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as expected for such low strain rates.
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INTRODUCTION

1. It has been observed that higher strains are
achieved in materials stressed under Irradiation
than under comparable conditions out of reactor
(ref. 1). Irradiation creep results In large
strains at temperatures well below the thermal
creep regime. It is weakly temperature depen-
dent and often linearly strese dependent. This
linear stress dependence results in superplastic
or viBcoelastic behaviour (ref. 2). Expressing
true stress (o) as a function of true strain
rate (t) by

a = k im

defines the strain-rate sensitivity, m:
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The high values of m associated with irradiation
creep led Nichols to suggest superplastic behav-
iour in irradiation creep (ref. 3).

2. Bloom and Wolfer described an experiment to
•Jetermine fracture strains, in types 304 and 316
stainless steels to investigate this behaviour

(ref. 4 ) . They used swelling-induced force to
apply a uniaxial tensile stress to specimens.
Although they did not present evidence of super-
plastic flow, they observed that several speci-
mens that were predicted to fail in-reactor
based on postirradiation creep tests did not
fall. They concluded, therefore, that in-
reactor fracture strains are larger than frac-
ture strains resulting from tests out-of-reactor.
Strain in a fractured specimen was estimated to
be O.8Z at 550°C and the specimen failed inter-
granularly. It was concluded that superplastic
flow was interrupted by the onset of intergranu-
lar fracture.

3. The present experiment was designed to make
more precise measurements of in-reactor fracture
strains and to further study the mechanisms of
in-reactor fracture under conditions of low
strain rates.
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EXPERIMENT DESCRIPTION

4. The material chosen for the investigation
was 20%-cold-worked type 316 stainless steel of
the composition given in Table 1. The material
was swaged from rod with internediate annealing
ending with an anneal for 15 min at 1150°C fol-
lowed by swaging to a 20X reduction in area.

Table 1. Composition of Type 316 Stainless
Steels Used in Experiment <wt X)

Spedm

Cr
Co
Ni
Mn
Mo
SI

17
0

13
1
2
0

en

. 3

.011

.7

. 5 1

.26

.54

Driver

17.0
0.03

16.7
0.03
2 . 5
0.10

Specimen

C 0.056
Al <0.005
Nb <0.01
V 0.01
Cu <0.01
N 0.002
Fe bal

Driver

0.001
0.02
0.02

<0.001
0.02
0.004
b a l

5. The specimens were loaded by che method of
differential swelling. The specimens were
machined into a configuration similar to .9 bolt
(Fig. 1) and placed inside tubes of high-
swelling material. The high-swelling material
was a high-purity laboratory heat of type 316
stainless steel of composition also presented in
Table 1. This was the same material used by
Bloom and Wolfer. It was observed to have &
swelling threshold of about 0.5 * 10 2 6 n/m2 (E >
0.1 MeV) and a swelling rate 52/1O26 n/ra2 at
55O°C (ref. 5 ) . The specimen was designed with
the area of the driver tube eight times the
gauge area of the specimen. This would permit
minimal deformation in the driver but still
fulfill the constraints of irradiation space.

6. In order to achieve similar strain rates in
the specimens irradiated at different tempera-
tures, the gauge lengths were varied to accom-
modate the variation of swelling rate with
temperature. Table 2 lists the gauge lengths as
well as the nominal strain rates. The specimens
were of five types, as illustrated ia Fig. 2.
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Fig. 1. In-reactor fracture strain specimen in
driver tube.

FLUENCE

Fig. 2. Strain versus fluence to illustrate the
differences in types of specimens employed.

In types 1 and 2 specimens the specimen is
forced to strain after the low-swelling incuba-
tion fluence of the driver is exceeded. The dif-
ference between types 1 and 2 is the strain rate.
In types 3, 4, and 5 the specimen is not forced
to strain until a fluence of approximately 2«5
* 102f) n/m2 (£ > 0.1 MeV). Type 5 specimens con-
tain a machined notch with a root radius of about
0.03 ocn. Although these specimens were designed
to achieve lower end-of-life strains than types
1 and 4 specimens, some fractured due to the high
local stress field of the notches. The strain
rates of O.2X/102& n/m^ were achieved by using a
high-swelling driver only one-tenth as long with
the remaining material 202-cold-worked type 316
stainless steel. As with types 1 and 2 speci-
mens there is a difference in the forced strain

rate. Specimen types 1 and '• wpre expected to
achieve tha Bample end-of-lift strain.

7• The specimens were lrrealated in sodium in
the Experimental Breeder Rsr.ctor-Il (EBR-11) to
a fluence of 5.0 * 10 2 6 n/m2 (E > 0.1 MeV) (24
dpa)• The specimens were enclosed in sodium-
iilled capsules containing zirconium getterB.
The capsule that operated at 625°C was heat pipe
controlled, those at 550°C gaB gap controlled,
and those at 430°C were in thermal contact with
reactor coolant, but sealed. All capsules con-
tained thermal expansion temperature monitors
although the monitor in the 625°C capsule
failed.

