower temperature it was not possible (T < 180 °C) to test for 

the existence of a correlation between plastic strain and swelling because 

for a given set of irradiation conditions, the swelling is very constant. 

For temperatures close to 450 °C, the plastic strain can be fitted 

by an expression such as _ B o 0 t ° 8 w i t n B o S i v e n in the Table II below : 

TABLE II 

In fact, the RMS is close to lO^MPa^dpaF - 1 for each lot, because 

the plastic strain is only of the order of 0,3 % which is hardly greater than 

the measurement uncertainty ; so we conclude that, in a given heat, B 0 does 

not vary very much with the quantity of elements in solid solution 

J» 
R1 Rlbis RUer 

BoOO^MPa^dpaF- 1) 1.5 2,5 2 ,5 

An empirical creep law 

Because all the correlation straight lines can be fitted by assuming 

a temperature independent intercept equal to _ B 0 0tog , the behavior of 

the plastic strains analyzed here is consistent with an irradiation creep 

law of the type 

Cû= H B ° " f t " > ? a S o e •e e 
(2) 

where dotted quantities are derivatives with respect to dose. The law is taken 

as linear with stress ; it will be checked afterwards that a term like PAG 

(~0fBo2) is negligible. 

Knowing the variation of S and OQ during the irradiation one can 
obtain the mean value of B and a. < B> is nothing else but B 0 given in the 

Table II above, <a> is plotted versus the temperature in figure 5. As for 

B 0, it is very difficult to find a variation of the<a> coefficient when going 

from R1 to R1 ter lot. 
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The values found for<B>and<a> result in a PAG component which 
is always less than 0,15 % so within the measurement uncertainty of plastic 
strain. 

1.2. - Plastic hoop strain of coldworked 316 fuel pins 

Those unpublished results were obtained on P3 lot in Phénix 
and R4 in Rapsodie. Both lots are 20 % coldworked. 

However the two lots have rather different chemical composition, 
(see Table III) ; especially carbon and molybdenum concentrations could explain 
a larger incubation dose for the R4 lot I9i-

Moreover, by comparing the swelling values in figure 2 a:;J 6, one 
can conclude that, as R4 lot is within the incubation do.ve, P3 is well i.) the 
stationary swelling rate regime. 

C Ni Cr Mo Mn 
P3 

R4 

0,043 

0,052 

13,7 

17,10 

16,65 

13,9 

2,80 

2,09 

1,53 

1,40 

TABLE III - Chemical composition of P3 and R4 lots (Wt %) 

For P3 lot a correlation between plastic strain and swelling 
for a given set of dose, dose rate,and temperature has been already shown 
(see fig. 3). 

In the case of the R4 lot such an analysis cannot be done because 
of the lack of experimental data ; nevertheless as shown in figure 6, the 
variation of the irradiation creep modulus is very similar to that of the 
swelling. Such a behavior is consistent with an empirical correlation between 
irradiation creep and swelling. 

In each case, the data is not sufficient to test the dose rate depen
dence of such a correlation. So an irradiation creep law may be fitted given 
by the expression (2) with B and a being only a function of temperature. The 
fit is made separately for each lot and temperature by temperature. 
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<B>can be taken equal to 1 0 - 6 MPa~1dpaF"1 in both cases and whatever 

the temperature between 450 and 625 *C. The values of <a> are shown as a 

function or temperature on figure 7 ; they are within a factor of two, despite 

the differences emphasized between the two lots. 

2 - Low temperature range 

Irradiation creep data already published is reanalyzed 111 131. 

It comes from pressurized tubes irradiated in C2 experiment in Phénix, from 

bulging of hexcans irradiated in Rapsodie and from'uEFAC '2. 

2.1. - Comparison between SA and CM 316 

The SA and CW 316 pressurized tubes irradiated in C2 have the 

same chemical composition and show the same plastic hoop strain ~0,5 % at 

400 «C 131. 

At this temperature, the accumulated dose is of the order of 

the swelling incubation dose. If we assume that during the incubation dose 

both materials have a monotonie evolution of their dislocation density towards 

a common stationary level, SA 316 exhibits during the experiment a lower dislo

cation density than CU 316. Consequently the irradiation creep is rather indepen

dent of the dislocation density at 400 *C. 

2.2. - Swelling irradiation creep correlation 

CV 316 

It can be seen on figure 8, that at least for the CW 316, the 

irradiation creep modulus has a temperature dependence very similar to that 

of the swelling.. 

If it is assumed an irradiation creep swelling correlation given 

by an expression like (2) with B and a independent of temperature in the range 

400-470 °C. A should be a linearly increasing function of the ratio S/Ct. 

