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ABSTRACT

The microstructural evolution of ternary Fe-21Cr-32Ni (21Cr32Ni) model alloy and of alloy 800H was in-
vestigated with a series of in-situ ion irradiation experiments performed using the Intermediate Voltage
Electron Microscope (IVEM)-Tandem Facility at Argonne National Laboratory (ANL). Samples were irradi-
ated in-situ with 1 MeV Kr* ions in the temperature range of 50K to 713K to doses up to 2 dpa. The size
distribution of defect clusters, average defect cluster diameter, and defect cluster density were measured
and compared. Results showed that the evolution of defects (i.e. the average defect cluster size and num-
ber density) in 21Cr32Ni model alloy and alloy 800H with dose were similar at irradiation temperatures
up to 300K where they initially increased with dose up to 0.1 dpa after which no significant changes in
defect size and density were observed with further irradiation. In addition, both alloys exhibited ordered
defect structures along the <100> direction at relatively low temperatures, up to 300K, which remained
stable throughout post-irradiation in-situ thermal annealing up to a temperature of 773K. During irradi-
ation at 713K, small defect clusters were observed at low doses (<0.1 dpa) in both alloys. However, at
this irradiation temperature, the clusters in 21Cr32Ni grew with a faster rate than those formed in alloy
800H, causing the microstructure in the former to be dominated by numerous large dislocation loops
having both {111}- and {110}-type habit planes, and in the latter to be dominated by small defect clus-
ters and small {111}-type dislocation loops. This may indicate that defect trapping by the solute atoms in

alloy 800H at 713K can slow point defect migration to defect clusters and limit their growth.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Potential improvements of new generation fission and fusion
energy systems require the development of new materials and in-
creased understanding of how those materials behave in the reac-
tor core at high doses. In these reactor concepts, the in-core com-
ponents must withstand radiation damage levels which can reach
up to 200 dpa (displacements per atom) at operating temperatures
of more than 400°C [1].

Several alloys have been selected as promising candidates to
be used as in-core structural materials. Among them, the Fe-Cr-
Ni based super alloy 800H has been considered as one of the pri-
mary candidate alloys for the construction of the high temperature
components (such as fuel cladding, core barrel, core support floor,
steam generator, intermediate heat exchangers, hot ducts etc.) in
the Gas-cooled Fast Reactor (GFR), Lead-cooled Fast Reactor (LFR),
Sodium-cooled Fast Reactor (SFR) and Super-Critical Water Reac-
tors (SCWR) because of its resistance to high temperature corro-
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sion and creep [2-3]. Although many studies have been published
in the literature on the microstructure evolution of different types
of Fe-Cr-Ni austenitic steels when subjected to proton, neutron or
heavy-ion irradiations in a wide temperature range (~550 K to
~900 K) [4-18], only a few studies have been conducted specifi-
cally on austenitic alloy 800H and the majority of those studies
were aimed at determining the effects of high dose levels on the
material microstructure [19 22]. Because irradiation-induced fea-
tures observed at high doses derive from the initial microstructure
evolution, the main focus of the present study is on the low dose
(up to ~1-2 dpa) behavior of the Fe-based 21Cr32Ni type austenitic
alloys; especially the initial defect evolution and how alloying el-
ements may influence this process. It is known that the solute-
defect interactions can cause point defects to be trapped by al-
loying elements in solid solution during irradiation [23,24]. There-
fore, alloying elements can influence defect accumulation by acting
as effective point defect recombination sites or as effective nucle-
ation sites for larger defect clusters. For example, the doping of Si
in Fe-Ni resulted in a significant number of interstitial atoms to
be trapped and to form interstitial clusters [23], whereas the ad-
dition of Ti or Al in Fe-Ni and Fe-Cr-Ni type alloys resulted in the
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Bulk chemical composition of major constituents of 21Cr32Ni model alloy and commercial 800H measured by direct current

plasma (DCP) method.

