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swelling is greater in HFIR than in EBR-II.

yINTRGDIJCTION

'Helium effects were first studied in conjunctio
with the behavior of rare gases like xenon and
ijkrypton in uranium fuels [1,2], but then becaue |

directly important for bubble swelling and embrit-

itlement of fuel cladding and core components for
‘breeder reactors. Hellum bubble formation has
‘long been thought to be critical for void forma-
ition in stainless steels [3,4], and current work
iconfirms and expands its important effects on
general cavity formation [5]. Irradiated stain-
;less steels usually have faulted loop form:tion,
:dislocation recovery, and precipitation of
ivarious phases occurring together with the void
.swelling phenomena. Determining the relation-
ships between processes or the dominant process
‘can be very difficult. Bubble swelling is a
;separate phenomenon that can occur when enough
thelium is present and can cause swelling under
Ithermal aging with no irradiation. Bubbles can
‘become voids and voids can be annealed back to
;bubbles, and the controlling mechanisms for
;grouth of either are not necessarily the same.
{Understanding the effects of increased helium
‘generation during frradfation is important for
;anticipating fusion response, particularly since
much of our conventional wisdom on radfation
'effects comes from the fast breeder reactor (FBR)

iprogram where heiium effects can be quite obscure.

1

'Thls work 1s intended to highlight and expand
upon recent work on swelling and microstructural
developmenr of type 316 stainless steel (DO-heat)
‘Arradlated in HFIR and in EBR-II (6-9]. A com= |
prehensive review of helium and irradiation '
effects, elsewhere in these proceedings {10] for
‘the purpose of fisafon-fusion properties corre- !
flation also includes this work. New infotmation
dn this work iancludes determination of swelling -
‘rates for 20%Z-cold-worked (CW) 316 irradiated in
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This work examines the swelling and mlcrostructural development of a single heat of

20%-~cold-worked type 316 stainless steel irradiated to produce displacement damage and a
high, continuous helium generation rate, in the High Flux lsotope Reactor (HFIR).
irradiation of the same heat of steel in the Experimental Breeder Reactor (EBR)-II 1is used
as a base line for comparing displacement damage accompanylng a very low continuous helium

generaticvn rate. At temperatures above and below the
In the temperature range of 350 to 625°C,

cavity formation, precipitation and dislocation recovery are both enhanced and accelerated
in HFIR, often causing swelling at lower dose than in EBR-II. In HFIR, however, cavities
appear to be bubbles rather than voids. They are about 10 times smaller and 20 te 50

times more numerous than vo!ds in EBR-I1I. Thus,
than in WFIR for 20%-CW 316 in the vold swelling temperature ranges as fluence increases.
Such differences in swelling and microstructural behavior must be understood in order to

anticipate the behavior of materials duriag fusion irradiation.
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Similar

cold swelling regime (~350 to 625°C)

the swelling becomes greater in EBR-IL

HFIR and a detailed comparison of swelling and
ficrostructural development at several fluences °
n EBR-II and HFIR. Irradiation and transmis—
ion electron microscopy (TEM) experimental
etails can be found elsewhere [6—9].

ESULTS ;

