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STRESS-ENHANCED SWELLING OF METALS DURING IRRADIATION 

F. A. Garner, E. R. Gilbert and D. L. Porter 

ABSTRACT 

Data are now available which definitively show that stress plays a 
major role in the development of radiation-induced void growth in AISI 316 

and many other alloys. Some earlier ·experiments which came to the opposite 
conclusion are shown to·have investigated stress levels which inadvertantly 
cold-worked the material. Stress~affected swelling spans the entire tempera
ture range in fast reactor i~radiations and accelerates with increasing 

irradiation temperature. It also appears to operate in all alloy starting 
conditions investigated. Two major microstructural mechanisms appear to 
be causing the enhanc~ment of swelling, which for tensile stresses is mani~ 
fested primarily as a decrease in the incubation period. These mechanisms 
are stress-induced changes in the interstitial capture efficiency of voids 
and stress-induced changes in the vacancy emission rate of various microstruc
tural components. There also appears to be an enhancement of intermetallic 
phase formati·on with applied stress arid this is shown to increase swelling 
by accelerating the microchemical evolution that precedes void growth at 
high temperature~ This latter consideration complicates the extrapolation 
of these data to compressive stress states. 

INTRODUCTION 

The radiation-induced void swelling phenomenon has been found to be 
sensitive to a large variety of material and environmental variables. Until· 
recently. however,. the abl!ndance of these variables has obscured the un
equivocal identification of stress as an important parameter .. Although 

·the Frank loops formed during irradiation were found to be sensitive to the 
applied stress state (l-3), various investigations of the e.ffects of stress 

. d th h b t d . t . h . f. d . . ( 1 ' 4- 7) on vo1 gro~tl ave een con ra 1c ory 1n t e1r 1n 1ngs. 

A substantial amount of.data is now available which definitively 
shows that stress plays a major role in the onset and rate of void yruwLh 
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in AISI 316 stainless steel in· a variety of metallurgical conditions. A more 
limited set of data on AISI 304L and a number of other commercial alloys s.hows 
that the effect of stress on void growth probably occurs in all alloys sub
ject to swelling. The insight gained in this study allows with hindsight 
an understanding of the apparent discrepancies between these results and 
those of earli~r studies. The para~etric dependence of the stress-enhanced 
swelling phenomenon also provides important clues as to the identity and. 
nature of the microstructural mechanisms producing the enhancement of 
swelling, and thus provides some guidance on how to extrapolate the data 
derived from experiments i nvq 1 vi ng tens i 1 e 1 oads to those conducted· under 
compressive loads. 

EXPERIMENTAL DETAILS 

The data were derived from measurement of the changes in diameter~ 
length and density of thin-walled pressurized tubes immersed in static 
sodium at elevated temperatures and irradiated in the. EBR-II reactor. The 
pressurizing gas was either pure helium or argon-1% helium, and produced· 
in the tube wall a biaxial tensile stress state ... Two types of tubes were 
used. The first was relatively short, ranging from 2.2 to 2.8 em, and 
were incorporated into subcapsules maintained at relatively constant tem
perature. These are described in detail elsewhere. (B) The second type 
of tubes \-Jas much longer (1.02 m) and were maintained throughout their 
1ength at either 400 or 550"C. (g) ThesE! latte1· tubes provide data at con
stant stresses but varying displacement rate and neutron fluence along their 
length. The smaller tubes are considered to produce data at constant dis
placement rate and neutron fluence. Companion irradiation in one capsule 
of several tubes at different pressures provides information on the stress 
dependence of the swelling a~d irradiation creep phenomena. 

The small tubes were irradiatedin several irradiation experiments 
designated the P-1 '· P-2, P-5, AA-II and AA-VIII tests. The P-2 and P-5 
tests employed thermocouple measurement of temp,erature while the AA- II and 

AA-VIII tests involved the use of thermal expansion devices. The P-1 
test had no d1rect rneasureuteiiL or in'adiation temperuturcs, which \'Jere 
estimated from heat transfer calculations. 
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Since irradiation creep will not contribute to length changes of such 
tu~es, additional data on the density change can be inferred from length 

changes of those tubes which were not sacrificed for cutting and immersion 
density measurements but returned for further irradiation. The magnitude 
of stress-free swelling can also be derived from diameter measurements ·of 
pressurized capsules. Changes in diameter of pressurized tubes contain 
both creep and swelling-induced strains. 