Alloy Fe Ni Cr Mn Al Ti
21Cr32Ni  Bal. 312 207 0.9 - -
800H Bal. 309 203 074 056 034

Cu Si \% Mo Others (C*, P, N, H, O, W, S)
- 0.1 - 0.02 ~0.04
036 0.16 0.04 0.07 ~0.17

* Combustion method (CO) used for carbon and sulfur measurement.

formation of vacancy clusters [23,24]. It is important to note that
because of multiple alloying elements, the overall irradiation be-
havior of commercial steels is more complex than that of model
alloys. For example, Jung et al. reported that the addition of Si and
P into the Fe-Cr-Ni-Mo alloy system reduced swelling and creep
during irradiation with 6.2 MeV protons at 773K, whereas the ad-
dition of C and N resulted in the enhancement of swelling [25].
Interestingly, the swelling strain measured in the commercial 316L-
type steel including Ni-Si-P-C-N was the lowest among the alloys
in their study. Similarly, Garner et al. studied the behavior of Fe-
Cr-Ni type austenitic stainless steels irradiated in the EBR-II in the
temperature range of 673K-932K and reported that the addition of
Si and P to Fe-Cr-Ni alloys which contains other solutes can in-
crease swelling [26]. All these studies show that the alloying ele-
ments strongly influence the radiation damage behavior of Fe-Cr-Ni
alloys in many ways.

In this paper, the results of systematic in-situ ion irradiation ex-
periments performed on a 21Cr32Ni austenitic model alloy and on
commercial alloy 800H are reported. Electro-polished thin foils of
21Cr32Ni model alloy and alloy 800H were irradiated at the Inter-
mediate Voltage Electron Microscope (IVEM) at Argonne National
Laboratory using 1 MeV Kr™+ ions at irradiation temperatures be-
tween 50K and 713K. The initial defect evolution and the defect
size distribution and density vs. dose behavior were obtained as a
function of irradiation temperature and dose up to ~2 dpa and the
results were compared. These results are analyzed to discuss the
role of the minor alloying elements in the microstructural evolu-
tion of alloy 800H during irradiation.

2. Experiment
2.1. Material and sample preparation

The 21Cr32Ni model alloy used in this study was provided by
GE Global Research as heat #RAM-2192, and alloy 800H was pro-
vided by GE Carlson Inc. as heat #35175. The elemental composi-
tions of the alloys were measured by Sherry Laboratories and Lu-
vak Inc., respectively using direct current plasma (DCP) emission
spectroscopy. The chemical compositions of major constituents in
the alloys are shown in Table 1. The grain size of the alloys was
determined by optical microscopy to be ~50 um for 21Cr32Ni and
~200 pm for alloy 800H, after the polished surface was exposed to
an etchant having a composition of 10 mL of HNO3, 20 mL of HCl,
and 30 mL of H,0.

For phase determination, as-received alloys were sent to the
Advanced Photon Source (APS) at Argonne National Laboratory
(ANL) for X-ray diffraction (XRD) analysis. The 33-ID-D beamline
was used for the measurements, using a beam size of 260 pmx 160
pm and 19.9 keV (A=0.623037 A) beam energy. The XRD patterns
were then analyzed by comparing the peak intensities and the
peak positions (26 values) with the powder diffraction files (PDF)
up to 26 = 40° (corresponding to an atomic plane spacing of ~0.1
nm).

Samples for transmission electron microscopy (TEM) character-
ization were prepared by cutting 3-mm disks from the bulk ma-
terial characterization using electrical discharge machine (EDM).
These disks were then ground with 600/800/1200 grit paper from

both sides to a final thickness of less than ~120 um followed by
electro-polishing using a 95% methanol and 5% perchloric acid so-
lution as the electrolyte. The temperature was always kept below
-30°C during electro-polishing by adding liquid nitrogen. Once the
polishing step was completed, the sample holder was put into a
beaker of methanol for ~1 min to stop further etching. The TEM
disks were then removed from the holder and rinsed three times
using a sequence of methanol, ethanol, and methanol for ~ 1 min
in each.

Fig. 1 shows the microstructure characterization of the as-
received steels by XRD and TEM. The XRD patterns in Fig. 1a
show that the major phase observed in the alloys before irradia-
tion is the austenitic phase with the corresponding lattice constant
of a=3.58 A, a typical value for fcc-Fe which was verified with
the reference PDF data (shown with black markers PDF# 98-000-
0258). The normalized intensities of the major peaks are also con-
sistent with the PDF data, although some of the XRD peaks (such
as 311 and 222 peaks in Fig. 1a show some slight variation from
the values reported in the PDF file. This could be caused by sam-
ple texture or because a limited number of grains are probed due
to the large grain size. Fig. 1a also shows additional small peaks in
the 21Cr32Ni model alloy at relatively low 26 values. These peaks
were compared with possible oxide and carbide/nitride PDF files
and they are consistent with small amounts of oxide phases (Fe304
and Cr,03 type), shown in green which may have formed on the
surface from exposure to air. Fig. 1 (b-c) show that the 21Cr32Ni
model alloy and alloy 800H have a similar pre-existing dislocation
microstructure. The dislocation structure in the grains were ho-
mogenous. There were some slight variations in the grain-to-grain
dislocation density. The line dislocation density in both alloys was
calculated to fall in the range of 104-10%> m~2,