Swelling in HFIR

Figures 1 and 2 show the temperature and fluence
idependence of swelling for 20%-cold-worked (CW)
'316 irradiated in HFIR below about 625°C. Togeth-
'er these figures illustrate the important points
iabout the swelling behavior in HFIR. In Fig. 1,
iall cavity volume fraction (CVF) swelling values
lat 600°C and below are less than ~3.5% for flu-
iences up to 60 dpa. Together, the high and low
fluence curves show highest swelling to occur at
‘the lower and upper temperature ends of the i
‘range, with flat or minimum swelling behavior |
'ln the vicinity of 400 to 575°C. Previous work:
.indicates that at low fluence, the apparent low
‘temperature swelling maxima appears to be due to
;vold like cavities with no concurrent precipita-=
ltion effects [9]. Precipitation of phases, pri=
5marily eta (n) and Laves, occurs above 300°C, |
‘with maximum precipitation coinciding with the :
minima in the swelling curves. With the excep-:
ition of large 100-nm-dia cavities, that may be
'voids, attached to eta phase particles after
irradiation at 380°C to 49 dpa, all other cavi-
;r.ies observed above 300°C appear, on the basis |
of size, location, and particularly gas balance
calculations, to be equilibrium bubbles {9]. :
The sharp upturn in ewelling at high fluence )
_above 550°C coincides with both recrystalliza- |
‘tion of the cold-worked structure together with'
grain growth and with the onset of large cavity,
formation at the grain boundaries. At low
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Fig. 1. Temperature dependence of swelling for
20%-cold-worked (DO-heat) 316 irradiated in
HFIR. The shaded regions indicate the Lem-
perature range over which the stated mikrostruc—
tural effects occur.

‘fluence, the {mmersion density changes are quite
close in value and parallel in trend ta CVF :
Wdata. At his: floence, the ilmmersion density
‘changes are 'lel to tut o siderably lower
)(up to 550° ., "“=n the CVF swellling values.
These differences, in part, re’lect the densifi-
iwcation due to considerable pre:ipitation of eta
‘and Laves occurring at these .mperatures. :
i

'Figure 2 shows the fluence derendence of the
'same cata pictured in Fig. 1. The similar
'suellxng rates for te.pe-atures between 375 and
{620°C in Fig. 2 a. . _istent with the flat or
minimum regions shu  in Fig. 1. The swelling
‘valyes that connect high and low fluence data
measurements are calculated -“rom curves describ-
"{ng the fluence Arpendence ol the microstructur=
‘al parameters of average cavity dlameter and
.cavity concentration {7]. Despite considerable
"variation of the microstructval patameters with'
temperature and fluence, the swelling curves in
‘Flg. 2 are quite parallel and indicate steady
‘state type swelling bdehavior above about 30 dpa.
{

;B. Comparison of Swelling and Microstructural

i Developuent in HFIR and EBR-I1

This section compares the same heat of 202 CW
{316 (DO-heat) frradiated fn HFIR at 460-475°C !
‘and in EBR-IT at 500-52°C. Temperatures are
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Fiz. 2. Fluence dependence of swelling for 201-

cold worked 316 irradiared in HFIK.

'calculated in both HFIR and EBR-11, and the same
temperatures are not avallable fn both reacrors.
The above comparison was chosen becduse all
‘available temperature data in HFIR Indicates I
that the actuwal irradiation temperatures are
probably 50 to 100°C higher than the calculated |
irradiation temperatures [6,7]. Analysia is
still in progress, but the temperatures are cev--‘
tainly no lower than calculated. High fluence
EBR-11 data for this comparison come from the
work of Brager and Garner [1]]}.

The fluence dependence of CVF swelling in the
two reactors Is shown in Fig. 3. This figure
shous early CVF swelling in WFIR greater than .
hat in EBR~II below about 30 dpa. However, at
higher fiuence the ESR-1I-irradiated material
exhibits rapid and steady state void swelling
Ehat is both greater in magnitude and in rate
than the hubble swelling found in WFIR. Because
the data below about 60 dpa fall close together,’
pe must examine the microstructures that go with,
these datz pofnts Lo jus:t ify the curves that }
_‘;Lndi\.ate different o e1i.ag rates. |

Figures 46 compare the microstructuree st sev—
eral fluences for EBR-II and HFIR irradiaticn of
20%~CW DO-heat 316 and Fig. 7 summarizes graphi-
cally some of these microstructural parameters
important for understanding the differences
shown in Fig. 2. The alcrostructures shown in
Fig. & indicate that cavity formation, precipi-
tation of eta and Laves phases and dtslocation
recovery are wmich more rapid in HFIR compared to
EBR-II~irradiated materisl at low fluence.