ALLOY DESCRIPTIONS 

Nominal compositions of the alloys investigated in this study ~re 
given in Table 1. The majority of the data are derived from the 11 N-lot 11 

(V87210) heat and the NICE-lot (K8.1581) heat. The former. has been used 
throughout as a reference heat for the U.S. Breeder program and the latter 
heat is the standard creep experiment material and is a heat prototypic 
of that used to construct the first core of the Fast Test Reactor. As 
shown elsewhere, these heats in the 20% cold worked conditions exhibit sub
stantially different incubation periods prior to the on$et of steady state 
sweiling, but possess similar steady state swelling rates. (lO) While the 

small tube experiments concentrated on the 20% cold worked condition of 
both heats of AISI 316, the larger tube experiments were constructed from 
the same heat of steel as N-lot but in the 10% cold worked condition and 
also N-lot steel which was initially 20% cold worked, then aged for 24 
hours nt. 482°C to nur.lP.nt.P. precipitates,.air quenched, and finally fully 
aged at 704°C for 216 hours, followed by another air quench. This latter 
heat is designated as heat-treat D (HTD) in subsequent discussions.~. All 

·6ther alloys investigated in this study were irradiated as short tubes . 

. RESULTS 

Typical results of the short-t~be experiments on 20% cold worked AISI 
316 are shown in Figures 1-3. All of the data sets show significant en-.· . 

hancementof density change with increasing stress. The density change 
data are plotted vs. the hydrostatic stress present in the tube wall .in 
anticipation of the physical model to be employed in the· model description. 
(The hydrostatic stress in these specimens is one-half ot the hoop stress.) 
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Note that the density change measurements include strain contributions from 
both voids and phase-related density changes. The 1 atter 1 ead to densifi-

.cation at most fluences and temperatures(ll) but with one exception 
discussed later are too small to account for· any enhancement b.v stress of 
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NICE-l.OT 

NUMBERS IN PARENTHESES REPRESENT 
NEUTRON Fl!JENCE ( > 0.1 MeV) IN 
UNITS OF 1~2ncm-2 AND TEMPERATURE 

HYDROSTATIC STRESS, (MPa) 

HEDL 7801-149.13 

FIGURE 1. The Dependence of Neutron-Induced Density Changes in 20% Cold 
Worked Stainless Steel on Hydrostatic Stress, Temperature and 
Neutron Fluence. These data form the basis of the curves shown 
in Figures 12 and 13. 

the density changes observed. Note also that the steepness of the curves 
i.ncreases with temperature. 

Fig~re 4 contains some additional dat~ derived from length change 
~easurements. TheN-lot specimen _which was cold worked to only 5% exhibited 
an increase in swelling with stress until the m~terial was subjected to 
cl stress above the proportional elastic limit (PEL), when:!Upon swelling 
fell. due to a preirradiation increase in specimen deformation (cold working· 
by any method is kn6wn to reduce swelling). A simila~ behavior was observed 
in irradiations of annealed N-lot steel earlier.( 4) The PEL increases with 
cold 1vork level and dP.r.rea~es w1th irn.:r·easinq temperature (l 2) but was 

not exceeded in the short tube experiments for the 20% cold worked material. 
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640-648°C 

I 

60 
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. HEDL 7810-147.22 

FIGURE 2. The Dependence of Radiation-Induced Density Change.at Approximately 
650°C in 20% Cold Worked Stainless Steel on Hydrostatic Stress and 
Fluence. Five of these data points were not included in Figure 1. 
The arrows represent the expected magnitude and direction of move
ment of those data points whi.ch are normalized to the peak fluence 
in each data subset. 

Although the data shown in Figures 1-4 signal an unequivocal effect of 
stress on swelling, they do not indicate whether the stress affects the. 
incubation period, the steady-state swelling l"ate, Ol" both. The long tube 
experiments indicate, however, thatstress affects primarily the incubation 

Period of the 10% cold worked and HTD conditions as shown in Figures 5-7. 

