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Abstract

Microstructures of T91 neturon irradiated in the 8D reactor at five temperatures between
376°C and 524C to doses between 15.4 and 35.1 dpa were charactarsing transmission
electron microscopy (TEM), scanning transmissioactbn microscopy (STEM), and atom
probe tomography (APT). Type a<100> dislocationpbavere observed at 376-4C5 and
network dislocations dominated at 4680and 524C. Cavities appeared in a bimodal distribution
with a high density of small bubbles less than 2atnrradiation temperatures between 376
and 418C. Small bubbles were also observed at’@and 524C but cavities greater than 2 nm
were absent. Enrichment of Cr, Ni, and Si at th@ngboundary was observed at all irradiation
temperatures. Radiation-induced segregation (Ri®roNi and Si appeared to saturate at 17.1
dpa and 378C. The temperature dependence of RIS of Cr, Ni @ndt the grain boundary,
which showed a peak Cr enrichment temperature @@6and a lower peak Ni and Si
enrichment temperature of ~4@) was consistent with observations of RIS of Cipmton
irradiated T91, suggesting that the same RIS mesimamay also apply to BORG60 irradiated
T91. G-phase and Cu-rich precipitates were obsea8d6-418C but were absent at 48D and
524°C. The absence of G-phase at 824ould be related to the minimal segregation ol

Si in that condition.
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1. Introduction

Fission reactor concepts such as the sodium fastaie(SFR), molten salt reactor (MSR),
and the traveling wave reactor (TWR), require thatictural materials survive at irradiation
damage levels in excess of 200 dpa (displacemenatpen) at temperatures exceeding 400°C.
Microstructure evolution and microstructure-relatlfjradation modes must be understood for
reliable materials performance at this high dpa&lledigh damage rate ion irradiation is the only
viable means to conduct accelerated testing tesassadiated microstructures at high dpa levels,
and has demonstrated great potential in reprodubmgnicrostructure of alloy HT9 irradiated in
reactor [1] An integrated research project (IRPjolwing international collaboration among
multiple universities, national laboratories andustry partners, was initiated in 2013 [2]. The
goal of the IRP is to demonstrate the capabilityioof irradiation to predict the evolution of
microstructure and properties of a range of stmattonaterials in reactor and at high doses. One
of the major research activities of the program tealsenchmark ion irradiations against neutron
irradiations using the same heat of ferritic-masten (F-M) steel, T91. Hence, reactor
irradiation and post-irradiation microstructure k&dwerization are critical for the success of the
program. Reactor irradiations are conducted in B@R60 fast reactor in Russia [3] that
produces 15-20 dpa/yr and ~100 dpa for the fudldiation period of 5 yrs.

T91 is one of the candidate materials for high dstsectural components application
because F-M alloys exhibit excellent swelling riesises compared to austenitic steels [4]. The
major degradation modes in alloy T91 are likelyb® dimensional instability caused by void
swelling and/or embrittlement due to phase stabdit high dpa levels. The reactor-irradiated
microstructure of T91 has been investigated invadridies [5-12], most of which were focused
on void swelling and radiation-induced precipitatidislocation loops were characterized in
some cases [6,8,11,12] but radiation-induced sefjmy (RIS) at grain boundaries was not
investigated in any of these studies. The biggeftidncy in the literature data is the lack of
consistency between data sets, as they involveiptauteactors and/or multiple heats of T91.
Consequently, microstructure evolution with dosdesnperature cannot be reliably determined
from the existing literature data. Irradiationstlie same reactor of BOR60 using the same heat
of T91 would eliminate the variables thus make dsgble for a systematic study of

microstructure evolution with irradiation dose dathperature.



The objective of this study is to develop a bettederstanding of the overall irradiated
microstructure, including dislocation loops, caasti and precipitates as well as RIS, evolution
with irradiation dose and temperature for the saewt of T91 irradiated in BORG60, and also to
provide a substantive set of irradiated microstrreetlata for a comprehensive comparison of ion

and neutron irradiation effects.

2. Experiments

2.1 Sample preparation and BORG60 irradiation

Alloy T91, heat 30176, used in this study was nesgifrom Pacific Northwest National
Laboratory (PNNL). The chemical compositions pre@ddy PNNL and an independent analysis
by Luvak Inc. are given in Table 1. The major dépancies are the Si and Cu contents. Luvak
analysis shows much higher Si content (0.25%) tiiat provided by PNNL (0.11%). The
Luvak analysis also shows 0.062% of Cu and it waseported in the PNNL analysis. The as-
received T91 samples were encapsulated in a quémzthat was evacuated and then backfilled
with 0.25 atmosphere of helium. The samples weee thormalized at 1038°C for 30 minutes
and air cooled. Tempering was performed at 760%C3fb minutes and then air cooled. The
countdown for the heat treating began when the ¢eatpre of a thermocouple touching the
qguartz tube came within 5°C of the target tempeeatSlices of thickness of 0.4 mm were cut
from the heat-treated T91 samples using wire etattdischarge machining (EDM) and were
thinned down to 0.25 mm by double sided diamongilagpto a 0.25um finish. 3-mm diameter
disks were then punched out from the thinned slisésg a Gatan TEM disc punch system. Each
of the disks was then laser engraved for identibcabefore they were loaded into capsules for
BORGO irradiation.

The TEM capsules were inserted into the BOR60 oeaat different reactor core
positions to achieve various irradiation tempemguiThe targeted irradiation temperatures were
370, 400, 450 and 526 and the targeted doses were 20 and 40 dpa.ATEM capsules went
through multiple irradiation cycles. Actual sampémperatures were calculated based on the
coolant temperature reported at each irradiatiatecgnd the calculated temperature rise through
the capsule to the TEM samples. Irradiation dosexewalculated based on the integral of the

displacement cross section and the BORG60 neutrerggrspectrum. There were slight cycle-to-



cycle variations in sample temperature (€Pand the durations at each cycle also varied from
9 to 83 days. The weighted average irradiation txatpres and the accumulated irradiation
doses at retrieval were 3T&17.1ldpa (irradiation temperature : final irradiat dose);
378C:35.1dpa, 4182:18.6dpa, 46TC:14.6dpa and 52€:15.4dpa with dose rates ranging from
6-9x10’ dpa/s.