There s some dislocation recavery, to cavity
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Fig. 3. Comparison of swelling as a function of

fleence for 20%-cold-worked (DO-heat) 6 {rra-
diared in HFIR and in EBR-11. Data at 69 dpa
(EBR~11) is taken from Brager and Garner fii}.

'formation, and very litrle precipitation in
EBR-IT at 8.4 dpa. The ‘luence dependence of
cavity slzes and cavity concentrations in HFIR
and EBR-11 at these conditions can be seen in
Fig. 8. The cavities present in HrIR give the
swelling observed in fig. 3, whereas the low
fluence EBR-I1 sample has no cavities — hence,
no swelling. The dislocation density imaged in )
Fig. # show more recovery ab lower fluence ia )
RFIR than in EBR-II with both then remaining at |
a density of 1-2 % 1014 m/m] at higher fluences.
In hoth HFIR and EBR-I1 there is more recovery
than will occur et similar temperatures during
thermal aging. During thermal aging and HFIR
irradiation, :he dislocation recovery and precip-
itation phenomena are occurring together. Dur-
ing EBR-I1I irradiation, however, s'gnificant
Tecovery occurs before signiffcant precipitation
begins. However, as fluence increases in FBR-11
the amount of precipitation developed will :
approach that observed in HFIR, and both void .
and bubble formation will occur at 300-525°C.
¥
The mlicrostructures of Fig. 5 show development
of a spatially heterogeneous void distribution
hfrer EBR~I1 irradiation at ~'32"3°? to 36 dpa.
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Some reglons have large voids [Fig. 5(a)}, while
other reglons have none [Fig. 5(b)}. There is
copious formation of eta and Laves phases uni-
formly in both regions, with a small amount of
tau (Mp3Cg) as well. X-yay EDE clearly indi-
cates that both eta and Laves phase are rich in
nickel and silicon at this fluence. Tau 1s
found to be nickel and silicom poor, after
{rradiation, as it normally {s after rhermal
aging. The voids appear to be forming in the
regions rthat have the largest distance between
the precipitate laden stacking fault bands.

Some voids are attached to precipitate particles
of eta and Laves, but maany, including some of
the largest, are free in the matrixz. About one-.
fifth of the area observed appears like Fig.
5(a) (with about 0.1% local CVF swelling or
less) and about four-fifchs appear like Fig.
5(b) glving essentially no swelling, for an -
average of about 0.05% or less CVF suwelling,

as shown in Fig. 3. Flgure 7(a) and (b) shows
that the voids range in dlameter from 20 to 140
nm with an average of about 70 mm with non-
uniform concentratlons ranging locally from

2-7 » 1018 voids/a>. The dislocation network
continues to recover slowly with continued irra-
diation in ERR-11 frum 8.4 to 36 dpa, counsistent
with the increased swelling, but this appears to
saturate from 36 to 069 dpa [11}. The most
important information for discerning the effects
of helium comes from high magnification examina-
tion of a typical no-void region in a kinemati-
cal diffracting condition, underfocused so that
bubbles or cavities might appear bright, ia Fig.
5(¢). There are tiny cavities about 24 mm in
diameter at a concentration ~5-7 x 1020 o3,
These are most probabiy bubbles because they are
lacated on matrix dislocatioas and at precipi-
tate interfaces. They are the same size as
obvious bubbles found ar the grain boundaries {61.
The voids developing in regions like Fig. 5(a)
are also located at precipitate interfaces and
tn the matrix. More data presented elsewhere
also indicates that bubhbles formed earlier at
dislocations and precipitate Interfaces are
later developing into voids inm EBR-IL {6]. -
Brager and Garner have examined this same
material reirradiated in EBR-I1 at ~510°C to
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Fig. 5. Heterogeneou; wlcrostructural development in 20%-cold-worked (DO-heat) 316 irradiated in EBR-
gl at ~525°C to 36 dpa (~22 a . ppm He). (a) Typical void area, (b) typical vold-free area, and (c)
i

igh magnification (kinematical, underfocused) to show tiny cavities (most probably bubbles) in hoth :
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finally achieve 69 dpa [11]. The measured vold
CVF is shown in Fig. 3 for the EBR-II swelling
curve and the microstructural statistics are in-
cluded in Fig. 7(a) and (b}. Swelling, as shown
in Fig. 3, therefote, Increases tremendously in
EBR-IT due primarily to Increasing the popula-
tion of volds, while somewhat increasing void
size. 1t seems quite reasonable that the
bubbles present ar 36 dpa could trancform to
voids ar high fluence 1f they grow according to
a typical criftical radius argument.