While the data in -these-figures do not-preclude a stress effect on the 
Sv1clling rate, cmalysis of the data 1n F'1gures 1-4 incifr.ntes th;:~t only a_ 
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model based on incubation behavior can explain the data satisfactorily. 

Note in Figure 6 that the PEL was probably exceeded for the 10% cold worked 
·material at 400°C but not at 550°C que to the lower stress levels employed. 

FIGURE 3. 
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Additional Stress-Affected Swelling of the NICE-lot Heat-of 
20% Cold Worked 316 Stainless Steel From.the P-2 Experiment. 
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At 400°C the effect of stress on swelling can be observed at 246-293 MPa even 

for the inadvertantly cold worked material. 

Table 2 shows that stress-enhanced swelling is a general ·characteristic 

of many alloys as long as they are subject to swelling. With the exception 

TABLE 2 

IM!~ERSION DENSITY DATA FROM THE AA-II AND AA-VIII EXPERIMENTS 

Fluence Hoop 
-!:J.p/p Temperature 1022 n/cm 2 Stress 0 

Alloy* oc (E >0.1 MeV) MPa % 

STA PE16· 547 . 2 0 - .02 

STA PE16 547 2 167.3 + • 12 
·--·---·· .. 

ST PE16 547 .2 0 .60 
ST PEl6 547 2 167.3 - . 12 
STA M-813 547 2 0 - . 17 
STA M-813 547 2 167.3 + .27 
STA 706 547 2 .o - . 09 
STA 706 547. 2 167.3 - .09 

-·· ·--

ST 706 . 547 2 0 - .79 
ST 706 547 2 167.3 - . 91 

' ____ N __ .,...,,.......,.,~ ..... < •o 

STA A286** 650 5 0 0.10 
650 5 13.8 0.13 
650 5 55.2 0.17 

STA A?R6** 730 5 0 0.57 
730 5 6.9 0.66 
730 5 13.8 0. 74 

* STA = Solution treated u.nd u.ged. 
ST = Solution treated only. 
cw = 20% cold worked. 

·AU = Solution treated, CO 1 d WOl'ked and agt!tl. 

**This data obtained from the AA-VIII experiment. 
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of Inconel 706, which resists swelling at the fluences investigated, all 
alloys listed exhibit enhanced swelling .. Note that most alloys densify 
prior to the initiation of void swelling. Figures 8-10 show evjdence that 
the enhancement process observed in several alloys at low fluence continues 
at higher fluences. Once again the enhancement occurs for a variety of 
metallurgical ~tarting conditions. · 

DISCUSSION 

In an upcoming paper, the full details of the data analysis and swelling 
correlation development for 20% cold worked AISI 316 will be presented. In 
this paper it will suffice to show that the trend shown in Figures 5-7 was 
confirmed by independent analyses _of the:data shown in Figures 1-3. In 
other words, the primary effect of stress is manifested in the incubation 
period and not the steady-state swelling rate. This explains why an earlier 
experiment showed that once stress had exerted its influence on swelling, 
removal of the stress during subsequent additional irradiation did not 
lead to a decrease in the swelling rate. (l 3) 

As shown in F{gure 11, there are two approaches traditionally employed. 
in the empirical mode.ling. of stress effects on swelling. Stress is assumed 
to operate on either the incubation parameter Tor the steady-state swelling 
rateR according to the relations:( 14 •15 ) 

R(T, oH) = R
0

(T)(l + poH) 

T(T, oH) = T
0

(T) q(T)oH 

(l) 

(2) 

where OH is the hydrostatic stress, T is the temperature and the subscript 
on R and T refers to the stress-free values. Both p and q were assumed 
to be dependent on temperature. The analysis shows not only that the p
approach will not lead to a consistent correlation,. but that the q-approac~ 
yields values of q(T) that are essentially independent of heat identity in 
the temperature range where the data for each heat overlap~ .This is quite 
surprising since the stress free incubation parameters. are quite different 
for the two heats of steel. As shown in Figure 12, however, the incubation 
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FIGURE 11. Schematic Representation of the Proposed Models of Stress
Enhanced Swelling. 