8. Following irradiation, the lengths of the
specimens and the driver tubes were measured.
The elongations of the fractured specimens were
determined by measuring from matching identifi-
able features on the fracture surfaces to fidu-
cial marks on the shoulders. Scanning electron
microscope (SEM) fractography was then performed
on the fractured specimens. Following this
destructive examination, immersion densities of
driver tubes and specimens were determined.

RESULTS AND DISCUSSION

9. The results are summarised in Table 2.
Although the gauge lengths were adjusted to
achieve constant strain rates at all tem-
peratures, deviations from design temperature
and uncertainties in swelling rates resulted in
different strain rates. As can be seen from
comparing design strain ratee with actual strain
rates, the design values were approximately
achieved at 55Ot>C. Comparison of immersion den-
sity of driver tubes with driver tube lengths
indicates that despite the 8:1 ratio of driver
cross-sectional area to specimen cross section,
significant irradiation creep u.-"urred in the
tubes. Nevertheless, the stress in u»& ̂ pcci
mens resulted in irradiation creep in the speci-
mens and in some cases fracture. Significant
swelling waB observed in the specimens only at
550°C where it was subtracted from driver
swelling in the strain calculations. Although
data are very limited, an accelerating effect of

Table 2. RaBiilta of S e l l i n g and StrUn Keati

Sped- Irrad. Sped- tauge
aeo Tea?. «*n Length

Kuabet <*C) Type (sa)

is/i5«;
Rate

Ictual ( 1 0 - j 6 B"1:
Specimen rractut*

3
delay
delay
delay/notch

2
delay

dfllay/notch

1
dele*

).59
J.070

.1
.9
. 3

. 1 3

$
.6-*
.61*
.058
. 0 5

0.013
-0.095

0.018
0.16
0.077
O.OZB
l .oa
1.3
0.58
0.72
l.LS
0.69
0.46

-0.024

0.21
0.20

2.43
2.9b
0.35
1.87
1.70

7.17
0.47
2.93

0.29
2.37

'Calculated froa changa la length of drlwor. g a u g e d In dl»««ee3t>ly.
cTot*l capoiur* wa» Ti.496 tUd r«iuUlo,i in a Eluanca of 1 » JO26 n/a1 (E. > Q.I h i ) .



stress on swelling is apparent at 550°C. This
is apparent from the specimen swelling data
where the low strain rate {low stress) spec-
imens, type 2, has only half the swelling of
type 1, and the delayed stress specimens also
exhibit lower swelling than type 1 specimens. A
similar effect was observed by Bates ami Gilbert
in pressurized tubes (ref. 6 ) .

10. Seven specimens fractured in-reactor, none
at 430*0. At 550°C the specimen with a strain
rate of 2.0 * 10~9 s"1 (type 1) and the specimen
with twice this strain rate but with stress
delayed until a fluence of 2.6 * lO2^ n/m2 (type
4) both fractured with about 5% strain. Since
the driver continued to swell to an effective
specimen strain of about 8.5X, the fracture pro-
bably occurred at approximately 50Z of the irra-
diation or at a fluence of 3 " 10^6 n/m2 fOr the
type 1 specimen and 4 * 102^ n/m2 for the type 4
specimen. However, specimen 7, a twin to spec-
imen 6t failed to fracture even at a strain of
7.6X. Therefore the average fracture strain 1B
greater than 62. The lack of fracture in speci-
men 7 also might lead one to conclude that spec-
imen 6 fractured near the end of the irradiation.
At 625°C the two corresponding specimens frac-
tured with slightly greater than 12 elongation,
consistent vich resales of Fish at 650°C (ref.
11). Swelling measurements seem to indicate
that the type 1 specimen might have fractured
(at 1.7 * 102^ n/m2) before the type 4 specimen
initiated strain, but both fractured at approxi-
mately the same strain level despite different
fluences at the time of fracture. The specimens
that were notched failed at much lower strains,
O.74Z for 550°C and 0.0O2 for 625°C, but the
notched specimen at 430° C sustained 1.62 strain
without failure. This result is expected
because of the stress concentration at the notch
root. It is perhaps encouraging that a strsir
of almost 12 was achieved at 550°C despite such
adverse conditions.

II. All fractures were Intergranular as expected
for such a low strain rate at elevated tem-
peratures based on postirradiation data
(ref. 7). A larger grain size is evident at
625°C than at 550°C having sizes ASTM 4.5 and 6,
respectively. The recrystallization temperature
has been previously observed to fall between 550
and 625°C (ref. 8) for this neat of steel.
Details of the fracture curfaces may be seen
in Fig. 3. Here the grain boundary surfaces
appear to become more complex as the estimated
fluence prior to fracture increases. At 625°C
the grain boundaries of all these specimens
reveal precipitates. Specimen 20 shows a struc-
ture of micro-dimples, many of which contain
precipitates. Although corrosion cannot be
discounted, there is no evidence of such a sur-
face morphology on the lateral surfaces of the
specimens. The structure probably resulted from
creep cavities on the grain boundaries. At
550°C the increase in complexity as the esti-
mated fluence prior to fracture increases is
more dramatic. In specimen 22, which was
notched and probably fractured soon after stress
was applied at a calculated fluence of 2.2 *
10 2 6 n/m2, the grain boundaries are clean and
smooth. Evidence of slip bands with cross slip