2.2 Post-irradiation examination

BORG6O irradiated T91 samples were received andackenized at the Low Activation
Materials Development and Analysis (LAMDA) labomgtoat the Oak Ridge National
Laboratory (ORNL) [13]. Transmission electron m&eropy (TEM) foils for microstructure and
microchemistry characterization were prepared uamgEI| Versa DualBeam focused ion beam
(FIB) system. FIB lift-out, instead of traditionalectropolishing/jet-thinning method, was used
to achieve minimal sample volume to minimize magmetand sample radioactivity. Two
critical steps were adapted for preparation of higiality TEM foils which minimized FIB
damage using the FIB lift-out method. The first wasreate a thick window frame to prevent
foil bending and twisting during sample thinninddve a thickness of ~300 nm. The second was
to use a low energy ion beam (5 keV and 2 keV) wherfoil was still relatively thick (around
150 nm)jto thin the foil to a final thickness around 100,nmhich effectively eliminated TEM-
visible FIB damages induced at high beam energy.

Dislocation loops and cavities were characterizsithgithe JEOL 2100F TEM/STEM
(scanning transmission electron microscopy) atUARIDA laboratory. The STEM-BF (bright
field) technique was used for dislocation imagirg iaresulted in reduced strain contrast
compared to the traditional TEM two-beam BF techgiffl4,15]. As the majority of dislocation
loops in irradiated F-M steels are of the type &= Qhey were characterized using either the
<001> or <011> zone axis, under which a fractiof8 @nder <001> zone axis and 1/3 under
<011> zone axis) of a<100> loops appear edge-timeinrmage [16]. Cavities were characterized
using high-angle annular dark-field scanning trassimn electron microscopy (HAADF-STEM).
Additional characterization was performed on th€@©OUE2010F at the Michigan Center for
Materials Characterization facility at the Univéysof Michigan to identify cavities smaller than
2 nm in diameter using overfocused and underfocbsgtit field TEM imaging. Hand-counting

technigues were used with the ImageJ software tasare the cavity diameter and estimate the



density. The swelling was calculated from the HAABFEM images using the following
equation:
T N
N8
AV GZ '

AS-TT3 2
6=

WhereA is the area of the imagesijs the foil thicknessg; is the cavity diameter, arid
is the number of cavities. The foil thickness wasasured in the STEM mode using the electron
energy loss spectroscopy (EELS) zero loss method.

Radiation-induced segregation at grain boundaris eharacterized using the FEI Talos
F200X scanning/transmission electron microscopd EBl) instrument equipped with high
counting rate energy dispersive x-ray spectrosd@&i)sS). Prior to RIS measurements, random
lath boundaries were selected and tilted to edgeesition by minimizing the projected width of
the grain boundary. EDS-based spectrum images ta&sn from the lath boundaries using a
region-of-interest size of 1024x1024 pixels witlmesolution of ~0.23 nm/pixels with a probe
full width half max of ~1.5 nnand a beam current around 3nA. Each scan had dafucd one
hour with more than 35,000 counts/sec with deadgifmom 1-6%. The qualitative x-rays counts
were converted to quantified weight percentagesgusgie Bruker Espfit 1.9 software package,
which used the Cliff-Lorimer [17] calculations feach pixel. Line scans were produced from
the region-of-interest scan by binning multiple witative weight percentages in a 50-pixel line
parallel to the boundary and 5 pixels perpendiciddhe boundary achieve about 1.1 nm spacing
between points in the line scan. RIS at two granrigaries was measured for all conditions
except for the 35.1 dpa: 378 condition, in which only one grain boundary waamcterized.
No significant variation in grain boundary compmsit was observed between the two grain
boundaries at the same irradiation conditions. Bixps were also obtained from the matrix for
precipitate characterization (including both préserg carbides/nitrides and radiation-induced
precipitates). The sizes of dislocation loops, wawi and precipitates were measured from
TEM/STEM/EDS-based images using hand-counting tiecies and the ImageJ software.

The nature of radiation-induced precipitates wasiratterized using atom probe
tomography (APT). Specimens for analysis were pexpaising a dual beam microscope FEI
Helios NanoLab 600i at Culham Center for FusionrfBpgCCFE), the UK's national fusion

research laboratory. All specimens were taken batwi)0 nm - 800 nm beneath the surface.



APT analysis was carried out on a CAMECA LEAP 5080t University of Oxford. Voltage
pulsing mode with 20 % pulse fraction was ugeeconstruction of atom maps and composition
analysis of the precipitates from the raw data padormed using the commercial software,
IVAS from CAMECA.

3. Results

The unirradiated microstructure of T91 in the amgered condition consisted pfior
austenite grain boundaries, packets, laths, cogtismium carbides, fine V,Cr-nitrides, and
network dislocations. Chromium carbides were maMpgCstype and were mostly on tipeior
austenite grain boundaries (PAGBSs) or lath bouedaftine V,Cr-nitrides were observed in the
matrix and sometimes were found adjacent to theathides. The average size o was
estimated to be ~100 nm while the average siz€M@r)N was approximately 40 nm. Both Cr-
carbides and V,Cr-nitrides had an estimated nurdeesity between £®m™ and 18°m™ based
on the EDS-based spectrum images and foil thicknesssurements. The dislocation density

varied from area-to-area and was estimated to B #12.

3.1 Dislocation loops

STEM-BF images of dislocation loops under differBQRG60 irradiation conditions are
shown in Fig. 1a-c and a summary of the averadeddison loop diameter and number density
is given in Table 2. Images of dislocation loopsB@®R60 irradiated T91 at 376:17.1dpa and
378C:35.1dpa are shown in Fig. 1a and Fig. 1b, resmdgt Both images were taken near the
<100> zone axis and thus loops with a Burgers veatca<100> on (010) and (001) planes
appeared as nearly edge-on in the images as iaditgt arrows. Both irradiation conditions
show the dominance of a<100> loops compared toslawith Burgers vector a/2<111>. The
average dislocation loop diameters are 21.8 nm Zh8 nm and the number densities are
2.9x16¢" m® and 1.9x18" m* for 17.1 dpa and 35.1 dpa, respectively. The |sige
distributions for these two irradiation doses dreven in Fig. 1f. The slight increase in average
loop diameter and decrease in number density dt @ were mainly due to the absence of
smaller loops (<10 nm) in this condition, althouglk number density appeared to drop in nearly

all the loop size bins. Besides a<100> loops, &iptes1/2a<111> loop that did not show up as



edge-on in the image and did not align with othet@D> loops is circled in Fig. 1a. The density
of 1/2a<111> loops was estimated to be less thé&m dfthe a<100> loop density.