·parameters T(T,crH) derived f~om some of the short tubes exhibit progressively. 
steeper slopes (q) with increasing temperature. Note from Figure 13 that 
the effect of stress is essentially constant at low irradiation temperature 
and then accelerates sharply above 600°C. Analysis of the long tube data 
~n 10% cold work also yields q(T) values in close agreement with the correla
tion shown in Figure 13. 

From the behavior of q(T} with temperature it is inferred that more 
than one physical mechanism is operating. Whereas most previ6us stress
affected swelling positions (both theoretical and empirical) postulated that 
stress could only affect swelling at relatively high temperature, the low 
temperature·regime exhihits a stress-effect with little or no tcmpcraturci 
dependence. It has been demonstrated that such a result could arise from 
stress-induced changes in the interstitial capture efficiency of voids(l 6) 
and that this mechanism is only weakly dependent on temperature and is of the 
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appropriate magnitude to account for the observed enhancement of void nu
c1eation in previously published data at 500°C. (l) It was also shown that 

the evolution of Frank loops is affected by stress and that this leads to 

an acceleration of the radiation-induced microstructure. This mechanism 

would tend to accelerate swelling by shortening the incubation pe~iod and 
also ex:1ibit~ a 'v'Jcak C:ependence on tem~ernt.tJre. (l ,l 6) This. 
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mechanism is not expected to be important in cold-worked steel, howeve~ since 
the preirradiation· dislocation microstructure exists at levels comparable 
to that· produced by radiation. 

In the high temperature regime the derived activation energies are on 
the order of the self diff~sion energy. This is consistent with the often
predicted high temperature swelling mechanism, (l 7,lB) sometimes referred to 
as "breakaway swelling". This mechanism arises because stress can affect 
those microstructural components which can do work against the applied stress 
by emitting vacancies and climbing, thus changing the equilibrium vacancy con
centration at dislocations, particularly for small voidsr This reduces the 
rate of vacancy flow from small voids to dislocations, thereby increasing the 
stability of voids against dissolution. In the results shown here, however, 
breakaway swelling did not occur, nor would it be expected to occur for a 
phenomenon associated only with incubation behavior. Note, however, that the 
data in Figure 3 were not available at the time that the analysis shown in 
Figure 13 was completed and that the data at 739°C (Figure 3) appear to fore
shadovl the onset of break-avJay swelling at very low stresses. To investigate 
this possiblity microstructural examinations were conducted on these specimens 
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It was found that the swelling ribserved was not caused by voidage or micro
cracks (associated with the very large creep strains in these high tempera
ture specimens) but arose from an enhancement by stress of the rate of for
mation of intermetallic phases. These phases form at relatively high 
temperatures and lead to a net dilation of the steel which is small and 
saturable. Below 700°C the intermetallic contribution is expected to be 
small. Other phases such a~ y•{ 3) and carbosilicides(l 9, 20 ) that form at 

low temperatures have been found to be insensitive to applied stress. 

This latter phenomenon poses some problems in extrapolation of these 
data to other stress states. Since the appropriate stress parameter for 

. the other thre~ mechanisms i~ the hydr6~tatic stress (l 6) one would predict 

that compressive stresses would extend the incubation period and reduce 
swelling. If stress accelerat~s the development of intermetallic phases, 
it will also accelerate the onset of the infiltration-exchange process 
which governs the swelling behavior in the temperature regime where these 
phases form. (l 9 , 20 ) It is quite possible that these phases are accelerated 
by the shear stresses inherent in the biaxial stress state. Stress-affected 
swelling correlations based on such a possibility would then be of a different 

.form: 

(3) 

where oeq is the equivalent stress. 

