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THE EFFECT OF TEMPERATURE CHANGES ON 
SWELLING AND CREEP OF AISI 316 

F. A. :Garner, E. R. Gilbert, D. S. Gelles, and J. P. Foster 

ABSTRACT 

A number of previous publications have shown that the swelling of cold­
\t-torked AISI 316 is ·quite sensitive to changes in temperature which occur 
during irradiation. In this report those data are expanded and reanalyzed 
to show that the concurrent irr~diation creep· is also quite sensitive to 
changes in irradiation temperature. An explanation is advanced to explain 
this.behavior in terms of the sensitivity to temperature history of the 
radiation-induced mictochemical evolution of this ste~l. In particular, the 
sensitivity to temperature history of the radiation-stabilized gamma prime 
phase is invoked to explain the enhanced creep and swelling behavior of AISI 
316 components which experienced either gradual or abrupt decreases in tem­
perature. ·The phase development obs~rved in this steel in response to tem­
peralur·e changes during irrad.iation is also compr~red to the similar behavior 
found in aged specimens subjected to isothermal irradiation. 

INTRODUCTION 

There have been three recent reports which indicate that temperature 
decreases during fast reactor irradiation of 20% cold-worked AISI 316 lead 
to an enhancement of void swelling relative to that generated by isothermal 
irradiation. The decreases in temperature have b~en abrupt, (l) gradual ,( 2) 
and cyclical(J) in nature. Since the starting temperature was always at or 
belo1.,r the temperature where the swellinq rate was thought to peak, these re­
sults were somewhat puzzling. How could swelling be enhanced by falling. 
through a temp.erature regime where the swelling rate dec·l ined'? Another 

anomaly was observed in the abrupt temperature change experiments in .that 
the irradiation treep rate appeared to be unaffected by the change in tem­
perature.(l) It was expected that swelling and creep would exhibit the same 

behavior since ~heir temperature dependencies for isothermQ.l ·in'adiation are 
similar. (4) 



These apparent anomalies have now been resolved with the discovery that 

temperature decreases during irradiation can alter the radiation-induced pre­
cipitation sequences that have been found to govern the instantaneous swell­
ing and creep rates of this alloy~(S-7). Each of the three published data 
sets(l- 3) wiil be reviewed in light of this discovery and additional data on 
the creep behavior in these experiments will be presented. The experiment 
involving gradual temperature changes will be reviewed first since it was 
in that experiment that the key to the physical process involved was dis­
covered. 
ENHANCED SWELLING DURING GRADUAL TEMPERATURE REDUCTIONS (P-1 EXPERIMENT) 

In this experiment, the alloy was irradiated in the form of small thin­
walled gas-pressurized tubes used to measure irradiation creep. (2) The temper­
ature fell during irradiation due to a S\'Jelling-induced closure of ·the gas gap 
beb1een the inner and outer capsules which contained the tubes. Two sub-sets 
of data were published, one for starting temperatures of 525°C and one at 585°C. 
Figure l shows that the swelling in excess of the isothermal value (2% at 525°C 
and 4% at 585°C) increases with the total temperature drop. In the data tabu­
lated in Tabl~ 1 it ~hould be noted that there are slight differences in the 
fluence attained by e~ch specimen as well ~s differences iri the stress level. 
The S\'Jelling of this alloy is known to be sensitive to both flue·nce and stress(S) 
but the enhanced swelling is too large to be attrib~ted soley to these variations. 

Figure 1 provides a clue to the identity of the causitive mechanism 
in the extrapolated intercepts of these curves with the temperature change 
axis. The intercepts are very close approximations to the difference 
between the original temperature and. the temperature at which the y• boundary 
occurs for the neutron fluence accumulated in the experiment. According to 
the \•tork of Brager and Garner(S) isothermal irradiation of this material 

should not lead to the formati6n of y' in this heat of steel at these fluences 
for temperatur~s of 525 and 585°C, ·when six of the nine specimens listed in 

Table 1 were examined by transmission electron microscopy, they' phase was 
·indeed found in all six. This phase is nominally Ni 3Si in composition, is 

formed in this alloy only during irradiation(S) and dissolves if the radia­
tion ceases but the temperature is maintained.( 6) 
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FIGURE 1. Enhancement of Swelling by Gradual Temperature Reductions During 
Fast Reactor Irradiation of 20% Cold-Worked AISI 316 in the P-1 
Experiment.(2) · 