Fig. 1c shows dislocation loops in T91 irradiated4a5C:18.6 dpa. The image was
taken near the <110> zone axis and thus only a<ild@@ss on (001) planes appeared edge-on.
The average dislocation loop diameter and numbesitlewere 25.8 nm and 2.0>40m>,
respectively. The average loop diameter increasédtlae number density decreased compared
to the lower temperature irradiation (3@617.1 dpa), as indicated by a shift in the logge si
distribution shifted to larger loop size (Fig. 1Big. 1d and Fig. 1e show dislocation images in
T91 irradiated at 46@:14.6 dpa, and at 52@:15.4 dpa, respectively. No dislocation loops were
identifiable. Network dislocations appeared to lbe dominant dislocation microstructure. There
was significant area-to-area variation in netwasgtatation density for all irradiation conditions,
typically in the range of ~5x16-~5x13°m™. Irradiation at the examined irradiation condition
did not seem to significantly alter the existingwerk dislocation density from the as-received

condition.

3.2 Cavities

STEM-HAADF images of cavities in T91 irradiated BOR60 under different irradiation
conditions are shown in Fig. 2. Some cavities (damktrast in the HAADF imaging conditions)
are indicated by arrows in Fig. 2a-2c. The STEM-HMAtechnique can effectively reveal
cavities greater than 2 nm but smaller cavities loareasily missed due to the weak contrast.
Underfocus TEM BF technique is capable of imagiagites less than 2 nm, although the exact
size of cavities cannot be accurately determingtlaut proper simulation tools due to the large
amount of under focus, which may exceed 1 pm. Tiketiin Fig. 2a shows a high density of
small cavities as revealed by underfocus TEM Bhngpe for the 378C:17.1dpa irradiation
condition. The number density for cavities greéitan 2 nm was 7.3x¥dm™ while the number
density of smaller cavities (presumably helium Habb- although not confirmed in this study)
was 1.2x18 m® (Table 2), or more than two orders of magnitudghéi compared to the larger
cavity distribution. For the convenience of dis¢asscavities greater than 2 nm are hereafter
referred to as “voids” while cavities smaller thiamm are referred to as “bubbles”. Voids were
observed at the 376:17.1dpa, 37&:35.1dpa and 42&:18.6dpa conditions. The average void

size was 6.9 nm at 376:17.1 dpa and was virtually unchanged when tlagliation dose was



increased to 35.1 dpa (6.5 nm). However, the veidsily nearly doubled (7.3x¥om3at 17.1
dpa vs. 1.5x18 m?® at 35.1 dpa) while the bubble density decreaserh fi.2x18*> m* to
2.2x103? m* as irradiation dose increased (Table 2). Void aize number density as well as the
bubble density were smaller at the higher irradratiemperature of 42&. The presence of a
high density of small bubbles resulted in a bimoztality distribution, Fig. 2f. No voids were
observed at the 468QG:14.6 dpa condition but small bubbles are obsewigld a number density
of 3.2x163* m®. Small bubbles with an estimated number densitp.8k1G* m™ were also
observed in the 52€:15.4 dpa condition. Void swelling was 0.016% @6°€:17.1 dpa and it
increased to 0.033% at 31835.1 dpa (Table 2). Swelling was much lower (6%0) at
415°C:18.6 dpa.

Voids exhibited large area-to-area (lath-to-lathdifferent areas within the same lath)
variations particularly when the number density u@as (Fig. 2c). In fact, not all the laths
showed the presence of voids in the STEM-HAADF iegagt a magnification of 150kx. The
fraction of laths that showed nucleation of voidasw~80% for both 376°C:17.1dpa and
415°C:18.6 dpa irradiation conditions. As the ifatidn dose increased to 35.1 dpa at°€78

nearly all the laths exhibited voids.

3.3. Pre-existing carbides/nitrides and radiatimiuced precipitates

Both pre-existing Cr-carbides aMJCr-nitrides remained after BORG60 irradiation as
evidenced by the EDS elemental maps in Fig. 3dher376C:17.1dpa irradiation and Fig. 3b
for the 460C:14.6dpa irradiation. The number density of CrjWides is slightly higher than
that of Cr-carbides but both are in the order of’a10" m™, which is the same order of
magnitude as in the unirradiated state. There ange |variations in both precipitate size and
density at different irradiation conditions or éifént EDS-based spectrum images from different
areas of the same sample. Because of the largativas mainly due to poor statistics, the
irradiation effect(s) on pre-existing precipitaig$nconclusive.

The major radiation-induced precipitates are thé&SNich precipitates which can be
observed from the Ni and Si maps in Fig. 3a. Evotubf the Ni/Si-rich precipitates at different
irradiation conditions is shown in Fig. 4. The dimition of Ni/Si-rich precipitates is shown in
Fig. 4f. The average precipitate size increaseghyi from 5.8 nm at 37&:17.1dpa to 7.0 nm
at 378C:35.1dpa while the number density slightly deceeidfsom 3.6x18" m™to 2.4x16"* m™.



Irradiation at 415C:18.6 dpa resulted in slightly larger precipitaies nm) with lower density
(3.0x1¢* m® compared to the 376:17.1dpa irradiation. Cu-rich precipitates wersoal
observed in T91 irradiated at lower temperatur@6{315C). Cu clustering was not observed
at either 460C or 524C.

The nature of radiation-induced precipitates washér examined using APT. Fig. 5
shows the presence of Ni/Si/Mn-rich and Cu-richcppiates in T91 irradiated at 435:18.6
dpa. Ni/Si/Mn-rich clusters are highlighted usisg-concentration surfaces of Mn + Ni + Si at 5
at% in Fig. 6a and 6c for two different APT tipor@position proximity histograms of Cluster 1
in Fig. 6a and Cluster 2 in Fig. 6¢ are plottedFig. 6b and Fig. 6d, respectively. The core region
of Cluster 2 contains around 40 at% Ni, 20 at%rfsi 20 at% Mn (Fig. 6d), which is close to the
composition G-phase (MNi16Si; with ~21 at% Mn, 55 at% Ni and 24 at% Si). Clugten Fig.
6b shows much lower Ni/Si/Mn concentration thart tfaG-phase. Therefore, if clusters of the
type highlighted by APT in Fig. 6¢ correlate to thiSi-rich clusters as revealed by EDS in Fig.

4, these are most likely to be a distribution opkase precursors.

