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MICROSTRUCTURE AND SWELLING OF FAST NEUTRON
IRRADIATED TYPE 304 STAINLESS STEEL

INTRODUCTION

The austenitic stainless steels have been selected for use as the structural components
and fuel cladding in the future liquid metal fast breeder reactors (LMFBR). This applica-
tion has necessitated the development of considerable data concerning the effects of
elevated-temperature fast-neutron irradiation on the microstructure and properties of these
steels. Extensive postirradiation studies have been conducted to examine the effects of
high-fluence irradiation on the swelling behavior and microstructure of both Type 304 and
Type 316 steel [1-12]. Other studies have examined the postirradiation tensile [13-16],
creep [17-20], and fatigue [21-27] properties of these steels.

An important source of material for many studies has been the structural components
of the Experimental Breeder Reactor No. II (EBR-IT). These annealed Type 304 stainless
steel components are of considerable interest because they have attained the highest fast
neutron fluences of currently available material. Consequently, the swelling behavior,
microstructure, and tensile properties of these components have been evaluated in detail
[1-7, 14]. These studies include a recently reported NRL evaluation of the fatigue be-
havior of thin section Type 304 stainless steel control rod thimble material [27].

In the present study, the microstructure and swelling of the annealed Type 304 stain-
less steel thimble material were examined by transmission electron microscopy (TEM) and
immersion density methods. Microhardness measurements were performed to determine
the flow properties of the material and for correlation with the microstructure data. The
results illustrate the strong effects of irradiation temperature and neutron fluence on the
microstructure and properties of the thimble material.

EXPERIMENTAL PROCEDURES

The annealed Type 304 stainless steel used in this study was taken from flat 4 of
the upper section of EBR-IT control rod guide thimble 5D3. This material was removed
from the reactor after accumulating 42,321 MW-days of reactor exposure and a maxi-
mum calculated neutron fluence of 1.6 X 1023 n/ecm2 > 0.1 MeV. The axial irradiation
temperature and fluence distributions for the material are shown in Fig. 1.

The TEM, immersion density, and microhardness specimens were prepared from the
unstrained end sections of the previously prepared and tested fatigue specimens [27].
Both the TEM and microhardness specimens were approximately 3.2 mm square by 1
mm thick. For TEM examination, the specimens were first reduced in thickness to 0.25
mm by careful, low-speed grinding. A twin jet electropolishing method [28] was found
to produce excellent thin foils for the subsequent TEM examinations conducted at 200
kV with a JEM 200A transmission electron microscope.

Note: Manuscript submitted September 4, 1974.
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Fig. 1 — Irradiation temperature (a), neutron fluence (b), and
swelling (immersion density change) (c) profiles for
neutron-irradiated Type 304 stainless steel (EBR-II
control rod thimble 5D3, flat number 4)

The radiation-induced voids present in all specimens were observed and photo-
graphed in the underfocused conditon. A Zeiss particle-size analyzer was used to deter-
mine the void size. The stereographic method was employed to obtain the foil thicknesses
for calculation of the void number density per unit volume. The void number densities
are estimated to be accurate within *25%.

The specimens employed for the immersion density measurements were approxi-
mately 3.2 mm wide by 25 mm long by 1 mm thick. The mass of all specimens was ap-
proximately 0.5 g. The specimens received no special surface preparation except that all
rough edges remaining from the cutting operations were removed by lightly abrading the
specimen edges. The method used to determine the density changes was similar to that
employed by Ratcliffe [29]. According to this method, the change in density A p/p of
a specimen having weight W, in air and weight Wg in liquid, when compared to a standard
or dummy specimen having weight w, in air and weight wyg in liquid, may be expressed
as

) Wy — W Wy

Distilled water containing a minor concentration of a surface wetting agent (Photo-Flo)
was used as the immersion liquid. A semimicro analytical balance capable of being read
to the nearest 10 ug was employed for the measurements. The immersion density
measurements are estimated to be accurate to *0.1%.
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Specimens suitable for microhardness measurements were prepared by mounting
the 3.2mm square specimen blanks in polyester resin and lightly abrading the exposed
surface to remove any mounting material or surface oxide. The specimens were electro-
polished with a BHC{10,:15H,0:80CH; OOH (by volume) electrolyte to produce smooth
and stain-free surfaces. The microhardness measurements were made with a 136-degree
diamond pyramid indenter at room temperature using a 1-kg load. At least three indents
were used to obtain the reported hardness values.

