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Irradiation creep constitutive equations, which were developed in Part I, are used here to analyze in-reac-
tor creep and swelling data obtained ca. 1977-1979 as part of the US breeder reactor program. The equa-
tions were developed according to the principles of incremental continuum plasticity for the purpose of
analyzing data obtained from a novel irradiation experiment that was conducted, in part, using Type 304
stainless steel that had been previously irradiated to significant levels of void swelling. Analyses of these
data support an earlier observation that all stress states, whether tensile, compressive, shear or mixed,
can affect both void swelling and interactions between irradiation creep and swelling. The data were
obtained using a set of five unique multiaxial creep-test specimens that were designed and used for
the first time in this study. The data analyses demonstrate that the constitutive equations derived in Part
[ provide an excellent phenomenological representation of the interactive creep and swelling phenom-
ena. These equations provide nuclear power reactor designers and analysts with a first-of-its-kind struc-
tural analysis tool for evaluating irradiation damage-dependent distortion of complex structural

components having gradients in neutron damage rate, temperature and stress state.

Published by Elsevier B.V.

1. Introduction

An in-reactor multiaxial creep experiment was conducted ca.
1977-1979 in the Experimental Breeder Reactor (EBR-II) as part
of the US breeder reactor development program [1]. Results of this
“stress state” experiment, which was conducted in part using Type
304 stainless steel that had been previously irradiated to signifi-
cant levels of void swelling, were summarized by Garner [2] in a
review of the irradiation performance of fast reactor cladding and
structural metals. However, details were not reported in the open
literature due to reductions in funding and eventual cancellation of
the US breeder reactor program. The data are reported and ana-
lyzed here using constitutive equations developed in a companion
paper [3], which hereafter is called Part 1.

Early results of the stress state experiment showed for the first
time that any stress state, whether tensile, compressive, pure shear
or a mixed stress state, may affect swelling. These results increased
understanding of stress-affected swelling and the interaction of
swelling with irradiation creep. As reviewed by Garner [2], a few
early experiments were conducted using springs, beams and tensile
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specimens, but most stress effects experiments were conducted
using pressurized tubes. The majority of these experiments showed
that, providing the yield stress was not exceeded in-reactor,
increasing stress levels progressively increased swelling, with later
results demonstrating that the enhancement of swelling occurred
primarily by shortening the duration of the transient regime.

Even though these experiments were conducted using speci-
mens having both deviatoric and hydrostatic components of stress,
it has been the practice to correlate stress-affected swelling for all
stress states using empirical correlations that involved only the
hydrostatic component of the stress state. Not only was the devia-
toric component assumed to have no influence on swelling but
such correlations predicted that compressive stresses would al-
ways produce lower swelling. These two rather significant conclu-
sions were not examined experimentally until the late 1970s.

A deviatoric stress effect on swelling earlier had been predicted
as a potential but small effect based on fundamental modeling of
irradiation creep and swelling [4]. More recent irradiation creep
modeling [5] also predicts that deviatoric stress may affect swell-
ing and two additional experimental studies [6,7] reportedly have
shown a deviatoric stress effect.

Constitutive equations capable of describing such effects were
first proposed in 1979 by Hall [8]. Hall’s early equations predicted
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that the deviatoric and stress-affected swelling components each
are functions of both deviatoric and hydrostatic components of
stress, but only for non-linear creep and a mixed stress state hav-
ing both deviatoric and hydrostatic stress components. These
equations have been modified and extended in Part I so that
stress-affected swelling may be a function of deviatoric stress for
linear creep and in the absence of a hydrostatic component.

2. Multiaxial strain rate equations

Constitutive creep equations are derived in Part I by assuming
an associated flow rule [9] for which the equivalent stress, o,
may serve as a plastic strain rate potential. Hall’s original equiva-
lent stress expression, which is a function of von Mises’ invariant
of the deviatoric stress, ,y, and the hydrostatic stress invariant,
oy, was modified to include a term that couples these invariants.
The resulting equation is

o = {% (1+v,) [1 341 - 2vp)ﬁ] o,
OMm

+301 —2vp){1 +§A(1 +vp)o;ﬂai,}7, (1)

where v, is the plastic Poisson’s ratio and 1 is the stress invariant
coupling coefficient. One result of adopting this equation is that
the stress invariants are no longer independent stress variables
as the contribution of each to ¢, now depends on the magnitude
of the other.

Plastic strain increment rates are obtained by partial differenti-
ation of o, with respect to stress. The deviatoric creep rate compo-
nents, & (i=1,2,3), are given by €& = £&.00./90; and the stress-
affected swelling (volumetric creep) rate, S, is given by
Sy = €000, /0oy, where & is the equivalent strain rate,
o} (i=1,2,3) are the deviatoric stress components and oy is the
hydrostatic stress. Note that the terms “stress-affected swelling”
and “volumetric creep” are used here interchangeably depending
on the context and desired emphasis. As discussed in Part I, the
effective strain rate is taken to be & = &,(0./0,)" where n is the
stress exponent, &, is in principle any convenient reference strain
rate and o, is a reference stress. For the case of swelling-indepen-
dent creep, &, is related to the swelling-independent creep compli-
ance, B,, by B, = 3¢,/20,. For swelling-dependent creep, &, is taken
as equal to the stress-free swelling rate, S,, and the creep-swelling
coupling coefficient, D, is given by D = (1 + v,)/a,. By choosing for
this case &, = S,, deviatoric creep and swelling are strain-rate cou-
pled phenomenologically, consistent with observations of “swell-
ing-enhanced creep” [2]. Then the deviatoric and volumetric
strain rate components are, respectively,
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These equations show that, for all values n and as long as
—1 < v, <1/2 and 1 > 0, the deviatoric creep rate is a function of
both the hydrostatic stress and the deviatoric stress and that the
volumetric creep rate is a function of both the von Mises invariant
of the deviatoric stress and the hydrostatic stress. Note that both ¢’
and S, are asymmetric in stress, meaning that strain rates in ten-
sion are larger than rates in compression. The stress invariant cou-

pling parameter, 2, and v, together determine the magnitude of the
strain-rate coupling effect and the degree of asymmetry in stress
dependency.