TABLE 1 

DATA TABULATED FOR PRESSURIZED TUBE SPECH1ENS FROM THE 
X-157C EXPERIMENT UNDERGOING LARGE TEtWERATURE DROPS IN-REACTOR 

Flue nee Hoop 
Specir.1en Irrad. Terr.p., t.T x 10 2 ~ n/cm2 Stress Density Change 
Identity •c •c (E>0.1 HeV} 1·\Pa % 

AQ* 5?.6-~na 79 10.0 0.0 -4.11 
AR 581-442 139 10.0 5.7 -5.47 
BT* 584-423 161 9.7 . 14.5 -10.07 
BE~ 589-498 91 9.9 . 28.9 -5.03 

AL* 528-463, 64 9.0 0.0 -4. 3S 
BF 526-4 31 95 9.9 15.2 -7.25 
BP 526-417 108 8.6 29.6 -7.75 
BU* "523-4 16 114 9.7 59.9 -9.36 
BA* 524-458 66 8.7 89.6 -4.69 

* Selected for microstructural examination. 
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Figure 2 shows the fl uence/temperature regime for isothermal y 
1 forma­

tion in heats of 20% CW AISI 316 which exhibit comparable swelling behavior 
in EBR-II.- It also shows the data of Cawthorne and Brown(g) for 20% CW 

M-316 stainless steel irradiated in DFR which shows a similar abrupt cut-off 
of y 1 formation at temperatures around 500 to 540°C, depending on the neutron 
fluence. Note that all data points on this diagram traveled through tempera­
ture histories represented by vertical or near-vertical lines extending from 
the horizontal axis to the data point. 
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FIGURE 2. Irradiation Conditions for y 1 Formation in Two Heats of 20% CW 
AlSl 316. The 87210 heat shown is the same material us~d in the 
temperature change experiments described in this report.(5) 

Figure 3 shows realistic temperature histories of various 

specimens during the irradiation. Since there was an interim examination 
of the subassembly at 6 x 1022 n/cm2 (E >0.1 MeV) it can be assumed that· 
chunges in temperature uid not occur until somewhere beyond 7 x 10?? n/cm?. 
The decreases in temperature arose because the subcapsule was constructed of 
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15% CW AISI 316 and was at a higher temperature than the 20% CW AISI 316 
outer capsule. Both factors lead to a higher swelling rate for the inner 
capsule. Therefore, the thermal resistance of the gas gap· decreased as the 
gap closed and the temperature in the subcapsule fell. 

On the isothermal portion of each path it is known that carbosil icides 
(and possibly Laves phases at 585°C) are forming. (6) When the temperature 

falls thereafter, the y' phase begins to develop after they' phase boundary 
is passed. It appears from the accumulated data that the high temperature 
side of the boundary remains relatively fixed. Since all temperatur~ his-. 

tories ~ppear to_cross the b6undary at about the same temperature and at not 
too dissimilar rates of temperature reduction dT/dt, it may be possible to 
correlate the two data sets starting at 525 and 585°C in terms of the amount 
of additional microchemical segregation that has occurred or the length of 
time since they' phase boundary was passed. If all curves have about the 
same value of dT/dt beyond the phase boundary, then either of the above 
parameters should scale with the temperature difference measured from the 
boundary intercept .. 

It appears that twu dctta points (designated AQ ~nd BE) must lie just 
over they' boundary. There has been no significant amount of 11 excess 11 

swelling in addition to the isothermal value (4%), and yet they' phase was 
observed. Therefore the boundary intercept was specified to be 510°C. 

The data of Figure 1 have been replotted in Figure 4. The isothermal 
values of swelling were assumed to be Si(525°C) = 2.0% and Si(585°C) = 4.0%. 
The parameter on the X-axis is (Tf- T8), the difference between the final 
temperature and the boundary intercept temperature. There has been no nor­
malization for fluence and stress differences although arrows show the anti­
cipated movement of each data point if such a normalization was performed. 
In general, the stress-related corrections cancel out the fl uence-rel a ted 
corrections. 