3.4 Radiation-induced segregation at grain bouerdari

Examples of EDS elemental count maps containingdge-on lath boundary are shown
in Fig. 7a and Fig. 7b for the 37®:.17.1dpa and 52€:15.4dpa irradiation conditions,
respectively. Depletion of Fe and enrichment ofaCthe grain boundary was apparent for both
irradiation conditions. Enrichment of Ni and Si thie grain boundary was evident for the
376°C:17.1dpa irradiation but appeared to be minimatte 524C:15.4 dpa irradiation.

Composition profiles across the grain boundary Fa;, Cr, Ni and Si for all the
irradiation conditions are shown in Fig. 8. Concations of Cr, Ni and Si at the grain boundary
as well as the magnitude of depletion/enrichmeatgaven in Table 2. Iron depleted at all the
irradiation conditions with the maximum depletiooacarring at 460C. Enrichment of Cr was
observed for all profiles with minimal enrichment €3 wt% at 376-378 and maximal
enrichment of ~6 wt% at 46C. Both Ni and Si enriched at the grain boundary the
enrichment was minimal at 522 (~0.2 wt%). Enrichment of Cr, Ni and Si at theaigr
boundary as a function of temperature is shownigqm €. Enrichment of Cr peaked around

460°C while Ni and Si appeared to peak at lower tentpegaAn increase in the irradiation dose



from 17.1 dpa to 35.1 dpa did not appear to affeetmagnitude of enrichment for all three

elements at 376-378 (open and closed circle symbols in Fig. 9).

4. Discussion

4.1 Dislocation loop evolution

Dislocation loops in irradiated ferritic-martensitjfF-M) steels are typically interstitial
type [18,19] with Burgers vector of either 1/2a<%1dr a<100>. The fraction of a<100> loops
increases with irradiation temperature [20,21] #rely become dominant at 5@in heavy ion
irradiated Fe and Fe-Cr alloys [22]. The fractidnag100> loops may also be affected by Cr
content with predominance of a<100> observed irelo@r alloys [6]. In BORG6O irradiated T91
in the temperature range 376-4C5 the dominant dislocation loops were type a<100#s is
consistent with the observations by Katoh et aB] [@ho observed only a<100> dislocation
loops in Fe-Cr binary ferritic alloys irradiated 140 dpa at 42% in the Materials Open Test
Assembly in the Fast Flux Test Facility (FFTF). Gamet al. [24] also confirmed the prevalence
of a<100> loops in HT9 irradiated to 150 dpa at°€13The observations of the nature of loops
in BOR60 appeared to be consistent with those ilFHFradiated in a similar temperature range.

Dislocation loops typically saturate after a fewadm stainless steels [25]. In-situ
Intermediate Voltage Electron Microscope (IVEM)adiation [26, 27] showed that dislocation
loop density increased with dose initially and treaturated at ~6 dpa in F-M steel NF616.
Proton irradiation in the temperature range 400°60[28] exhibited a saturation in dislocation
loop density after a few dpa. Therefore, it is suntprising that a significant change in dislocation
loop size and density was not observed when iriadialose increased from 17.1 dpa to 35.1
dpa at 376-37& in BORG60, Figure 8a. In fact, Getto et al. [2Bpwed that the dislocation loop
density was nearly constant to very high dpa le(88-650 dpa) in self-ion irradiated HT9.

The effect of irradiation temperature on dislocatioops in metals and alloys is well
known [30]. The average loop size typically ince=sasvhile the loop density decreases with
irradiation temperature. The increase in dislocataop size is evident in the size distribution
plot of Figure 1f and in the average loop diametdfig. 11a. Network dislocations dominated at
460°C and 524C in BORG60-irradiated T91. Henry and Maloy [18] eabtthat loops were

observed up to irradiation temperatures in the ead@)—-450°C for fast reactors, while at higher
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temperatures only network dislocations were presem absence of dislocation loops at 460

and 524C in BORG60 irradiated T91 is consistent with thahiservations.

4.2 Cavity evolution

The average void size did not change but the nurdbesity nearly doubled when the
irradiation dose increased from 17.1 dpa to 354 alp376-378C (Fig. 10b), indicating that
voids were probably still in the nucleation stagd a1l dpa. Bubble density appeared to peak at
17.1 dpa as the density at 35.1 dpa dropped tooflifiat at 17.1 dpa, Nucleation of voids may
be due to the growth of some of the existing bubbldower dose. The average swelling rate up
through 35.1 dpa was ~0.001%/dpa for BORG6O irradiaf91. The same heat of T91 (30176)
irradiated in FFTF exhibited void swelling of 1.26% at 413C to 184 dpa [9] and 1.9-2.6% at
400°C to 208 dpa [7], resulting in an average swelliag of ~0.01%/dpa, about one order of
magnitude higher than BORG6O0 irradiation at 17-3%.dphis indicates that T91 samples
irradiated in BOR60 were still in the swelling if@tion period and probably far from the
steady-state swelling regime, which is expectethese relatively lower doses. The wider size
distribution at 35.1 dpa vs. to 17.1 dpa (Fig.i@flicates that growth of some voids has occurred
between with a doubling of dose.

The observed swelling values of 0.00690.033% (Table 2) in BORG6O irradiated T91
heat 30176 appear to be low compared to other €afishrradiated in FFTF (a commercial heat)
or HFIR (an experimental heat XA3590) at similanperatures and doses. For instance, Kai and
Klueh [8] observed 0.86% of swelling in the comni@rbeat T91 irradiated in FFTF at 42Dto
35 dpa. The average void size is much larger (3pthan that in the BORG60 irradiated T91 heat
30176 (-6 nm). Interestingly, the reported averdigiocation loop size (100 nm) is also much
larger than the 26 nm for the BORG60 irradiatiorda&C. Both void swelling (~0.19%) and
average void size (15 nm) are smaller in T91 he®B590 irradiated at 40C to ~36 dpa in
HFIR [5] compared to that in the FFTF irradiati®@ut the void swelling in T91 heat XA3590
irradiated in HFIR is still much higher than thatthe BORG60 irradiated T91 heat 30176. The
bimodal distribution with high density of small kalbs observed in BORG60 irradiated T91 was
not reported in either FFTF- or HFIR- irradiated1T9he differences in observed swelling
behavior are probably due to many factors includiagations in irradiation temperature and

irradiation dose, helium production rates due tectjpm differences, and/or heat-to-heat
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variations as well as differences in heat treatsjeatl of which can affect void swelling
significantly as demonstrated in FFTF irradiateddH31].