Flgure 6 compares typical microstructures pro-
duced in HFIR after 54 dpa with a typical void
contalning reglon after 36 dpa in FRR-I1. The
microstructures In Fig. 6 along with the data in
ig. 7(a) emphasize the very large difference In
size and concentratlon between voids (in EBR-I1)
and bubbles (in HFIR). It is this difference In
size and concentratiow that cavses the swelling
and swelling rate differences shown in Fig. 3.
N\ Comparison of microstructures both in Fig. 6
(and in ref. [6]) shows that rather tban ocne
large vold per precipitate particle as in EBR-II
j o i - AL { R S . L el R

Fig. 6.
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Comparison of microctructures of 20Z-cold~worked (DO-heat) 216 irradiated in (a) EBR-1I at

we find many smaller cavities along the precipi-
tate interfaces that are the same size as in the
matrix in HFIR. The size, concentration, and
nature of the phases are quite similar in EBR-II
and WFIR for these irradl-tions. The source of
the different swelling ratus appears to be the
high cavity sink strength, both at preclpltate
interfaces and in the matrix. The high sfnk
strength produced in HFLR does not allow large
vofds to form but rather encourages bubbles that
then continue to grow as helium 1is leing gener-
ated in HFI{R. Therefore the curves and dif-
fercences 1i. Fig. 3 become quite reasonable when
we consider the details of the microstructural
evolution responsible for the total swelling
wehavior.

In conclusion, there is little about the micro-
structural development responsible for swelling
that is the same for the two reacrors. Two
aspects of the HFIR swelling date are surprising
compared to normal FBR swelling trends. The
first 1s the nearly temperature independent

525°C to 36 dpa (~22 at. ppm He) and (b) HFIR at 450°C to 54 dpa (~360C at. ppa He.)




the considerable temperature dependence of
swelling at similar irradiation conditions imn
EBR-II. The second is the low value of the /
steady state swelling rate of ~0.1%/dpa in HFIR
because peak swelling rates at comparable irra-
diation conditions in EBR-II will peak at 0.4

to 0.5%/dpa. In general, low dislocation den-
sity and extensive precipitation, particularly
of silicon and nickel rich phasres, are con-
sidered quite favorable conditiuns for void
ldevelopment in EBR-II. Dislocation recovery and
extensive precipitation of nickel and silicon
rich phases occurs more rapidly and is complete
at lower fluences in HFIR than in EBR-II for i
20Z-CW 316 1in the 475 to 525°C temperature
range. The cavitles, however, are nucleated
very early in WFIR, when the dislocation concen-
tration is higher, at fluences of 1.5 to . dpa
from 475 to 620°C. Therefore, the swelling
behavior in HFIR is controlled by a high con- :
centration of bubbles that are much smaller than
'voids found in EBR-I1. These then become domi-
%nant sinks in the system to account for Lhe slow
;swelling kinetics. The increased cavity concen-
{tration with increased helium geueration rate
during irradiation is an expected result. The
‘reduced swelling rate resulting from the Increas-
‘ed cavity sink strength is a consequence of this.
‘Because the He/dpa ratio in HFIR becomes signif-
‘icantly greater than the fusion ratio after
about 3 to 5 dpa [9], it is important fo know
when the microstructural features nucleated.
Much work still remains for anticipating fusion
microstructural development in order to corre-
late properties between fission and fusion
environments [10). The present work does make
iclear, however, that understanding helium
effects is an important facet of this process.
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