Note that the two data sets coalesce into one, with only one nonconforming 
datum. More importantly, the data extrapolate back to the origin as would 
be expected fr0111 the assumptions underlying the analysis. 
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FIGURE 4. Correlation Between the Additional Swelling that Occurred in the 
P-1 Experiment and the Temperature Drop Beyond the y• Phase In­
tercept. Arrows pointing up represent the.magnitude of data 
point movement if all data are normalized to 9.8 ±0.1 x 1022 

n/cm2 • Arrows pointing down reflect the magnitude of a correc­
tion to stress-free swelling. 

This analysis is quite empirical in nature but its underlying assump­
tions are consistent with the body of evidence developed on the impact of 
thP. microchemical evolution on subsequent microstructural development. The· 
~~jor conclusion of all these studies is that the instantaneous swelling 
rate of this steel ·is governed more by the matrix composition than the con,... 
current void and dislocation microstructure.( 6,l) 

It should be emphasized, however~ that the only reason this analysis 
can be justified is that all specimen histories entered th~ isothermal y 1 

phase regime at essentially the same point and at essentially the same 
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rate. If the data all had separate entry points· it is not expected that 
such a correlation would be successful. 

It is not known at this time whether the carbosilicides that developed 
during the isothermal portions of the diagram were stable at.the lower tem­
peratures. It is also not known whether the y• precipitation occurred pri­
marily in the phase region next to the boundary or whether it was continuing 
even to the terminus of each temperature history. 

·ENHANCED SWELLING· IN ABRUPT TEMPERATURE CHANGE EXPERH1ENTS 

Stress-relaxation experiments (l) have been c~nducted on slit tube 

specimens constructed from the same heat of steel employed in the previous 
study. (2) Some of these specimens were subjected to abrupt temperature 
changes at 3 x 1022 nicm2 (E >0.1 MeV) and irradiated thereafter only 
0.35· x 1022 n/cm2. As shown in Table 2, the density changes indicate swell­
ing only in t~ose specimens which underwent a decrease in temperature. Th~ 

void contribution to density change, however, is on the same order of magni­
tude as the temperature-dependent precipitate-related densification that 
occurs in this steel. (lO) While it is not completely certain that these 
smal·l strains can be confidently judged to show an effect of temperature 
change on swelling, it should be noted that the range of temperatures 
experienced by these specimens is consistent with the regime of the accelerated 
y• mechanism. At the low fluence levels attained in the experiment one would 
not expecL y' Lu fur·m in th1s heat of steel, however. 

TABLE 2 
DENSITY CHANGES OBSERVED IN SLIT-TUBE EXPERIMENTS(l) 

Prior irrarlbtion Prior tf>t Reirradiation Additionul t/Jt . %V/V 
temperature 1022 n/cm2 temperature 1022 n/cm2 

(F.-> 0.1 MeV) (E > 0.1 MeV) 

433•c 0.35 
391•c (735°F) 2.98 (8J 2°F) 0.35 -0.11 
433•c (812°F) 3.20 0.35 -0.06 
5Io•c (950°F) 3.20 0.35 0.18 

529•c 0.35 
421°C (790°F) 3.20 (985°F) . 0.35 -0.0~ 
510°C (950uF) :un iBs =c.n 
579•c < to?s·n 3.20 0.35 0.1?_~ 
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ENHANCED SWELLING IN THE WSA-4 FUEL PIN EXPERIMENT 

Foster and Boltax( 3) have reported that they observed a similar response 

to temperature change in the WSA-4 fuel subassembly test, wherein some pins 
which were free to rotate in relatively large temperature gradients swelled 
more than those which rotated in very small gradients. The cladding of 
these pins was also constructed from the same heat of stee1 employed in the 
two previous studies. Typical swelling profiles of such pins are shown in 

·Figure 5. 

It was also noted that the WSA-4 data at a starting temperature_of 
527°C tended to be consistent with the X-157 pressurized tube data at the 

same starting temperature, as shown in Figure 6. The slopes of curves of 
this type ~"ere found to be quite sensitive to irradiation temperature as 
shown in Figure 7. The peak of this curve corresponds closely to the anti­
.cipated location of they' boundary. While its declining value on either 
~ide of the peak can be described in terms of the accelerated y' model, the 

. . 

plateau at temperatures above 560°C is perplexing and cannot be related to 
any known phase changes. 