Both the average void size and number density (FiQ) are greater at 3% compared
to 415C, resulting in a higher degree of swelling at T76No void swelling is observed at
460°C and 524C in BORG6O0 irradiated T91. As no BORG6O irradiatetrntemperature lower than
376°C was conducted, the peak swelling temperatureatansm determined from this series of
BORG6O irradiations. It appears that the major effefctemperature is on the density of small
bubbles (Fig. 2f), which is about one order of niagte lower at 418 than that at 37&. The
effect of small bubbles on void swelling can beyveomplex. On the one hand, they may serve
as precursors for large voids thus promoting vevweleng at high doses. On the other hand, a
very high density of small bubbles increases desett density, which reduces void growth. The
difference in small bubble density may affect veidcleation and growth at higher doses,
although the effect was not seen at ~17 dpa.

Swelling is strongly affected by interstitial-biasdislocations while neutral sinks such as
grain boundaries, pre-existing precipitates andatexh-induced G-phase particles lower the
overall population of interstitials and vacancigsgroviding recombination sites. Dislocations
consist of both the pre-existing dislocation netwand dislocation loops formed under
irradiation. The density of pre-existing dislocasp ~1x1¢> m? did not appear to vary
significantly at the examined irradiation condigo he dislocation loop line density of 1.4-2.0
m? (Table 2) accounted for less than 20% of the tdisibcation density. Therefore, the pre-
existing dislocations probably dominate the swellbehavior at the examined irradiation doses.
It is well-established that the swelling rate ipeledent on the dislocation/void sink strength
ratio, the Q-value [32]. A low swelling rate is eqbed when Q>>1 which is the case for T91 in

the examined dose range because of the high derigitglocations and low swelling.

4.3 Precipitate evolution

Both pre-existing Cr-carbides and V,Cr-nitrides evebserved after BORG60 irradiation.
Amorphization of carbides may occur at low tempaed (<220C) as demonstrated by Jia and
Dai [33] in T91, but in the BORG60 irradiation tennatre range of 376-52€, amorphization of

carbides was unlikely. Dissolution of carbides adiation was reported in proton irradiated
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T91 [34], which may also be the case for BOR60diated T91. It is not possible to determine
whether any carbides or nitrides dissolved dunragdiation since the statistics based on the EDS
maps was poor. Ni/Si-rich precipitates were obs#imeBORG60 irradiated T91 at the irradiation
temperatures of 376-416 but were not observed at 460and 524C. APT revealed that these
Ni/Si-rich precipitates were G-phase or its preotssNi/Si-rich G-phase has been reported in
both ion irradiated [29,34,35] and neutron irragdhf9,24] F-M alloys. Formation of G-phase in
F-M alloys is relatively understood. Cluster dynesnisimulations suggest that both
heterogeneous nucleation and radiation-inducecegagon at dislocations are necessary for the
formation of G-phase [36].

A slight increase in size and a decrease in numéesity (Fig. 10c) with dose indicates
that precipitates are still evolving with irradwti at 376-378 and 35 dpa. However, the
volume fractions are nearly the same, ~0.04% dt doses (Fig. 10c). Getto et al. [29] reported
that G-phase evolved slowly at much higher irradiratlamage levels of 188-650 dpa with an
increase in average size and a decrease in nurebeitylin F&" irradiated HT9. The volume
fraction did not change significantly at high dasEise theoretical volume fraction of G-phase in
T91 assuming that all Ni (~0.1%) is consumed byhase is ~0.2%. As Ni and Si also segregate
to dislocations, grain boundaries and other inta$athe maximum volume fraction is expected
to be much less that 0.2%. Combined with the saturaf RIS, significant increase in volume
fraction of G-phase precipitates at higher dosemtexpected, although the precipitate size and
density may still evolve with dose.

The absence of G-phase at 260n BORG60 irradiated T91 was unexpected as sicanifi
segregation of Ni and Si still occurred at this pemature (Fig. 9). Anderoglu et al. [37] reported
a few large G-phase precipitates observed at dpraimdary triple junctions but not within the
grains or laths in FFTF-irradiated HT9 at 4660 92 dpa. However, both Ni and Si contents in
HT9 are much higher than in T91 (Ni: 0.48 vs. 0.30;0.41 vs. 0.25 in wt%). The absence of
G-phase in T91 at 480 is, therefore, not unreasonable considering e Bulk Ni and Si
contents. As segregation of Ni/Si is minimal at 824formation of G-phase was not expected in
BORGO irradiated T91 at that temperature.

Cu-rich clusters were observed in BORGO irradidi@d at 376-41%5C. The solubility of
Cu ina-Fe is very low (0.003 wt% at ~380 [38]) and Cu in T91 is likely supersaturatedhea t
BORG60 irradiation temperatures even though the loalktent is only 0.062 wt%. Radiation

13



enhanced formation of Cu-rich clusters was repariqatoton irradiated T91 and HCM12A [34]
and the volume fraction of Cu-rich precipitates whswn to be dependent on bulk Cu content.
APT revealed that Cu-rich precipitates were assediavith Ni/Si-rich precipitates, dislocations
and grain boundaries [34]. Besides the increageuirsolubility at higher temperatures, the lack
of Ni/Si-rich precipitates and dislocation loops480FC and 524C may also contribute the

absence of Cu-rich precipitates at these highepé¢eatures.

4.4 Radiation induced segregation

Similar to dislocation loops, radiation-inducedysgation at the lath boundary appeared
to saturate by 17 dpa. There was negligible chamgfge magnitude of enrichment for Cr, Ni and
Si at 35.1 dpa compared to 17.1 dpa at 37637&dicating that RIS has saturated by 17 dpa
(Fig. 8). Saturation of RIS occurs when the conediain gradient of the enriched element at the
grain boundary rises to the level where backwarfuslon balances enrichment by RIS.
However, the extent of segregation increases wéthperature to a maximum at 460°C.
Observed enrichment of Cr, Ni and Si at the grabungary in BORG60-irradiated T91 is
consistent with proton irradiated T91 [28, 39-42] similar irradiation temperatures. RIS
behavior of Cr in F-M alloys can be explained bg thffusion coefficient ratio of Cr to Fe for
both vacancies and interstitials [39, 42]. Enrichingf Cr occurs at lower temperature when the
interstitial diffusion coefficient ratio dominatesnd depletion occurs at high temperatures when
the vacancy diffusion coefficient ratio dominat&sie cross-over temperature appeared to be
around 600C for proton irradiated T91 [42]. The temperatuepehdence of the diffusivity ratio
resulted in a maximum enrichment of Cr at ~45Q@or proton-irradiated T91 [42], consistent
with the observed temperature dependence of Ceclenant in BORG60-irradiated T91 of 46D
Minor elements Ni and Si showed a peak in segregatt a lower temperature of ~400°C, also
consistent with proton irradiations [42].