It appears, therefore, that the effect of stress on swelling is a 
transient, one wh1ch is not repeated when the stress is removed. Stress 
is therefore a variable of only second-order importance when compared to 
the microchemical segregation processes which dominate the incubation be
havior of AISI 316. (l 9, 20 ) This point of view is confirmed by the data 
of Flinn (21 ) which shows that when the stress-free incubation period is 
relatively short, such as in annealed AISI 304L, the application of moderate 
stress does not change incubation substantially, but can accelerate the 
curvature of the swelling correlation at higher stress levels. Such an 
explanation requires that a microchemical evolution be proceeding in 304L 
steel in a n1anner comparable to that occurring in 316 stainless steel. 
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Porter (22 ) has recently shown that acceleration of swelling of the 304L 
alloy is coincident with a substantial microchemical evolution, although the·· 
details of the phase development are quite different in the two alloys. 

The apparent inconsistency of earlier conclusions concerning stress
affected swelling can now be addressed in terms of the insight gained in this 
study. Most studies based on fuel pin cladding have been inconclusive, 
primarily because the irradiation conditions are either too complicated or 
poorly defined to allow a definitive statement of the role of stress. Fuel 
pins generally operate with low initial levels of stress that increase with 
fluence due to accumulating fission gas pressure; thus the stress becomes 
large only after void incubation· is over. The data of Flinn, ~cVay and Walters 
shown in Fiqure 14 fall into this cateqory. (6) (It should also be noted 

that the capsule and cladding material are different heats .of steel and the· 
large difference in swelling behavior at 530°C probably reflects the large dif
ferences in their respectiv2 manganese and nickel levels.) When the stresses 
are large due to fuel-clad interaction, the stress levels are relatively inde-
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Swelling Observed in Type 3D4L Stainless Steel Capsule and Cladding 
Material at 465 and 530°C~bJ The apparent effect of stress on the 
swelling rate is due not only to the fact that the stress operating 
on the cladding is very low at fluences where voids are formed but 
also ~hat two different heats of steel with significant differences 
in composition we~e employed to construct the capsule and cladding. 
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The data of Dupouy, Lehman and Boutard{ 5) shown in Figure 15 are in 

agreement with our results in that the effect of stress on swelling is 
visible but small at temperatures below 550°C. ·This experiment did not 
probe the region above 510°C, however. Note that in agreement with this 
study and that of Bates and Gilbert{ 4) the effect of stress on swelling 

operates on- both annealed and cold worked steel.· The data of Bergman and 
coworkers{_23? are inconclusive~._ . ~ _-_. ___ . __ ---··--·-· 
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Stress-Af(f~cted Swelling of AISI 316 Observed in the Rapsodie 
Reactor 5Jat 150 MPa. The swelling peaks due to a flux 
profile across the reactor. 

The two earliest data sets on stress swelling lead various researchers to 
. the conclusion that such a phenomenon did not exist. {6,7) Those data sets are 
shown in Figures 16 and 17. _In fact it appears that stress may actually de
crease swelling somewhat. With hindsight it is now possible to reconsile these 
inconsistencies. Solution .annealed 304L has a very short stress-free incubation 
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period and the irradiationtemperatures in these:studies were very low. This 
makes it difficult to observe an incubation-related phenomenon. More im
portantly, however, the single stress level investigated was in excess of 
the propo~tional elastic limit of the material.(l 2) ·In other words, these 

curves compare annealed and cold worked steel. 

CONCLUSIONS 

The primary effect of applied tensile stress on swelling appears to be 
a decrease in the incubation period preceding the onset of steady-state 
swelling. Stress-affected swelling appears to occur in all alloys and 
alloy starting conditions which are subject to swelling, although it is 
difficult to observe in materials with short incubation periods, particularly 
at low temperature. Levels of :stress which exceed the yield stress of the 
alloy at the frradiation temperature lead to inadvertant cold working, 
which also can obscure the effect of stress on swelling. Stress-affected 
swelling spans the entire temperature range applicable to fast reactors 

. . 

but it appears that more than one mechanism is involved, one which dominates 
at relatively low temperatureand another which controls at higher tempera
tures. Although the influence of.stress is greatest at higher temperatures, it 
appears that other phenomena such as stress-affected precipitation ·may 
also be reflected in the density change data at temperatures .above 700°C. 
Until the factors which control stress-affected precipitation of intennetallics · 
and the subsequent acceleration of the microchemical evolution are fully 
understood, extrapolation of these data to compressive stress states is 
fraught with uncertainty. 
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