It is importu.nt to note, however, that the t.P.mpP.rilt.ures used in this 
plot are life-averaged temperatures. Not only is there a temperature gradient 
in which the pin rotates, but the temperatures everywhere fall with in­
creasing fluence and fuel burn-up. Figure 8 shows that the appropriate tem­
peratures with which to compare the P-1 and WSA-4 data are the beginning-of­
life inner channel temperature and the end-of-life outer channel temperature. 
This represents a better estimate of the total ~T experienced by any portion 
of the pin cladding. The magnitude of the correction becomes increasingly 
larger for higher temper~tures. 

The numbered points on Figure 7 correspond to those 1 ife-averaged tem­
peratures employed in the original analysis and the corresponding temperature 
histories a1~e shown in Figure 9. Note that History #3 is the first one to 

. . 

cross the y' boundary, assumed again to be at 510°C. For the accelerated 
y' model, the portion of the total ~T that lies below the boundary is the 
relevant parameter to plot against d(~V/V0 )/d(~T). Not.P. in Figure 7· that 
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(Tf - 5l0°C) becomes increasingly larger until about 520°C and then shrinks 
thereafter as 6T decreases .. · 

Figure 10 shows a comparison of the earlier curve of Figure 7 and the. 
t~ecalculated values~ The plateau has now disappeared, indicating that no 
other phase transformations need to be invoked to explain the temperature:.. 
change effect observed in the HSA-4 experiment. 
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EFFECT OF TEMPERATURE CHANGES ON IRRADIATION CREEP (P-1 EXPERIMENT) 

In the stress relaxation experiments described earlier it appeared that 

temperature changes of either sign had no measurable effect on the creep rate 

for the short fluence interval involved in the reirradiation. Since. this ex­

perirnent did not probe the fl uence regime wherein the accelerated y • mechanism 

\'IOUld operate, no statement can be made from these data as to the effect of 

enhanced y• formation on_ irradiation creep. 

The best available test to address the possibility of enhanced creep 

lies in further analysis of the earlier data set of Bates and Gelles.( 2) 

These data were analyzed to compute the average creep coefficient~ at a· 

total fl uen·ce of 1.0 x 1023 n/cm2 (E >0.1_ MeV) and then compared to the iso­

thermal values of Bat the same fluence for the temperature range encompassing 

the P·-1 d~ta set.· With the exception of one data point, corrections were 

made to account for the effect of stress on swelling. Figure 11 shows that 

14 



B 

ISOTHERMAL TEMPERATURE DECREASE 
100~---------------------------, 100~------------~-------------, 

N-Lot 

1.0 x 1023 n/cm2 

100 

8 

n/cm·2 MPa 

TEMPERATURE 
: .. -) DEPENDENT 

~ ~ DIFFUSIVITY 
\ . 

\ 
\ 

100 ., 

ACCELERATED 
MICROCHEMICAL 

EVOLUTION 

\ 
\ 
\ / 
\ y' /0 

e y' \ 1 ~ 
00- ' I /,./ 

\: ' I L.,.V 
' I .._ + -o- 6""" .... 
' ' o' . 
~ -
I --- ...&- Tj = 525°C 

OL-----~------~------~----~ oL-----_J-------L------~----~ 

400 600 0 100 200 500 

TEMPERATURE,°C HEDL 7910·2'".>2.5 

FIGURE 11. Comparison of Ave~age Creep Coefficients .of 20% CW AISI 316 Ob­
tained in Response to Isothermal and Gradually Declining Irra­
diation Temperatures in the P-1 Experiment .. 

the B values obtained from irradiations involving temperature decreases fall 
steeplj for low values of 6T and then increase at higher 6T values. Note 
that for each of the starting temperatures the reversal in the B curve occurs 
at about the point where the y' phase is known to form. 