3. Experimental
3.1. Materials

Non-irradiated and previously irradiated annealed Type 304L
stainless steel tubing sections having a nominal outer diameter
of 7.63 mm, a nominal wall thickness of 0.51 mm and having the
chemical composition shown in Table 1, were used in the manufac-
ture of a set of five novel creep specimens, each providing a differ-
ent stress state. Sections of non-irradiated and previously
irradiation tubing also were produced for re-irradiation as stress-
free swelling specimens.

Previously irradiated tubing was sectioned from capsules that
had been used to encapsulate stainless steel-clad EBR-II fuel pins
that were sodium-bonded and sealed in the Type 304L stainless
steel capsules. The tubing sections selected for re-irradiation had
been irradiated without applied stress at temperatures between
447 °C and 492 °C to initial fast neutron doses of 6.2-31.5 dpa.
Twenty-seven stress-free controls and 29 stressed specimens were
irradiated to higher fluence. The original irradiation plan for this
experiment was for three re-irradiation cycles consisting of irradi-
ation, extraction, measurement and reconstitution into a new irra-
diation vehicle. Unfortunately, decreases in funding allowed only
one of these cycles to be completed.

3.2. Irradiation test vehicle

Test specimens were irradiated in Row 7 of EBR-II during reac-
tor power runs 93A through 95H using a He gas-gapped, double-
wall, hollow cylindrical test vehicle, shown schematically in
Fig. 1. Five cylindrical specimen holders (tier cups) were stacked
inside the irradiation test space, each holder having an inner diam-
eter of 3.81 cm and a height of 7.62 cm. The test vehicle was con-
tained within an outer hexagonal duct that guided the primary
sodium coolant over the test vehicle outer wall. Thermal design
[10] of the assembly called for heating the 371 °C inlet sodium to
a maximum temperature of 510 °C, which, at the time the experi-
ment was devised, was thought to be the peak swelling tempera-
ture of Type 304 stainless steel in the EBR-II fast neutron flux
spectrum. The axial and radial distributions of irradiation temper-
ature and neutron dose for three axial traces are shown in Figs. 2a
and 2b. Note that the temperature peaks just above the mid-plane
even though the coolant temperature rises with increasing height,
reflecting primarily the higher gamma heating rate at mid-plane.
The curves identified as “+0.65” and “—0.65" represent data ob-
tained for test vehicle positions that, relative to the test vehicle
centerline, are respectively 0.65 in. (1.65 cm) closer to and farther
from the reactor core centerline. The curves marked as 0 represent
data obtained for locations on the longitudinal axis of the test
vehicle.

As shown in Fig. 2a, the measured temperature at the inlet to
the irradiation test space was about 490 °C, which is comparable
to the maximum irradiation temperature of the irradiated capsule
material used to manufacture test specimens. The temperature
rises to a maximum of about 560 °C at the axial mid-plane. Also

Table 1

Chemical composition of test specimens, wt.%.

Mn P S Si Ni Cr Ti Cu Mo Co C
1.66 0.016 0014 059 106 183 <0.01 - 002 - 0.03
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Fig. 1. Irradiation test vehicle. Elevated test temperatures were obtained using a
helium gas-gapped double-wall insulated cylindrical specimen container to restrict
loss of gamma heat.

Temperature, °C

Axial Position, in.

Fig. 2a. Axial and radial distributions of temperature within the irradiation test
vehicle. Curves marked +0.65, 0, —0.65 represent temperatures at radial positions
relative to the reactor core centerline.

shown in this figure is the radial temperature variation, which at
the top of the irradiation test space was ~11 °C measured over
the 3.3 cm distance from specimens closest to and most distant
from the reactor core centerline. As shown in Fig. 2b, the measured
axial distribution of neutron dose accumulated during the irradia-
tion was from ~4.3 dpa at the bottom of the test space to a peak of
about 6.6 dpa at the axial mid-plane. The radial damage variation
was ~0.54 dpa or less over the 3.3 cm inner to outer specimen
distance.

3.3. Test specimens

Special arrangements of bellows and tubing were used to man-
ufacture the six stress state test specimens shown schematically in

Neutron Dose, dpa

Axial Position, in.

Fig. 2b. Axial and radial distributions of irradiation damage within the irradiation
test vehicle. Curves marked +0.65, 0, —0.65 represent neutron dose at radial
positions relative to the reactor core centerline.

Fig. 3. Test specimen design [11] and methods used in the fabrica-
tion and pressurization of these test specimens [12] have been re-
ported previously. Five unique test specimen types were designed
to attain three uniaxial and three biaxial stress states using inter-
nal pressurization and axial force loading of cylindrical tubing.
Stress-free tubing sections were placed throughout the test vehicle
to measure stress-free swelling for comparison to swelling of the
stressed specimens. Longitudinal cross sectional views of these
specimens are provided in Fig. 3. Uniaxial stress states include uni-
axial compression aligned along the tubing length (0/—1), Fig. 3a,
and uniaxial tension aligned either along the tubing length (0/1),
Fig. 3b, or circumference (1/0), Fig. 3c. Biaxial stress states include
circumferential-to-axial stress ratios of two-to-one (2/1), Fig. 3d,
one-to-one (1/1), Fig. 3b, and one-to-minus-one (1/—1), Fig. 3e.