RESULTS AND DISCUSSION

Radiation-induced voids were observed in the thimble material at all irradiation
temperatures and neutron fluences. Figure 2 illustrates the inhomogeneous void dis-
tributions for those TEM specimens previously exposed to the 427°C (800°F) fatigue
test temperature. With increasing irradiation temperature, it is clearly evident that the
void size generally increased and the void number density decreased. Similar trends also
are seen in Fig. 3 for those TEM specimens previously exposed to the 593°C (1100°F)
fatigue test temperature. For all specimens, however, the effect of the neutron fluence
gradient produced a maximum in the mean void diameter near the maximum fluence
location.

The influence of grain boundaries on the void formation is shown in Fig. 4. In
Figs. 4a and 4d, zones adjacent to the grain boundary approximately 1000 to 2000 A
wide are denuded of void formation. Similar denuding was observed throughout those
specimens irradiated to low fluences at both the lower and higher irradiation tempera-
tures. Specimens irradiated to the higher fluences at the intermediate irradiation tem-
peratures, however, exhibited no void denuding at the grain boundaries. Typical ex-
amples are seen in Figs. 4b and 4c¢ in which the matrix void distribution extends to the
grain boundaries. Also evident in Fig. 4 are the grain boundary precipitates, predom-
inantly of the My3Cg type, which were observed in all specimens and whose size in-
creased with increasing irradiation temperature.

An interesting feature of all TEM specimens was the observation of matrix areas
where clusters of many small voids were present. Two examples are seen in Figs. ba
and bb. Other matrix areas exhibited small holes as seen in Figs. 5c and 5d. Because
both large and small matrix precipitates also were observed in all specimens, it is sus-
pected that removal of the large precipitates during the foil preparation was responsible
for the holes and that the small voids directly reflect the solute segregation in the vi-
cinity of the large precipitates. It is possible in several specimens, however, that the
coalescence of several smaller voids within the matrix occurred to produce a larger void
that exceeded the foil thickness after thinning. The small My 5Cg precipitates within
the matrix were observed to be randomly distributed and generally not associated with
the voids.

The transmission electron microscopy, immersion density, and microhardness re-
sults are summarized in Table 1. From an examination of the table, it is evident that
the effects of both irradiation temperature and neutron fluence strongly influenced the
mean void diameters, void number densities, and the resultant specimen volume change.
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Fig. 2 — Transmission electron micrographs of radiation-induced voids in neutron-irradiated Type 304

stainless steel (EBR-II control rod thimble°5D3). Specimen material, except (c), received post-
irradiation thermal exposure at 427°C (800 F) during fatigue tests.
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Fig. 3 — Transmission electron micrographs of radiation-induced voids in neutron irradiated Type 304
stainless steel (EBR-II coontrol rod thimble 5D3). Specimen material received postirradiation
thermal exposure at 593 C (HOOOF) during fatigue tests.
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Fig. 5 — Transmission electron micrographs of matrix regions in neutron-irradiated Type 304
stainless steel (EBR-II control rod thimble 5D3) showing the appearance of radiation-
induced voids near the suspected location of large precipitates. The precipitates were
removed during the microscope specimen preparation.
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The results also show that the specimen volume change by void formation (swelling) de-
termined from the TEM data closely approximates that determined by immersion density
change. Figures 6a and 6b show the mean void diameter and void number density data
as functions of the irradiation temperature. The swelling calculated from the respective
void diameters and number densities is shown in Fig. 6¢c. For comparison, the swelling
determined by the immersion density method is shown in Fig. 1c as a function of speci-
men location in EBR-II. From Table 1 and Figs. 1c¢ and 6a-c, it is seen that the maxi-
mum swelling occurred concurrently with the maximum mean void diameter, slightly
above the maximum fluence location, and slightly below the maximum observed void
number density. The peak shown in Fig. 6a indicates the substantial effect of neutron
fluence on the void diameter. In all cases, the present void parameters are consistent
with previously published results for neutron-irradiated Type 304 stainless steel [1-7,14].

o
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Fig. 6 — Mean void diameter (a), void number density (b),
and swelling (¢) as a function of irradiation tem-
perature for annealed Type 304 stainless steel
(EBR-II control rod thimble 5D3)
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The dislocation densities determined from the TEM results are given in Table 1, and
Figs. Ta-Tf illustrate typical dislocation and loop structures observed in all specimens. At
the lower irradiation temperatures and fluences, as shown in Fig. 7a, defect clusters, small
dislocation loops, and dislocation segments were predominant throughout the material.
Near the peak fluence and at higher irradiation temperatures, a distocation network con-
nected all voids as seen in Figs. Tb-7d. The development of Frank-faulted loops was ob-
served for those specimens irradiated at the highest temperatures but to lower fluences,
Figs. Te and T7f.