Figure 9 shows that for CW 316 of C2 f A is an increasing function 

of S/0t with <û> s 1,U x 10-3 MPa"1 and <B>s 1,07 x 10" 6 MPa"1 dpaF"1-

* • • / • m » 
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Values of hexcan face bulging can be used to determine irradiation 
creep moduli from a finite element computation. Figure 10 shows A is also 
an increasing function of S/0t with similar values of <B> and<a> : 
<B>= 1,5 x 10-^MPa"1 dpaF-1

 a n d < a > = 2,10 x 10"3 MPa"1. 

These low temperature values of <<j> are plotted together with 
values obtained from CW 316 cladding (see fig.8). 

SA 316 

The analysis of this metallurgical condition is more complicated. 
In fact, if<B>is assumed to be independent of temperature between 400 and 
170 *C, as expected from the analysis of cladding material,<a> should be 
an increasing function of temperature with a value ~ 0,5 to 2 x lO'^MPa-1 

at 450 °C. 

2.3- - Indication of a non linear stress_dependence_ 

During 18,6 dpaF, thus in the incubation dose of swelling, the 
continuous creep experiment DEFAC 2 111 was done at 450 °C on a uniaxial cold 
worked specimen of the same heat as the one used in C2. The creep modulus 
found is equal to 1,7 x lO-^Mpa^dpaF-1 ; this value is somewhat higher than 
was expected from the analysis of C2 results extrapolated to zero swelling 
(see fig. 9). 

A part of this difference might be due to a level of coldwork 
a little lower (~14 %) than in C2 experimental (~20 %) as measured by X 
rays. 

AMother part of the difference could also result from a non-linear 
stress dependent term in the creep rate because of the high level of stress 
used in DEFAC 2, 400 MPa. A reanalysis of C2 irradiation creep moduli in terms 
of expression (1) allows to predict the creep modulus of DEFAC 2. One finds 
A (DEFAC 2) r 1,72 x 10-6MPa-ldpaF-1 which is very close to the measured value. 
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DISCUSSION - SIM4ARY 

The low stress plastic strain can be described as the sum of a swelling 
correlated irradiation creep plus a dose linear component, both terms being 
linear in stress. At higher stress a non linear stress component may be present. 

The coefficients B and a entering,the law are rather insensitive 
to the dose rate, elements in solid solution or chemical composition. Consequen
tly irradiation creep rate has a behavior very similar to the swelling as 
far as these parameters are concerned. 

Assuming that the diffusion coefficients of point defects and capture 
efficiencies of, the sinks are constant during the irradiation, the creep swelling 
correlation cannot be explained through the variation of the SIPA term resulting 
from the evolution of the dislocation density and from the growth of voids. 
In the CW 316 case, both evolutions cannot predict a increasing SIPA term. 
For the SA 316, the increase of pj during the irradiation could imply an increase 
of creep rate if the alloy were in the recombination regime in the beginning 
of the irradiation. If it is so in the high temprature range (-500 to ~ 600 °C), 
the alloy will be a fortiori in the same regime at 100 °C and we would have 
found in C2 a very much higher creep rate for CW 316 than for SA 316, which 
is not the case. 

On the other hand, the creep swelling correlation term may contain 
1 L, . a contribution of the I-creep mechanism. The <ot> coefficient and (a) = 

i 1 1/2 i ° d 

b (w9i ) u of the I_creep component have the same temperature dependence 
and order of magnitude (see CW 316 case : fig. 7 ) . 

Moreover if the correlation term is due to I-creep the theoretical 
considerations imply that a PAG term quadratic in stress must exist ; the 
fact that the high stress result of OEFAC 2 can be predicted from low stress 
results and creep swelling correlation is another argument to identify the 
correlation term as I-creep component. 

If it is so, the term linear with stress and dose could be identified 
as the SIPA component ; because it is independent of the dislocation density 
at 100 °C, the alloy must be in the sink regime for this low temperature. 
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FIG. 1 - SA 316 - Lot Rlter 
0t is the dose maximum ôf the pins 
o. the hoop stress at the mid life 

FIG. 2 - CW 316 - Lot P3 
0t i s the dose maximum of the 
pins - on the hoop stress at the 
mid l i f e 
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FIG. 3 - Swelling plastic strain correlation for given sets of irradiation 
conditions - 0 is the dose rate in 10-7dpaFs_1 (SA 316) 
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FIG. 6 - Comparison of swelling 
and creep modulus profile (CW 316 
lot M) 
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FIG. 8 - Comparison of 
swelling and creep modulus 
profile (SA and CW 316 of C2) 

FIG. 9 et 10 - Creep modulus A versus 