Table 2 lists the magnitudes of the test specimen stresses per
unit internal pressure based on specimen and bellows dimensions.
Effective applied stresses were in the range of 44 MPa to a maxi-
mum of about 180 MPa. No corrections were made for bellows
stiffness as bellows were chosen to have low stiffness and irradia-
tion creep relaxation of bellows walls was expected to further re-
duce the effective stiffness of each bellows. Non-irradiated
prototypes of each specimen design were pressure and thermal
creep tested ex-reactor to determine the pressure limits to ensure
linear bellows behavior and to determine the capability of produc-
ing rational, multiaxial thermal-creep data.

3.4. Measurements

Neutron dose was determined post-test using neutron activa-
tion analyses of encapsulated fissile and non-fissile dosimeter
materials. Dosimetry calculations were reported with an accuracy
of about +7%. Post-test immersion density measurements of Pas-
sive Thermal Expansion Difference temperature monitors, having
an estimated accuracy of +3 °C [13], were used to obtain tempera-
ture distributions with the irradiation test vehicle.

Swelling strain increments were determined for stress-free and
stressed specimens from pre- and post-re-irradiation measure-
ments of immersion density. Creep strain increments were deter-
mined for stressed specimens from pre- and post-re-irradiation
measurements of tubing diameters and lengths. Multiple immer-
sion density measurements of a non-irradiated Type 304 stainless
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Fig. 3. Longitudinal cross sections of irradiation creep specimens. (a) 0/—1 longitudinal compression, (b) 0/—1 longitudinal and 1/1 biaxial tension, (c) 1/0 circumferential

tension, (d) 2/1 biaxial tension and (e) 1/—1 shear.

Table 2

Stress magnitudes®/unit pressure.
Stress state®  &,/p ay/p az/p aH/p Gom/D OH/Oum
0/1 0 0 10.41 3470 10.410 0.33
0/-1 0 0 -10.41 -3.470 10410 -033
1/0 -05 6.865 0.297 2.221 7.001 0.32
2/1 -0.5 6.865 3.4325 3.266 6.383 0.51
1/-1 -05 6.865 -6.977 -0.204 11996 -0.02
171 -05 6.865 6.659 4.341 7.264 0.60

¢ Mid-wall stress.
b Nominal ratio of circumferential to longitudinal stresses.

steel standard, having a nominal density of 7.8977 gm/cc, pro-
duced a two sigma variation of 0.0028 gm/cc, 0.035% of the nomi-
nal density. The pre-irradiated specimens were found to have
somewhat larger diametral variation due to interaction with the
wire wraps that separated the cladding and capsule. The typical
variation of diameters measured every 20° at each of four axial
positions was 0.072 mm, 0.94% of each local average, while the ax-
ial variation in the local average diameters was typically
0.0063 mm, 0.082% of the axial average. Length measurements
were made using prepositioned micro hardness indentions. Multi-
ple length measurements of a standard specimen having a nominal
standard length of 1.35cm, showed a two sigma variation of
0.00077 cm, 0.057% of the nominal length, and a data range of
0.00135 cm, 0.10% of the nominal length.

Typical two sigma variations in strain measured on irradiated
test specimens are 0.016 diametral strain, 0.00081 length strain
and 0.00049 swelling strain. For comparison, the maximum mea-
sured strains were 0.013 diametral strain, 0.012 length strain and
0.029 swelling strain. Based on these comparisons, considerable
data scatter is expected for data correlations derived from diame-
tral strains while somewhat less scatter can be expected for data
correlations involving length and swelling strains only.

4. Results
4.1. Stress-free swelling

Pre- and post-test strains and rates for the stress-free speci-
mens are provided in Table 3. Fig. 4 shows stress-free swelling
strains derived from these data plotted versus neutron dose for
each of the 27 stress-free control specimens in the initial irradia-
tion condition. These specimens each were irradiated initially
within one of three relatively narrow temperature ranges, 445-
456 °C, 470-475 °C and 486-492 °C. Information regarding dose
rates associated with each of these temperature ranges is no longer
available. However, it is likely that a range of dose rates are asso-
ciated with each temperature range. At the time the stress state
experiment was designed the practice was to treat dose as the irra-
diation damage variable and to select specimens based on an
assumption that there was but a small effect of dose rate on irradi-
ation creep and swelling for the range of dose rates associated with
the stress state experiment.

A test objective served by Fig. 4 was to select test materials hav-
ing an irradiation history that would not obscure interpretation of
the re-irradiation test results. For example, examination of Fig. 4
shows that any apparent effect of temperature in the temperature
range 445-492 °C is small so that the data set can be considered
internally independent of temperature history. Furthermore, the
stress-free swelling rate (slope of the linear curve drawn through
the data) can be considered nearly constant and independent of
dose for a neutron dose greater than an “incubation” or “transient”
dose [14] of about 13.5 dpa (~3 x 10*2 n/cm?, E > 0.1 MeV).