No attempt was made to obtain complete quantitative data for the dislocation loops
observed during the TEM examination. However, qualitative observations indicated that
the number density of small voids was considerably higher for those specimens irradiated
at temperatures between 370 and 380°C, Figs. 7a and Tb, for example, than for those
specimens irradiated at temperatures between 450 and 480°C. Within the higher irradia-
tion temperature range, the Frank-faulted loop concentrations were found to decrease
from 2 X 1015/cm® to 8 X 1014 /ecm8 with decreasing neutron fluence.

The immersion density results presented in Fig. lc are compared in Fig. 8 with the
density decrease calculated according to the empirical expression developed for use with
the LIFE II fuel element performance code [30]. The comparison in Fig. 8 shows that
the calculated density decrease is greater than the experimental values except for those
specimens irradiated at the lower temperatures in locations below the core midplane. At
the position of maximum swelling, the calculated density decrease is seen to overestimate
the observed decrease by nearly 50%. This suggests that the empirical expression may re-
quire revision to more accurately represent the swelling actually observed in Type 304
stainless steel during long-term breeder reactor exposure.

The microhardness measurement results given in Table 1 are shown in Fig. 9 as a
function of specimen location in EBR-II. The test temperatures indicated on both Figs.
9a and 9b refer to the temperatures at which postirradiation fatigue tests were conducted.
For all specimens, the microhardness increments AH shown in Figs. 9a and 9b by the
individual data points and their heavy connecting curve were determined according to
the expression

AH =H_, — Hy i » (2)

irr

where H;,, is the ambient temperature postirradiation microhardness of the irradiated
material and H,,;, is the ambient temperature microhardness of the unirradiated an-
nealed Type 304 stainless steel thimble material. This measurement produces a direct
indication of the radiation-induced defect strengthening as well as effects of any subse-
quent thermal treatment on the strengthening. The curves in Figs. 9a and 9b identified
as voids only and voids and dislocations represent the microhardness contribution of the
voids as well as both voids and dislocations as computed froin the TEM results. The
separate contributions of the voids and the dislocations to the microhardness increment
were calculated according to the expressions

10
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Fig. 7 — Transmission electron micrographs of dislocations and loops in neutron-irradiated Type 304
stainless steel (EBR-II control rod thimble 5D3)
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AHvoids = Boub (Nvdv)l/2 (3)
AHdisl = bob (,od)l/2 (4)
where

U is the shear modulus

b is the Burgers vector

is the void number density

d is the mean void diameter

Pq s the dislocation density (dislocations/cm?2)

«  is a dislocation-defect interaction parameter determining the barrier strength
and assumed to be a constant.

For the present calculations, the values o = 1 for voids and « = 1/2 for dislecations were
used since previous work has shown that these values produce reasonable agreement oe-
tween the calculated and experimental microhardness increments for irradiated materials
[31]. The shear moduli values used in the calculations were determined from acoustical
measurements of the shear modulus as a function of immersion density decrease for Type
304 stainless steel thimble material which received EBR-II irradiation temperature and
fluence exposures very similar to that received by the thimble material used in the
present study [32]. The combined contribution of both the voids and the dislocations
to the microhardness AH,; ., was computed according to the expression

AHtotal :[(AHvoidS)2 + (AHdisloc)z] 1/2- (5)

Examination of Figs. 9a and 9b shows that the measured microhardness increments
directly reflect the irradiation temperature and fluence gradients experienced by the ma-
terial. Comparison of the figures, however, also indicates the substantial effect of prior
exposure at the fatigue test temperatures. For specimens from locations below the EBR-
IT core midplane, the difference between the microhardness increments measured for
specimens previously fatigue tested at 427 and 593°C is seen to be considerable, whereas
ahove the core midplane this difference becomes almost negligible. Inspection of the
irradiation temperature profile shown in Fig. 1a suggests that the basic reason for the
microhardness increment differences is primarily the effect of test temperature on the
radiation-induced defect structure. For specimens exposed to the 427°C fatigue test

13
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temperature, this temperature was higher than the irradiation temperature for specimens
located lower than approximately 12.5 cm above the reactor core midplane. This indi-
cates that the test temperature—irradiation temperature differential has promoted the
partial recovery of the radiation-induced defects in these specimens to produce the de-
crease in microhardness increment measured for specimen locations near the lower end
of the thimble material. Microhardness increment measurements on thimble material
not exposed to 427°C fatigue test temperature substantiate this effect as shown by those
points identified as being from untested specimens in Fig. 9a. The importance of this
apparent recovery is further illustrated by the microhardness increments measured for
those specimens previously exposed to 593°C fatigue test temperature, Fig. 9b, where

a similar but more pronounced microhardness increment reduction has occurred for
specimens whose locations were identical to those in Fig. 9a. Thus, the measurements
strongly suggest that these recovery effects coupled with the irradiation temperature and
fluence gradients have produced the maxima in the measured microhardness increment
curves shown in Figs. 9a and 9b rather than the expected continuous increment increase
toward the lower end of the control rod thimble.