It is noteworthy that while there is significant3Rat 460°C, dislocation loops, Ni/Si-rich
precipitates as well as voids larger than 2 nm vaéirabsent. Contrary to RIS that requires only
the flow of defects to the sink, voids, loops amécpitates depend on a net flux of one type of
defects for nucleation to occur. It appears thatrtat flux of interstitials or vacancies could not
be maintained at a high enough level to countethetmal emission at the irradiation

temperature, so nucleation of dislocation loops\amds did not occur. The lack of nucleation of
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Ni/Si-rich precipitates at 46C may be due partially to the lack of dislocationgs as additional

nucleation sites besides pre-existing dislocations.

5. Conclusions
Dislocation loops, cavities (small bubbles anddedi radiation-induced precipitates and

radiation-induced segregation were examined in Mm@dtron irradiated in BOR60 at 31&

524°C to doses up to 35.1 dpa. A summary of microstinectharacterization is as follows:

» Dislocation loops were observed at 3Ze415C while only network dislocations were
observed at 46@ and 524C. The dominance of network dislocations at highgeratures
of 460°C and 524C is consistent with observations of F-M alloysRRTF irradiations.
Dislocation loops saturated at 17.1 dpa at’@7/@®islocation loops were mainly a<100> type
in BORGO irradiated T91 which is also consisterthwibservations in FFTF irradiation.

* Voids were in the nucleation stage at 17.1 dpathechumber density as well as swelling
increased with irradiation dose at 376-3Z8 A bimodal cavity distribution was observed
with a high density of small bubbles less than 2 innthe temperature range 376-4C5
Only small bubbles were observed at 26@&nd 524C.

» Enrichment of Cr, Ni and Si at the grain boundazguwred at all doses and temperatures. At
a temperature of 376°C RIS appeared to satural&.atdpa. Cr enrichment peaked at a
temperature of 46C, and Ni and Si enrichments peaked at lower teatpess.

* The dominant radiation-induced precipitates were ii/Si-rich G-phase precipitates in
BORG6O irradiated T91. The average size and voluraetibn increased slightly with dose
and temperature but a continued increase in voluacgion was not expected at much higher
doses due to the low bulk Ni content. The abserid€i/&i-rich precipitates at 46C was
likely due to the lack of dislocation loops as diddial nucleation sites. No Ni/Si-rich
precipitates were observed at 824due to the minimal RIS of Ni and Si at the terapare.
Cu-rich precipitates were observed in BOR60 irreedlal 91 at 376-41%.

Acknowledgements

15



The authors gratefully acknowledge Drs. M.J. HagketA. Hilton, and C. Xu at TerraPower,
LLC and Dr. T. Saleh at Los Alamos National Laborgtfor providing on-going support of the
BORGO irradiation campaign. The authors would dlke to thank the Irradiated Materials
Examination and Testing (IMET) facility and LAMDAalboratory staff for their continuing
support of this research. Primary support for ttesearch was provided by Department of
Energy under contract DE-NEO000639. The atom ptobmgraphy work was supported by the
Engineering and Physical Sciences Research CouB¢tISRC) funding under contract
EP/L025817/1 and EP/M022803/1. Electron microscaghyaracterization using ORNL’s
LAMDA facility was supported by the Department ofi¢fgy, Office of Nuclear Energy, under
DOE Idaho Operations Office Contract DE-AC07-051B14 as part of a Nuclear Science User
Facilities experiment. This research was performedart, using instrumentation (FEI Talos)
provided by the Department of Energy, Office of Mac Energy, Nuclear Technology R&D

(formerly Fuel Cycle R&D) Program, and the Nucl&aience User Facilities

References

1. G.S. Was, Z. Jiao, E. Getto, K. Sun, A.M. Montea;0S.A. Maloy, O. Anderoglu, B.H.
Sencer, M. Hackett, Scr. Mater. 88 (2014) 33

2. https://neup.inl.qov/SiteAssets/FY%202013%20AbssidRP/IRP-
University%200f%20Michigan.pdf

3. D. J. Edwards and S.M. Bruemmer, Characterizatfid@lR Il Irradiated Stainless Steels,
EPRI, Palo Alto, CA, EP-P19021/C9406, 2008.

4. F.A. Garner, M.B. Toloczko, B.H. Sencer, J. Nuchtlt. 276 (2000) 123-142
5. J.M. Vitek, R.L. Klueh, J. Nucl. Mater. 122—-123 8% 254-259.

6. D.S. Gelles, J. Nucl. Mater. 212-215 (1994) 714-719
7
8
9

. M.B. Toloczko, F.A. Garner, C.R. Eiholzer, J. Nudater. 212-215 (1994) 604.
. J.J. Kai, R.L. Klueh, J. Nucl. Mater. 230 (2) (19946.

. J. Van den Bosch, O. Anderoglu, R. Dickerson, MrtH#&. Dickerson, J.A. Aguiar, P.
Hosemann, M.B. Toloczko, S.A. Maloy, J. Nucl. Ma#40 (2013) 91-97

10.Z. Tong, Y. Dai, J. Nucl. Mater398 (2010) 43-48
11.L. Tan, B.K. Kim, Y. Yang, K.G. Field, S. Gray, Mi, J. Nucl. Mater493 (2017) 12e20

12.W. Van Renterghem, D. Terentyev, M.J. Konstantiop¥i Nucl. Mater.
https://doi.org/10.1016/j.jnucmat.2017.10.045

16



13.C.M. Parish, N.A.P. Kiran Kumar, L.L. Snead, P.[@Antondson, K.G. Field, C. Silva, A.
Marie Williams, K. Linton, K.J. Leonard, Microsc.idtoanal. 21 (2015) 1003-1004.

14.C.M. Parish, K.G. Field, A.G. Certain, J.P. WhattyMater. Res. 30 (2015).
doi:10.1557/jmr.2015.32.