Note that the “steady-state” swelling rate for a dose above
13.5 dpa is only about one-half of the 1%/dpa steady-state swelling
rate found to be characteristic of all 300 series stainless steels over
a temperature range that includes the range of irradiation and re-
irradiation temperatures in this test [2]. The 1%/dpa rate has also
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Table 3
Stress-free specimens: pre- and post-re-irradiation swelling strains and rates.
ID Location Dose rate Initial dose A dpa Initial T Final T Initial swelling strain Final swelling strain AS,/A dpa
axial-radial (107 dpa/s) (dpa) (°C) (°C) (10-3/dpa)
High dose specimens
11 -7.13 0.65 2.29 284 3.76 454 489 0.0716 0.0909 4.793
118 -7.13 0.00 2.46 29.1 4.03 492 501 0.0823 0.1077 5.825
114 —-7.13 0.39 2.56 31.7 4.19 472 500 0.0932 0.1185 5.536
117 —6.38 0.00 2.75 33.1 4.50 470 514 0.0939 0.1149 4.261
18 —6.38 0.39 2.84 19.8 4.66 473 513 0.0308 0.0488 3.749
110 —5.63 0.39 3.10 319 5.09 445 524 0.0802 0.0909 1.934
112 —4.13 0.00 3.42 22.0 5.61 489 543 0.0417 0.0601 3.152
15 —3.38 0.00 3.58 21.1 5.87 475 549 0.0387 0.0570 3.000
12 —2.63 0.65 3.87 22.2 6.35 474 548 0.0601 0.0754 2.268
111 —-1.13 0.65 4.03 26.1 6.62 473 555 0.0681 0.0851 2.396
17 —0.38 0.00 3.90 254 6.40 454 561 0.0520 0.0573 0.782
14 0.38 0.00 3.90 27.0 6.40 456 562 0.0630 0.0701 1.054
19 1.88 0.00 3.81 16.3 6.24 488 560 0.0120 0.0201 1.289
13 3.38 0.65 3.75 18.4 6.14 486 551 0.0160 0.0282 1.954
116 4.88 0.65 3.39 341 5.56 447 546 0.0852 0.0925 1.214
113 5.63 0.65 3.17 338 5.19 451 543 0.0899 0.0981 1.446
16 6.38 0.00 2.75 17.5 4.50 487 546 0.0162 0.0276 2.503
115 6.38 0.00 2.75 275 4.50 491 546 0.0752 0.0968 4.448
Low dose and initially non-irradiated specimens
119 —3.38 0.65 3.75 8.2 6.14 472 544 0.0064 0.0153 1.436
120 2.68 0.00 3.70 7.0 6.07 490 559 0.0028 0.0071 0.706
121 1.88 0.65 3.97 7.4 6.51 473 555 0.0046 0.0086 0.614
122 —0.38 0.65 4.07 6.3 6.67 490 556 0.0018 0.0054 0.527
123 6.38 0.00 2.75 0.0 4.50 NA 546 0.0000 0.0011 0.262
124 2.63 0.65 3.87 0.0 6.35 NA 553 0.0000 0.0022 0.244
125 -7.13 0.39 2.56 0.0 4.19 NA 500 0.0000 0.0024 0.548
126 —4.13 0.00 3.42 0.0 5.61 NA 543 0.0000 0.0016 0.206
127 -1.13 0.00 3.87 0.0 6.35 NA 560 0.0000 0.0015 0.262
/
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Fig. 4. Initial swelling strains measured for Type 304 stainless steel stress-free
control specimens which were irradiated in the temperature range 445-492 °C. A
derived quasi-steady-state swelling rate of ~0.5%/dpa indicates either that antic-
ipated steady-state swelling rate of 1%/dpa has not been attained or has been
obscured by dpa rate variations in the data.

been shown to be characteristic of 304 stainless steel, although the
transient regime is somewhat more curvilinear in this easily swell-
ing steel, compared to more swelling-resistant steels [15,16].

It may be that the irradiated specimens having damage levels
greater than 13.5 dpa have not yet achieved steady-state swelling
as it has been demonstrated recently that dose rate variations
within a data set potentially characteristic of this experiment will

Fig. 5. Re-irradiation swelling rate for stress-free specimens re-irradiated at higher
temperatures and at multiple elevations in the irradiation test vehicle. Shown for
comparison is the predicted swelling rate for specimens not subject to a
temperature change.

produce the appearance of a lower steady-state swelling rate due
to progressive shortening of the transient regime at lower dpa
rates [17-19]. However, for the relatively small re-irradiation dose
increments in this test, it may be assumed that a quasi-steady-
state has been attained. Normalization of re-irradiation swelling
strain increments by the re-irradiation neutron dose increment
will then give instantaneous swelling rates that are relatively
independent of dose increment. Data obtained from specimens
having an initial irradiation dose of less than 13.5 dpa were not
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analyzed for stress state effects as there was insufficient additional
swelling strain to provide reliable measurements of strain
increments.

Increments in stress-free swelling, AS,, were divided by the
increments in neutron dose, A dpa, and plotted versus axial posi-
tion in the irradiation test vehicle, Fig. 5. Shown for comparison
is the predicted axial distribution of swelling rates for capsule
material irradiated without temperature change [14,20]. Compari-
son with the re-irradiation swelling data clearly shows that there is
an effect of reirradiating specimens at a temperature above the ini-
tial irradiation temperature. Fig. 6 shows that there is a linear de-
crease in the swelling rate of about an order of magnitude as the
temperature change increases from 10 °C to 110 °C. Note that, as
only one of three originally planned re-irradiation cycles was con-
ducted, neutron dose and dose rate effects are not easily separable.
Moreover, as shown in Fig. 7, the effects of neutron dose and tem-
perature cannot be separated easily as neutron flux and irradiation
temperature are axial co-variables below the test vehicle center-
line and deviating significantly only at the uppermost elevations
above the centerline.