550 C 625 C
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Fig. 3. Scanning electron micrographs of frac-
ture surfaces of specimens that failed under
irradiation. The arrow for specimen 6 indicates
a region of slip bands•

appears on specimen 6. However, specimen 14
which is estimated to have fractured near the
end of the irradiation shows prominent features
aligned with crystallographic planes. Since the
grain boundaries and even sjip bands are often
heavily decorated with carbide precipitation at
thes^ temperatures, the sheet features may be
continuous precipitates. However, since they
appear to be ductile, they could be a result of
Irradiation creep in contrast to the notched
specimen which was likely to have fractured
rapidly. Following nucleation of a crack on the
grain boundaries, a very high stress concentra-
tion arises at the crack tip. At strain rates
on the order of 10"^ s"1 the crack perhaps grows
sufficiently slowly to allow plastic flow along
the slip bands at the crack tip by irradiation
creep. This plastic flow, which might be nearly
superplastic on a microscopic level, could result
in the sheets of material along slip bands.

12. Figure 4 shows a compilation of creep rate
curves for the three temperatures of interest:
430, 550 and 625°C. The curves were plotted
from an equation for irradiation creep for a
similar heat of type 316 stainless steel given
by Puigh (ref. 9 ) . AIBO drawn on the same axes
is the specimen etrain rate Imposed by the swel-
ling of the driver. The creep curves which are



plots of £ f(o,$t) give the creep rate for a
given stress at a desired fluence or they give
th t e l l in th i f d t

plots of
given str__ __ _ _ „ w
the stress level In the specimen forced to
strain at a given rate (assumed constant) at a
desired fluence. Thus, the curves provide the
stress sustained In the specimens,

13. Since feu in-reactor stress rupture data
are available, data for unirradiated specimens
of another heat of type 316 stainless steel will
be used as a rough guide to understanding the
fracture behaviour (ref. 11). For 430°C speci-
men curves are plotted for types 1 and 4 speci-
mens. As can be seen from the intersections of
the type 1 curve with the constant stress curves,
maximum stress of about 500 MPa is reached Imme-
diately following the completion of transient
creep, and with increasing fluence the irradia-
tion creep rate increases reducing the stress in
the specimen. A stress level of 500 MPa is
significantly below the UTS for irradiated mate-
rials (ref. 11} as well as below the predicted
creep rupture stress for failure In 4.2 * 107 s,
the duration of the irradiated based on dat&
from unirradiated specimens (ref. 10)« The type
4 specimen attained a stress level about equal
to the creep rupture stress, but within the error
limits for survival.

14* For 550°C a similar plot is shown with
curves for types 1, 3, and 4 specimens. Here,
the type 1 specimen is predicted to reach a
stress level of 350 MPa and the type 4 specimen
a level of 450 MPa, The value of 350 MPa is
above the creep rupture stress and 450 MPa is
above the yield stress for 550"C. Therefore,
fracture is expected in the type 1 specimen (one
failed and one did not), and fracture is pre-
dicted in the type 4 specimen soon after appli-
cation of the stress. However, the completely
brittle intergranular nature of the fracture
with no apparent reduction in area shows that
the intergranular fracture mechanism intervened
before the yield stress was reached. The fact
that about 5Z strain was present supports the
theory that superplastic flow fno necking)
occurred until the intervention of the brittle
fracture. The type 3 specimen is predicted to
have reached a maximum stress level of 200 MPa,
and thus fracture was not expected on the basis
of postirradiation data, and fracture was not
observed.

i5. For 625°C. curves for types lf 3, and 4
specimens are again plotted. The type 1 speci-
men is predicted to have sustained a stress
level of Blightly greater than 100 MPa and the
type 4 specimen sustained a stress of about 130
MPa; both fractured. The type 3 specimen was
predicted to incur a maximum stress of less than
100 MPa and did not fracture. Although the spec-
imens with the highest predicted stresses failed
and those with the lowest die! not, the stresses
are too does to predict failure based on pre-
vious creep rupture data.

CONCLUSIONS

• The fracture strain clearly decreases with
increasing temperature in the range of

2 3
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Fig. 4. Dniaxlal irradiation creep rate as a
function of fluence for type 316 stainless steel
with specimen creep curves superimposed to pre-
dict specimen stress levels. Circled numbers
refer to specimen types.

550-625°C for a fluence of 5 * 10 2 6

n / m 2 ; it Is 6Z at 550°C and 12 at 625°C.
• The strain to fracture does not appe&r to be

a function of fluence or strain rate in the
range of 2-5 * 10 2 6 n/m2 but depends only
upon temperature.

• The presence of a notch reduces fracture
strain to <1Z at 550°C and -0 at 625°C, but
Is <1.6Z at 430°C.

• All fractures were Intergranular with some
evidence of ductility for a notched specimen
at 550°C where fractu-•* probably occurred
rapidly and at a low fluence.
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