The curves shown in Figs. 9a and 9b for the microhardness increments calculated
using Egs. (3)-(5) are seen to reflect generally the overall trends followed by the experi-
mentally measured values, including the differences due to specimen exposure at the
fatigue test temperatures. In both figures, the primary microstructural component con-
tributing to the calculated microhardness increments are the voids. As expected, the
microhardness increments calculated for the combined contributions of both voids and
dislocations is higher for all specimens than those due to the voids only. However, a
direct comparison of the calculated and measured values reveals important differences
that are indicative of the microstructure.

For specimen locations below the reactor core midplane in both Figs. 9a and 9b,
the calculated microhardness increments are considerably below the experimental values.
Because the measured microhardness increments include the contribution of all com-
ponents of the microstructure while the calculated values pertain only to the increments
from specific components, the difference between the calculated and experimental
values for specimens below the core midplane results from microstructural components
not included in the calculation. Previously in this report it was indicated that small
dislocation loops and defect clusters were prominent microstructural features of those
thimble specimens irradiated at the lower temperatures. This strongly suggests that the
small dislocation loops and defect clusters account for the difference between the cal-
culated and measured microhardness increments for these specimen locations. However,
at specimen locations near or slightly above the core midplane, the calculated values
exceed or equal the measured values. This effect is more pronounced in Fig. 9b than
in 9a and indicates that the calculations overestimate the microhardness increment con-
tribution of the voids and dislocations for specimens irradiated near the core midplane.
Because the voids are the primary microstructural feature that contributes to the calcu-
lated microhardness increment, it is reasonable to expect that the variation of the mean
void diameter and void number density with irradiation temperature and neutron fluence
could account for the overestimate. Figure 6a suggests that the mean void diameter,
rather than the void number density, Fig. 6b, is mainly responsible because this void
parameter exhibits the largest variation with the irradiation conditions. The possible

14
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contribution of the specimen exposure to the fatigue test temperatures on the calcu'ated
microhardness increments, and hence on the difference between the calculated and mea-
sured values, is considered to be minimal for those specimens located near and slightly
above the core midplane because the void parameters show little variation with test tem-
perature in Table 1. Thus, the void parameters, as influenced by the irradiation temper-
ature and fluence conditions, coupled with possible measurement errors, provide the
primary contribution to the calculated and measured microhardness increment differences
near the core midplane.

The results obtained in this study have shown that the radiation-induced voids are
the major microstructural feature influencing the microhardness of the Type 304 stain-
less steel. Because it is known that the microhardness of any material directly reflects
the flow properties of the material, [33,34], it is concluded that the voids will be the
primary component affecting the plastic flow properties of the thimble material. Minor
contributions to the plastic flow properties will be provided by the dislocations, loops,
and defect clusters. This suggests that the fatigue behavior of the thimble material re-
ported previously [27] may be understood on the basis of the radiation-induced defect
structure. However, additional experiments will be necessary to define carefully and
completely the microstructure vs flow properties vs fatigue relationships for neutron-
irradiated stainless steels similar to that employed in this study.

SUMMARY AND CONCLUSIONS

The microstructure, swelling, and microhardness of annealed Type 304 stainless
steel were evaluated for EBR-II control rod thimble material that received fluences near
1.6 X 1023 n/em2 > 0.1 MeV at irradiation temperatures from 370 to 470°C (698 to
878°F). All results show the strong influence of the irradiation temperature and fluence
gradients experienced by the material. The following conclusions were drawn from the
results of this investigation:

1. The maximum swelling determined by immersion density measurements and in-
dependently confirmed by transmission electron microscopy was 10.4% at an irradiation
temperature of 415°C.

2. Swelling calculated according to the LIFE II fuel element performance code
exceeded that determined for the thimble material from immersion density measure-
ments by nearly 50% at the location of maximum swelling.

3. Ambient temperature microhardness measurements show general agreement with
microhardness values calculated from the electron microscopy data.

4. Radiation-induced voids are the primary microstructural component contributing
to the measured microhardness.

5. Based on the relationship between microhardness and flow properties, it is con-

cluded that voids are the major microstructural component that will influence the
plastic flow properties of the thimble material.
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