Fig. 6 shows that there is reasonably good correlation (R? = 0.87)
of stress-free re-irradiation swelling rate with temperature change
(re-irradiation temperature minus original irradiation tempera-
ture). Other correlations that were attempted, but showed less cor-
relation, include swelling rate with dose increment (R? = 0.64), re-
irradiation temperature (R®>=0.68) and initial swelling strain
(R?>=0.11). However, as the swelling strain rate derived from the
data in Fig. 4 likely has not attained steady-state, the swelling rate
should retain some dependence on the instantaneous swelling
strain. To test this possibility, while accepting the apparent strong
dependence on temperature change, the data were fit to an empir-
ical correlation equation having the form

AS,/A dpa = (a, + a;AT)S,. (4)

A better fit of the data is attained (R? = 0.95) using this correla-
tion, as shown in Fig. 8. The swelling exponent of n = 0.25 indicates,
as expected, that there is a weak dependence of the swelling rate
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Fig. 6. Re-irradiation swelling rate for stress-free specimens as a function of
temperature change. A decrease in swelling rate with increasing change in
temperature is clearly observed.
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Fig. 7. Correlation between re-irradiation temperature and irradiation damage rate
within the irradiation test vehicle. Effects of temperature and damage rate cannot
be separated as irradiation temperature and damage rate are co-variables for all
elevations except the top most locations.
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Fig. 8. Re-irradiation swelling rate, calculated using Eq. (4), versus the measured
re-irradiation swelling rate. The re-irradiation swelling rate is an apparent function
of the temperature increase, and to a lesser extent, the initial swelling strain.

on the initial swelling strain for these higher fluence specimens.
Eq. (4) was used to calculate the stress-free swelling expected for
each of the stressed specimens.

4.2. Stress-affected swelling

Pre-test and re-irradiation specimen conditions for the stressed
specimens are provided in Table 4. Pre- and post-test swelling,
length and diametral strains for these specimens are provided in
Table 5. Of the eighteen stressed specimens having an initial dose
of greater than 13.5 dpa, four specimens developed leaks, thus
losing pressure at some undefined time during the irradiation



Table 4

Stressed specimens: pre- and re-irradiation specimen conditions.
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Type ID  Location Dose rate Initial dose (dpa) A dpa Initial T (°C) Final T (°C) P(T) (MPa) von Mises stress (MPa) Hydro-static stress (MPa)
axial-radial (1077 dpa/s)

High dose specimens

1/-1 21 7 -03 243 26.1 399 459 535.5 12.28 147.3 —2.50

1/-1 22 -2 00 3.79 225 622 486 551.7 4.44 53.3 -0.91

1/-1 23 4 -03 337 20.0 553 489 546.6 4.42 53.0 -0.90

2/1 31 4 00 345 23.3 566 475 549.2 9.41 60.1 30.74

2/1 32 -6 00 288 21.1 472 438 514.7 17.83 113.8 58.24

0/1 42 -2 03 3.87 226 634 489 554.4 5.48 57.0 19.00

0/1 43 2 03 3.87 19.0 634 490 557.5 5.50 57.2 19.07

1/0 62 -4 00 345 293 566 460 538.5 21.20 148.4 47.08

0/-1 51 5 -03 3.12 30.2 511 490 542.9 14.63 152.3 -50.76

0/-1 52 4 -03 337 28.0 553 463 546.6 5.42 56.5 -18.82

0/-1 53 -4 -03 337 23.7 553 497 535.9 5.35 55.7 —18.57

0/-1 55 -5 -03 3.12 25.1 511 490 525.4 10.40 108.3 —36.09

11 71 5 03 327 33.6 536 455 548.3 12.00 87.1 52.08

11 72 -4 03 353 30.7 578 481 541.2 6.05 439 26.27

21 36 7 -06 236 21.4 386 453 532.8 24.29 155.0 79.32

21 38 7 03 258 27.0 424 465 540.9 17.58 112.2 57.40

10 617 5 00 3.19 32.8 524 470 545.6 21.39 149.7 47.49

01 41* 5 03 327 248 536 465 548.3 14.72 153.3 51.09

Low dose and initially non-irradiated specimens

0/-1 24 4 03 353 7.4 578 480 551.9 8.91 64.7 38.67

2/1 34 -2 -03 372 6.7 6.09 480 549.0 24.62 178.9 106.90

0/-1 25 1 -03 380 0.0 623  NAP 553.6 8.93 64.8 38.75

0/-1 26 -5 03 327 0.0 536 NA 530.7 8.68 63.0 37.68

2/1 35 1 -06 373 0.0 611 NA 550.9 18.65 135.5 80.98

01 44° 1 03 3.95 0.0 648 NA 558.9 10.84 78.7 47.05

0/-1 54 1 -03 3.80 0.0 623 NA 553.6 10.77 78.2 46.75

1/0 63 1 00 388 0.0 636 NA 556.2 15.69 114.0 68.13

1/1 73 -1 03 3.95 0.0 648 NA 557.6 12.13 88.1 52.67

@ Leaker.

b Not applicable.

Table 5
Stressed specimens: swelling, length and diametral strain increments.

Type ID Initial swelling strain Final swelling strain AL/L AD/D AS/Adpa ASs/AS, Ae; /AS, Aep, /AS,
High dose specimens