15.P.J. Phillips, M.C. Brandes, M.J. Mills, M. De Grddltramicroscopy. 111 (2011) 1483—
1487.

16.B. Yao, D.J. Edwards, R.J. Kurtz, J. Nucl. Matég4 (2013) 402-410
17.G. CIiff, G.W. Lorimer, J. Microsc. 103 (1975) 2037

18. J. Henry, S.A. Maloy, in: Pascal Yvon (Ed.), $tural Materials for Generation 1V Nuclear
Reactors, Woodhead Publishing, 2017, Pages 329-355

19.R. Schaublin, M. Victoria, in: G.E. Lucas, L. Snead.A. Kirk, R.G. Elliman (Eds.),
Microstructural Processes in Irradiated Materidsterials Research Society Symposium
Proceedings, vol. 650, 2001. R.1.8.

20.S. Dudarev, P. Derlet, R. Bullough, J. Nucl. Mag86—-388 (2009) 45
21.M. Jenkins, Z. Yao, M. Hernandez-Mayoral, M. Kigk,Nucl. Mater. 389 (2009) 197

22.X. Liu, Y. Miao, M. Li, M.A. Kirk, S. A. Maloy, J.F StubbinsJ. Nucl. Mater. 490 (2017)
305-316

23.Y. Katoh, A. Kohyama, D.S. Gelles, J. Nucl. Mat2e5 (1995) 154-162

24.B.H. Sencer, J.R. Kennedy, J.I. Cole, S.A. Maloy.F5arner, J. Nucl. Mater. 414 (2011)
237-242

25.G.S. Was and J.T. Busby, Philosophical Magazing2865) 443.

26.C. Topbasi, A.T. Motta, M.A. Kirk, J. Nucl. Matet25 (2012) 48-53

27.C. Topbasi. D. Kaoumi, A.T. Motta, M.A. Kirk, Nucl. Mater. 466 (2015) 179-186
28.G. Gupta, Z. Jiao, A.N. Ham, J.T. Busby, G.S. Waslucl. Mater. 351 (2006) 162-173
29.E. Getto, G. Vancoevering, G.S. Was, J. Nucl. Mated (2017) 193-208

30.S.J. Zinkle, in: R.J.M. Konings (Ed.), CompreheesNuclear Materials, Elsevier, 2012, p.
65

31.M.J. Hackett and G. Povirk, ANS Transactions, 12&1¢) 1133

32.G.S. Was, Fundamentals of Radiation Materials $eieMetals and Alloys, Second Edition,
Springer, Berlin, 2017. p. 418-425.
33.X. Jia, Y. Dai, J. Nucl. Mater. 318 (2003) 207-214

34.Z. Jiao, V. Shankar, G.S. Was, J. Nucl. Mater. @13.1) 52-62
35.Z. Jiao, G.S. Was, J. Nucl. Mater. 425 (2012) 105
36.Jia-Hong Ke, Huibin Ke, G. Robert Odette, Dane MorgJ. Nucl. Mater. 498 (2018) 83-88

37.0. Anderoglu, J. Van den Bosch, P. Hosemann, Eg&teB.H. Sencer, D. Bhattacharyya,
R. Dickerson, P. Dickerson, M. Hartl, S.A. MaloyNLicl. Mater. 430 (2012) 194

17



38.G.R. Odette, G.E. Lucas, Radiat. Eff. Defects Solid4 (1) (1998) 189-231

39.G.S. Was, J.P. Wharry, B. Frisbie, B.D. Wirth, Doidan, J.D. Tucker, T.R. Allen, J. Nucl.
Mater. 411 (2011) 4

40.J.P. Wharry, Z. Jiao, G.S. Was, J. Nucl. Mateb @012) 117
41.J.P. Wharry, G.S. Was, J. Nucl. Mater. 442 (201357
42.J.P. Wharry, G.S. Was, Acta Mater. 65 (2014) 42-55.

18



Tables and Figures
Table 1. Chemical compositions (wt%) of T91 he@t 76 provided by PNNL and Luvak.

Table 2. Summary of characterization results fdSNiich precipitates, cavities and dislocation
loops in T91 irradiated at various conditions inMB&D. Error in sizes is the larger of the
standard error of the mean and pixel resolutiotihefimage. Error in number densities (not
shown) is due to TEM foil thickness measurementiamstimated to be 10%.

Table 3. Summary of Cr, Ni and Si grain boundamyaentrations and changes from nominal in
T91 irradiated in BORG0.

Fig. 1. STEM-BF images showing dislocation evolatino T91 irradiated in BOR60 under
different irradiation conditions: (a) 376:17. 1dpa; (b) 37&:35.1dpa; (c) 41%:18.6 dpa; (d)
46(rC:14.6 dpa; and (e) 52@,15.4 dpa; (f) dislocation size distribution. Sonsar edge-on
dislocation loops are indicated by arrows. A pdssili2a<111> type dislocation loop is circled

in (a)).

Fig. 2. STEM HAADF images showing cavity evolutionT91 irradiated in BOR60 under
different irradiation conditions: (a) 376:17. 1dpa; (b) 37&:35.1dpa; (c) 41%:18.6 dpa; (d)
460°C:14.6 dpa; and (e) 52@:15.4 dpa; (f) size distribution of cavities. Sooaities are
indicated by arrows. The inset in (a) is under €&M BF images showing high density of
small bubbles.

Fig. 3. EDS elemental maps showing Cr-rich carhidfesch nitrides, Ni/Si-rich and Cu-rich
precipitates in T91 irradiated in BORG60: (a) 3Z6L7.1dpa and (b) 48C:14.6 dpa.

Fig. 4. Ni/Si-rich clusters or G-phase evolutionl@l irradiated in BOR60 under different
irradiation conditions: (a) 3?7€:17.1dpa; (b) 378:35.1dpa; (c) 41%:18.6 dpa; (d) 46014.6
dpa; and (e) 524€:15.4 dpa; (f) G-phase size distribution.

Fig. 5. Atom maps of T91 irradiated in BOR60 to 403.8.6 dpa.

Fig. 6. (a) (c) Ni/Si/Mn-rich clusters highlighteging iso-concentration surfaces of Mn + Ni +
Si at 5 at% in two different APT tips from T91 idiated in BOR60 to 4T&:18.6 dpa. (b) (d)
Proximity histograms showing the concentrationmafor elements in Cluster 1 and Cluster 2,
respectively.