The conclusion drawn from Figure 11 is that the creep rate initially 
falls as the temperature drops (in agreement with rate theory predictions 
for this temperature range for an alloy of constant composition) and then 
accelerates when the matrix composition changes.strongly upon formation of 
y'. Whether one obserVes an increase or decrease in the average creep rate 
depends on when the observation is made. Unfortunately, the use of B co­

efficients rather than instantaneous creep rate coefficients tends to ob­
scure this behavior. Figures 12 and 13 illustrate this point .. The averag~ 

creep coefficient over the fluence of 1.0 x 1023 n/cm2 (E >0.1 MeV) appears· 

to fall sharply in Figure 12 from the isothermal value when a substantial 

but gradual decrease in irradiation temperatur~ occurs .. Figure 13 shows, 
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on the Fluence Dependence of the Average·Creep Coefficient. 

hm·Jever, that the B curve tends to· obscure and de-emphasize the 1 ate-term 
acceleration of the instantaneous creep rate. This figure also shows that 

the actual rate can first fall sharply due to the temperature dependence of 
defect diffusivity and then increase with fluence and decreasing temperature 
due to the accelerated formation of the y• phase. This reversal of behavior 
will not be reflected in the B curve when a gap of 5 x 1022 n/cm2 exists be­
tween data points. 

ENHANCED CREEP IN THE WSA-4 EXPERIMENT 

Analysis of the creep strain data from the WSA-4 experiment is compli- . 
cated by the presen~e of fuel-clad mechanical interaction, particularly at 
low temperatures. As shown in Figure 14, however, it appear~ that irradia­
tion creep also increases when the irradiation temperature falls in ·a cyclical 
manner. The in-depth analysis of these data ·w~ll be reported elsewhere. 
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DISCUSSION 

It appears that the origin of the enhanced swelling and creep with de­
creasing temperature in 20% cold \'JOrked AISI 316 arises from the accelerated· 
formation of the y' phase and a concurrent short-circuiting of the normally 
sluggish microchemical evolution observed at temperatures below 550°C. As 
reported elsewhere( 6,?,ll) the removal of nickel and silicon (the primary 

constituents of the y' phase) from the alloy matrix is a necessary precursor 
. of swelling in this alloy. Although no data are currently available to 

document this prediction, it is expected that increasing temperature his­
tories .which first allow formation of y' and later lead to its dissolution 
will cause a reduction in the swelling and creep rates of this alloy. 

In the annealed condition of this steel another low temperature radia­
tion-stable precipitate called G-phase forms which is also rich in nickel 
and silicon. {?,ll) It is anticipated that this phase will also be very 

sensitive to·temperature history in the same manner as they' phase. 

It is interesting to speculate on the possible origin of the path de­
pendence of y' formation. One possible clue is found in the temperature 
dependen~e of nickel segregation to void surfaces:(ll) Nickel appears to 
segregate to sinks at elevated temperatures due to the inverse Kirkendall 
effect(l 2) and would be relatively immobile as the temperature fell. Silicon 
does not segregate at high temperature, however.(ll) Since the formation of 

y' requires the simultaneous segregation of both nickel and silicon, the 
decreasing tempera~ure may provide conditions where the silicon can segre­
gate to those sinks already enriched in nickel. It is expected that silicon 
would segregate at lower temperatures by the interstitial-solute ·drag 
mechanism. 

There also may be some compositional considerations which affect the 
r~te of y' formation, howeve~. In earlier comparative irradiations of an­
nealed, cold-worked and cold-worked and aged AISI 316 it was shown that 
aging produced the normal carbide and Laves phases, but subsequent irradia­
tion of the aged steel at low irradiation temperature led to the accelerated 
formation of the normally sluggish y' phase. (6) The major consequence of 
this precipitation behavior was the generation.·of even more $\'Jelling than 
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observed in the annealed steel. Perhaps molybdenum or- some other element 

must be concentrated in the carbide and Laves phases prior to the onset of 

y' formation. 

·one additional conclusion concerning development of swelling correla­

tions must be d1~awn from the data analyzed in this study. _-The large values 

of swelling observed for large temperature decreases cannot be explained by 

any small modification of the currently available empirical descriptions of 

-isothermal S\'lelling. (l 3) In particular, the "steady-state" swelling rates 

contained in these correlations must be changed to reflect the possibility 

that the low swelling rates observed in cold-worked AISI 316 are merely a 

manifestation of a very slo~t1ly evolving precipitate microstructure, but one 

that can be short-circuited by certain temperature histories. 

CONCLUSIONS 

The swelling and irradiation creep of 20% cold-worked AISI 316 is sen­

sitive to· the- temperature history experienced by the alloy both in and out 

of reactor. The primary sensitivity appears to be in the rate of formation 

of they' phase. The onset of this phase is accelerated by in-reactor re­

ductions_in temperature and leads·to enhanced levels of creep and swelling. 
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