1/-1 21 0.0683 0.0793 —-0.00153 0.00822 0.00275 0.3717 —0.6484 0.5701
1/-1 22 0.0479 0.0650 0.00332 0.00800 0.00275 0.0805 —0.1541 0.1479
1/-1 23 0.0290 0.0454 0.00382 0.00699 0.00296 0.1644 ~0.1141 0.1070
2/1 31 0.0468 0.0634 0.00555 0.00741 0.00294 0.4623 0.0001 0.1637
2/1 32 0.0393 0.0593 0.00690 0.01001 0.00425 1.4693 0.0263 0.4094
0/1 42 0.0488 0.0716 0.01074 0.00411 0.00360 0.3861 0.1900 —0.2125
0/1 43 0.0272 0.0447 0.00937 0.00335 0.00276 0.2852 0.2600 —0.1823
1/0 62 0.0863 0.1155 0.00796 0.02118 0.00517 1.4688 —0.15101 0.9640
0/-1 51 0.0829 0.0882 —0.01068 0.00352 0.00102 —0.7096 —0.6892 0.0986
0/-1 52 0.0787 0.0874 0.00073 0.00319 0.00157 —0.1044 -0.2233 0.0303
0/-1 53 0.0557 0.0769 0.00296 0.00595 0.00384 -0.0271 -0.1888 —0.0515
0/-1 55 0.0716 0.0891 —0.00218 0.00000 0.00344 -0.2027 -0.2197 —0.1210
1/1 71 0.0921 0.1079 0.00851 0.00601 0.00295 1.2682 0.4499 0.1032
11 72 0.0908 0.1172 0.00768 0.00965 0.00457 0.4005 —0.0596 0.0446
2/1 36° 0.0447 0.0544 0.02699 0.00399 0.00253 0.5261 4.23993 0.1147
2/1 38? 0.0894 0.0990 0.00248 0.00431 0.00228 0.0549 —0.0115 0.1187
1/0 61° 0.0939 0.1080 0.00582 0.00503 0.00271 0.2030 ~0.1352 0.0256
0/1 412 0.0566 0.0708 0.00864 0.00822 0.00264 0.6435 NA —0.3706
Lose dose and initially non-irradiated specimens

0/-1 24 0.0039 0.0104 —0.00086 0.00366 0.00112 B b B

2/1 34 0.0034 0.0092 0.00227 0.00456 0.00094 D D B

0/-1 25 0.0000 0.0015 0.00026 0.00076 0.00020 D D B

0/-1 26 0.0000 0.0024 = 0.00221 0.00045 D B B

2/1 35 0.0000 0.0023 0.00089 0.00186 0.00040 B B O

0/1 442 0.0000 0.0024 0.00201 —0.00066 0.00034 D D B

0/-1 54 0.0000 0.0016 —0.00101 0.00028 0.00029 D B B

1/0 63 0.0000 0.0030 0.00034 —0.00003 0.00045 B b D

11 73 0.0000 0.0020 0.00059 0.00062 0.00032 D D B

@ Leaker.

b Length, diameter and stress-free density changes too small to compute meaningful strain increments.

period and consequently these specimens are not used in the data

analysis. Data obtained on these latter specimens are included in

Table 5 but are segregated in a separate section of the table.

Fig. 9a shows swelling rates for stressed specimens compared to

unstressed specimens plotted versus elevation within the irradia-

tion test space. These data show that in most cases the stressed
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specimen swelling rates exceed the stress-free swelling rates.
Fig. 9b provides a better comparison by showing measured swell-
ing rate increments for surviving stressed specimens plotted ver-
sus calculated stress-free swelling rate increments, Eq. (4),
corresponding to each of the stressed specimens. This figure shows
that measured swelling increments obtained on stressed speci-
mens were less than calculated stress-free swelling increments
for only four specimens while for all others measured swelling
increments were greater than corresponding stress-free swelling
values. The four specimens showing a negative stress effect on
swelling are all uniaxial compression specimens designated as 0/
—1. These are the only test specimens that had a compressive
hydrostatic stress component. For all other stress states, including

Constant T

N
<
=
!/)Q
< A0/0
e 0.002 -
*2/1
A 1/0, 01
0.001 A
® 0/-1
X 11 1
0000

8-76-5-4-3-2-10123452©67 8
Axial Position, in.
Fig. 9a. Swelling rates observed for both stress-free and stressed specimens as a

function of axial position in the test vehicle. Solid symbols denote stressed
specimens and open symbols denote unstressed specimens.
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Fig. 9b. Swelling rate observed for stressed specimens versus swelling rate
predicted for stress-free specimens. Symbols above the dashed line indicate that
the applied stress increased the swelling rate while those below the line indicate
that stress reduced the swelling rate.

the pure shear stress state, (1/—1), swelling rate increased relative
to the stress-free specimens. Of the four compression test speci-
mens, the lower stressed specimens had a small negative effect
on swelling while the two more highly stressed specimens had lar-
ger negative swelling rates.

Figs. 10 and 11 show normalized stress-affected swelling plot-
ted, respectively, as a function of the hydrostatic and von Mises
invariants of stress. The curves in these figures represent fits of
the data to Eq. (3) for constant ratios of the hydrostatic and von
Mises invariants of each stress state. Data obtained using the biax-
ial 1/—1 pure shear specimens, shown in Fig. 10, confirm that there
is a deviatoric stress effect in the absence of a hydrostatic stress
component. Fig. 11 emphasizes this result by showing that volu-
metric strain rate can be correlated with deviatoric stress for all
stress states tested. Data obtained using the uniaxial 0/—1 and 0/
1 specimens show that the effect of both hydrostatic and deviatoric
stress is asymmetric, meaning that strain rates in tension are great-
er in magnitude than the negative strain rates in compression. Fit-
ting the stress-affected swelling data to Eq. (3), and using Eq. (1),
gives best-fit values for the equation parameters: n=1.66,
vp, =0.095, 7 =0.180 and g, = 127.9 MPa. Results of the regres-
sion analysis, Fig. 12, show that the fit is excellent as R? = 0.99.