Fig. 7. Radiation induced segregation of Fe, Cral Si at the grain boundary in T91 irradiated
in BOR60 under different irradiation conditions) 8&6°C:17.1dpa; and (b) 52€:15.4 dpa.
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Fig. 8. Radiation induced segregation profiles @f €r, Ni and Si across the grain boundary in
T91 irradiated in BOR60 under different irradiaticonditions.

Fig. 9. Irradiation dose and temperature effecemrichment of Cr, Ni and Si at the grain
boundary in BOR60-irradiated T91.

Fig. 10. Dose effect on the average size, numhasityeand volume fraction or line density of (a)
dislocation loops, (b) void, and (c) G-phase in BBDORradiated T91 at 376-378°C.

Fig. 11. Temperature effect on the average sizapen density and volume fraction or line
density of (a) dislocation loops, (b) void, and Gzphase in BORG60 irradiated T91 to 17.1 dpa.
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Table 1. Chemical compositions (wt%) of T91 he@it 75 provided by PNNL and Luvak.

C N Al Si P S Ti \% Cr Mn | Ni| Cu Nb Mo| W Fe
PNNL .08 | .054| - A1 - - - 21| 8.6 37 Q9 - .0f29 .8 - Bal.
Luvak .091| .052| .004 .25| .00F .002 .0p3 .23 8764 .A.10| .062 | .086 .86| .004 Bal.

Table 2. Summary of characterization results fdg&Nich precipitates, cavities and dislocation
loops in T91 irradiated at various conditions in B&D. Error in sizes is the larger of the
standard error of the mean and pixel resolutiorthef image. Error in number densities (not
shown) is due to TEM foil thickness measurementiargstimated to be 10%.

Ni/Si-rich precipitates Cavities Dislocation loops
—~ [} N N— —_
IS — N T |© ~ © __~ Joi
2| £ |8 | |2 ElaE[2EE|e | B |2 |§,
— % o = k] Q' c 8= J £ IS c L2
§) RS2 N @ 5 S N & SNl & = 8 (A c 04
O w |2 E|l 3 >EA IS ABDY | 25| TE CE | 9§E
- g |18%| & | 38|58 588 22| 8 | 8L | §839%
a) S c 4l = S £ |ozElogg| 2 S € o SR
g > 5 o % g g c>U g Q© g g = w =
z |® > I Lz "¢ 23 < < =
376 | 17.1| 5.8:05 | 3.6 0.037 | 6.9+1.1 7.3 1200 0.016| 21.8t0.5 2.9 2.0
378 | 351 | 7.0405 | 2.4 0.043 | 6.5t1.1 14.7 220 0.033| 22.9t1.2 1.9 14
415 | 18.6| 6.7405 | 3.0 0.047 | 5.6£1.1 6.5 160 0.0058 25.8+0.9 2.0 1.9
460 | 14.6 N.O. N.O N.O. N.O. N.O 32 Neg|. Neg| gNe Negl.
524 | 15. N.O. N.O. | N.O. N.O. N.O. 33 0 N.O. N.O. N.O.

Table 3. Summary of Cr, Ni and Si grain boundargaentrations and changes from nominal in
T91 irradiated in BORG60.

T (°C) Dose (dpa) Cr ACr Ni ANi Si ASi
376 17.1 9.7+0.2 2.8 1.4+0.3 1.0 1.0+0.3 0.5
378 35.1 9.0+0.2 2.4 1.3+0.3 0.9 1.0+0.3 0.6
415 18.6 12.0+0.2 5.5 1.6+0.3 1.3 1.4+0.3 0.9
460 14.6 12.5+0.2 6.1 1.3+0.3 0.9 0.8+0.3 0.4
524 154 9.5+0.2 3.2 0.6+0.3 0.2 0.6+0.3 0.2
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Fig. 1. STEM-BF images showing dislocation evolatim T91 irradiated in BOR60 under
different irradiation conditions: (a) 376:17. 1dpa; (b)378C:35.1dpa; (c) 41%:18.6 dpa; (d)
46(rC:14.6 dpa; and (e) 528,15.4 dpa; (f) dislocation size distribution. Somesar edge-on
dislocation loops are indicated by arrows. A pdssii2a<111> type dislocation loop is circled

in (a)).
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Fig. 2. STEM HAADF images showing cavity evolutionT91 irradiated in BOR60 under
different irradiation conditions: (a) 376:17.1dpa; (b) 378C:35.1dpa; (c) 41%:18.6 dpa; (d)
46(rC:14.6 dpa; and (e) 52@:15.4 dpaff) size distribution of cavities. Some cavities ar
indicated by arrows. The inset in (a) is under €&M BF images showing high density of

small bubbles.
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Fig. 3. EDS elemental maps showing Cr-rich carhidfesch nitrides, Ni/Si-rich and Cu-rich
precipitates in T91 irradiated in BORG60: (a) 3Z6L7.1dpaand (b) 460C:14.6dpa.
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Fig. 4. Ni/Si-rich clusters or G-phase evolution@l irradiated in BOR60 under different
irradiation conditions: (a) 37€:17.1dpa; (b) 378:35.1dpa; (c) 41%:18.6 dpa; (d) 46014.6
dpa; and (e) 52€:15.4 dpa; (f) G-phase size distribution.
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Fig. 5. Atom maps of T91 irradiated in BOR60 to 223.8.6 dpa.
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Fig. 6. (a) (c) Ni/Si/Mn-rich clusters highlighteding iso-concentration surfaces of Mn + Ni +
Si at 5 at% in two different APT tips frof®1 irradiated in BORG60 to 416:18.6 dpa. (b) (d)

Proximity histograms showing the concentrationmajor elements in Cluster 1 and Cluster 2,
respectively.
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Fig. 7. Radiation induced segregation of Fe, Cral Si at the grain boundary in T91 irradiated
in BOR60 under different irradiation conditions) 8&6°C:17.1dpa; and (b) 52€:15.4 dpa.
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Fig. 8. Radiation induced segregation profiles ®f €r, Ni and Si across the grain boundary in
T91 irradiated in BOR60 under different irradiaticonditions.
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boundary in BOR60-irradiated T91.
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dislocation loops, (b) void, and (c) G-phase in BBDRradiated T91 at 376-378°C.
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Fig. 11. Temperature effect on the average sizenben density and volume fraction or line
density of (a) dislocation loops, (b) void, and Gzphase in BORG60 irradiated T91 to 17.1 dpa.
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