4.3. Deviatoric creep

Fig. 13 shows the length and diametral increments in deviatoric
creep strain, normalized by the calculated stress-free swelling
strain increment and plotted as a function of the deviatoric stress
component. As expected, the diametral deviatoric strain shows
considerable scatter due to the previously mentioned greater
uncertainty inherent in the measurements of diameter. The curves
in this figure were drawn using Eqs. (1) and (2) and using the best-
fit parameters that were determined by fitting the volumetric
strain increment data. Note that in using Eq. (2) for this purpose,
the swelling-independent creep coefficient, B,, was set equal to
zero as the specimens needed to obtain estimates of B,, that is,
those having initial zero or low fluences did not provide measur-
able length and diameter strains for the one irradiation period that
was conducted. As shown in Fig. 14, the fit to the length strain data

45
A 1/0, 0/1

w1/

%14 1.0 1
& 2/1

e 0/-1

ASs/AS,

=5
Oy, MPa

Fig. 10. Normalized stress-affected swelling versus hydrostatic stress. Measurable
swelling for the 1/—1 shear stress state specimens shows that deviatoric stress may
affect swelling in the absence of a hydrostatic stress component. Curves represent
calculations using Eq. (3).
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Fig. 11. Normalized stress-affected swelling versus the von Mises invariant of
deviatoric stress. When plotted versus the von Mises invariant all the data can be
compared to predictions of the constitutive equations. Curves represent calcula-
tions using Eq. (3) and the stress ratios found in Table 2.
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Fig. 12. Normalized stress-affected swelling rate calculated using Eq. (3) versus the
measured normalized values of stress-affected swelling. The excellent correlation
between calculated and measured rates indicates very consistent data and strongly
validates the derived constitutive equations.

is reasonable, having an R? of 0.87. However, as expected, the fit to
the diametral data is not quite as good, having an R? of 0.81.

5. Discussion

Our ability to isolate and quantify the effects of stress state on
irradiation creep and swelling potentially is confounded by the
apparent temperature history effect seen in Figs. 5 and 6. This sit-
uation is complicated further by coupling of temperature and dose
rate effects by the re-irradiation test vehicle design. The observed
effect of an increase in temperature on stress-free swelling rate
is an unexpected result and is not understood within context of
the current understanding of irradiation creep and swelling. Phe-
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Fig. 13. Normalized deviatoric creep rate versus deviatoric stress. Curves represent
calculations using Eq. (2) and the best-fit parameters obtained by fitting the stress-
affected swelling data to Eq. (3).
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Fig. 14. Normalized deviatoric creep rate calculated using Eq. (2) versus the
measured normalized values of the deviatoric creep rate. Larger measurement
uncertainties in length and diametral strains account for the somewhat inferior
correlations, R?, of these data.

nomenological evidence for the effects of temperature history on
swelling has been summarized by Garner [2], who finds the phe-
nomena to be complex, depending strongly on alloy composition
and starting condition, the nature of the microchemical evolution
that precedes and accompanies swelling, and depending on
whether the steady-state swelling rate was reached prior to the
temperature change. The situation is as equally complicated theo-
retically as conventional rate theory models of void nucleation and
growth are not directly relevant to the swelling-before-creep data
obtained in this experiment.

The analysis method used here to isolate stress state effects is to
normalize both deviatoric creep and stress-affected swelling (vol-
umetric creep) components by the stress-free swelling rate. The
assumption implied by this method is that these creep components
are simply proportional to the stress-free swelling rate and that
any history effects that may be due to changes in temperature



128 M.M. Hall Jr., J.E. Flinn/Journal of Nuclear Materials 396 (2010) 119-129

and dose rate are carried entirely by the stress-free swelling. As
mentioned above, the swelling-independent deviatoric creep, if
there is any present, could not be obtained due to data limitations.
Given the one irradiation period of this experiment, validity of
model can be judged only by the ability of the constitutive law
developed in Part I to faithfully represent the stress state effects re-
vealed by this method.

A potentially useful result of the constitutive equation develop-
ment of Part I and the data analysis here is that the deviatoric creep
rates were well predicted using the equation parameters derived
by fitting only the swelling rate data. This result means that a com-
plete constitutive description potentially may be obtained using a
limited number of stress states, for example, longitudinal tension,
compression and biaxial tension (capped-end pressurized tubes)
and by making only immersion density measurements, avoiding
the added difficulty and lower accuracy of length and diameter
measurements. Note that the ability to do this depends on either
the swelling-independent deviatoric creep rate being small in com-
parison to the swelling-dependent deviatoric creep rate or that
swelling-independent creep be obtainable from low swelling
(low dose) creep specimens.

The importance of the plastic Poisson’s ratio, v,, relative to
stress and stress state effects on creep and swelling has been dis-
cussed in some detail in Part [ and by Wire and Straalsund [21].
The discussion in Part I focuses on the fact that deviatoric and
volumetric creep components are coupled by their mutual depen-
dence on stress-free swelling and that the magnitudes of v, and
the stress invariant coefficient . determine the relative magni-
tudes of each creep component. With increasing irradiation expo-
sure the irradiation-induced microstructure becomes increasingly
dominated by the void fraction and, as a consequence, v, de-
creases from a maximum value of 1/2, which is characteristic of
non-irradiated metals and for which creep is entirely volume-
conservative, deviatoric creep. As the void fraction increases, v,
decreases and the volumetric component increases at the expense
of the deviatoric component. For experiments involving signifi-
cant swelling these stress effects become measurable. For exam-
ple, in this experiment where void volumes exceed 6%, v, is
reduced to 0.095 and the volumetric creep in a uniaxial creep test
exceeds the deviatoric creep rate by about 35%. However, exper-
iments having low dose irradiation exposures, for which the
swelling is less than say 2%, the magnitude of both the volumetric
creep (stress-affected swelling) rate, Eq. (3), and the hydrostatic
stress-affected deviatoric creep rate, Eq. (2), are less than about
10% of the deviatoric creep rate. In the experiment of Sahu and
Jung [6] where swelling was less than ~0.4%, the stress-affected
swelling is expected to be less than 2% of the deviatoric creep.
For an effect this small, it is unlikely that any difference in either
creep or swelling would be detected when comparing the effect
of tensile versus compressive stresses. For these reasons, low dose
experiments cannot provide conclusive evidence regarding the
potential influence of stress state on either deviatoric creep or
stress-affected swelling.

Conclusions regarding stress state effects on irradiation creep
and swelling have been drawn in the past from results obtained
using beams in bending [22] and dead weight loading of helical
springs has been used to obtain near pure shear stress states
for irradiation creep experiments. A problem with both these
types of creep specimens is that they have large stress gradients
through their cross sections. The pressurized thin-wall tube with
axial force loading used here has a much smaller radial stress gra-
dient across the tube wall. The stress in a beam goes from tension
to compression when traversing the beam thickness and the
spring torsion stress goes from zero at the center to a maximum
at the outer fiber of the spring wire cross section. This is not a
problem for either beams or springs when the initial stress load-

ing is linear elastic, creep is linear in stress, creep rates in tension
and compression are equal and swelling strains are uniformly dis-
tributed across section. However, when any one of these require-
ments is not met, stress distributions are no longer linearly
distributed and internal stresses build up in complex patterns
that cannot be predicted using the simple beam and torsion stress
equations that are usually applied to the analyses of these exper-
iments. Stress effects on swelling can be offset due to the simul-
taneous effects of tension and compression for the bent beam
specimen and displacement of the neutral beam axis can affect
beam deflection rates in complex ways. The thin-wall tube spec-
imens used in this test have a radial gradient in stress of plus and
minus 7.5% about the midwall stress used in the data analysis. So
long as these tubes have concentric inner and outer diameters,
the effect of stress redistribution across the tube wall has no ef-
fect on axial stresses and the effect of the midwall circumferential
stress is small.

6. Conclusions
The results of this study support the following conclusions:

1. Normalization of the deviatoric creep and stress-affected swell-
ing data by the stress-free re-irradiation swelling rate is effec-
tive in revealing stress state effects. Comparisons of the
normalized data to the constitutive equations developed in Part
I show that these equations capture the complex behaviors that
are evident in the deviatoric and volumetric creep data.

2. Equation parameters are comparable to those derived from rate
theory models and conventional pressurized tube creep data
obtained without a temperature change history. A value for v,
of 0.095 is reasonably consistent with that expected based on
the work by Straalsund et al. [4] who estimated that v, = 0.02
for stainless steel irradiated to approximately 20 dpa (compares
to ~ 25-40 dpa in this test) in the temperature range of ~450 °C
to ~550 °C. Straalsund based his estimate on a microstructural
model, for which creep is linear in stress (compares to n = 1.66
in this test), and on measurements of irradiation void size, void
density and dislocation density.

3. A value of 127.9 MPa for the reference stress, g,, falls midway
between the intrinsic dislocation creep stress (~96 MPa) and
the dislocation-glide stress (168 MPa) that were used by Zinkle
and Lucas [23] to construct deformation mechanism maps for
irradiated Type 316 austenitic stainless steel. This is consistent
with a non-linear (n=1.66), climb-enabled dislocation-glide
mechanism of creep.

4. Magnitudes of these parameters are consistent with the magni-
tude of the so-called “creep-swelling coupling coefficient”, D,
derived by Toloczko and Garner [24] for the case where
stress-free swelling is used in the creep-swelling coupling
expression. They found that D = 0.0060 MPa~' which compares
well with the value of D =0.0086 MPa~! that was derived here
using D = (1+v,)/0, and substituting the parameter values
obtained here.

5. Phenomenologically, the results of this experiment can be
described as follows:

a. Deviatoric creep and stress-affected swelling are each
dependent on both deviatoric and hydrostatic components
of stress.

b. Stress-affected swelling may occur for pure shear stress
states for which there is only a deviatoric stress and no
hydrostatic stress component. This implies that the interpre-
tation of early helical spring experiments, which involve
pure deviatoric stresses, may have been confounded by
stress-affected swelling.
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¢. Although pure hydrostatic stress states are not common for
reactor structural components, the constitutive law devel-
oped here predicts that deviatoric creep may occur for pure
hydrostatic stresses. However, mechanistically this would
require that there be a preexisting anisotropic distribution
of dislocation Burgers vectors.

d. Stress states having a compressive hydrostatic stress compo-
nent, such as the longitudinal compression test reported
here, can retard both swelling and deviatoric creep rates in
the presence of significant swelling. However, the effect of
compression compared to tension is asymmetric, producing
a lesser response compared to tensile stresses of the same
magnitude. Compressive uniaxial stresses greater than about
1.5 times the reference stress, g,, are required to reduce the
total stress-free plus stress-affected swelling rate to zero.

e. The multiaxial creep and swelling data and the analyses of
these data reported here provide support for use of the con-
stitutive equations developed in Part I. These equations can
be used by reactor core designers and analysts to predict
irradiation damage-dependent distortion of complex struc-
tural components subject to gradients in neutron damage
rate, temperature and stress state. Deviatoric creep and vol-
umetric creep (stress-affected swelling) are each dependent
on both deviatoric and hydrostatic components of stress.

7. Summary

The unique multiaxial creep-test specimens used in this study
are shown capable of providing relatively well behaved in-reactor
creep and swelling data. Constitutive equation parameters deter-
mined by analysis of the volumetric creep data, obtained from
immersion density measurements, enable the prediction of the
deviatoric creep data obtained independently from length and
diameter data. The constitutive equations, which were developed
in Part I according to the principles of incremental continuum plas-
ticity, provide a faithful phenomenological representation of the
data. These equations and the data analysis support an earlier
observation that a deviatoric stress can affect volumetric swelling
and show furthermore that deviatoric and volumetric creep are
each dependent on both deviatoric and hydrostatic components
of stress.
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