2.2. IVEM experiments

In-situ ion irradiation experiments were performed at the Ar-
gonne National Laboratory (ANL) Intermediate Voltage Electron Mi-
croscope (IVEM). This is a Hitachi-9000 transmission electron mi-
croscope having a side entry stage and operated at 200 keV. Sam-
ples were irradiated using 1 MeV Kr** ions with an ion flux of
2.84x10" jons/cm2-s at temperatures ranging from 50K to 713K.
The ion energy was selected so that the Kr ions traversed the sam-
ple rather than being implanted. The ion range and displacement
damage were calculated using the Stopping and Range of Ion in
Matters (SRIM) software. The ion range was ~300 nm, i.e., approx-
imately three times larger than a typical ~100 nm thick electron
transparent TEM sample. Fig. 2a shows the fraction of incident Kr
ions passing through a typical ~100 nm thick 21Cr32Ni TEM foil
as a function of Kr ion energy. At 1 MeV, ~96% of incident Kr ions
pass through the sample. The SRIM damage and ion implantation
profiles produced by 1 MeV Kr ion of a typical ~100 nm 21Cr32Ni
TEM foil are presented in Fig. 2b which shows a relatively uniform
damage profile. The maximum implanted Kr ion concentration in
the foil was ~0.007 at.% per dpa.

The sample temperature was continuously monitored through-
out the experiments using a thermocouple attached to the spec-
imen cup. Temperature fluctuations during the irradiation were
kept within £5 K. The irradiation was paused at specific doses to
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Fig. 1. (a) Advanced Photon Source X-ray diffraction patterns acquired from the as-received 21Cr32Ni model alloy (red) and alloy 800H (blue). The intensity on the y-axis
is normalized to the maximum peak intensity (i.e. {111} peak). Reference data from powder diffraction file (PDF) up to 20=40° is shown with square markers and it shows
that main peaks are consistent with fcc-fe. Arrows show additional oxide peaks in the model alloy. (b-c) Bright-field TEM images showing the non-irradiated microstructures
of 21Cr32Ni model alloy and alloy 800H. Some of the pre-existing dislocations are shown with arrows.
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Fig. 2. SRIM simulation results showing (a) the fraction of transmitted Kr ions through a typical ~100 nm thick 21Cr32Ni TEM foil and (b) the damage profile (red) and ion

implantation profile (blue) of 1 MeV Kr2* in 21Cr32Ni alloy.

adjust microscope settings and to record images. A systematic ef-
fort was spent on selecting a region for tracking that was far from
any pre-existing dislocations or grain boundaries. As possible, the
TEM images were recorded from the same regions throughout each
experiment for consistency.

Table 2 summarizes the irradiation parameters and imaging
conditions used in the IVEM experiments. The damage was calcu-
lated using SRIM software with the Quick Kinchin-Pease Model and
a displacement energy of 40 eV as described in [17,27].
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Summary of in-situ irradiation conditions and imaging condition for experiment conducted at IVEM

on the 21Cr32Ni model alloy.

Temperature[K] lon energy Dose 21Cr32Ni 800H
and type rate[dpa/s] g-vector
50 1 MeV Krt+ 1 x 1073 2200 g1
300 8200 8220
713 8200 8200
Table 3 Table 5

Deviation parameter, sg, and effective extinction distance,
&, calculated for different (g, ng) reflections using g»o0,
gm and gy diffraction vectors. The extinction distances, &g,
were calculated for fcc-Fe.

g-vector  &g[nm] (g ng) sg[nm7'] & [nm]
{200} 416 (g g 0.00 416
(g, 28) 0.04 2138

(g, 3g) 0.08 12.3

(g, 4g) 0.12 8.4

{111} 393 (g 8) 0.00 39.3
(g, 28) 0.03 25.8

(g, 3g) 0.06 15.7

(g, 4g) 0.09 11.0

{220} 520 (g g) 0.00 52.0
(g, 28) 0.08 125

(g, 3g) 0.16 6.4

(g, 4g) 0.23 43

Table 4

Average thicknesses of the characterized regions calculated by thick-
ness fringes.

Fe21Cr32Ni 800H
Temperature[K] Ion energy/type Average thickness [nm]
50 1 ~42 £ 9 ~105 + 11
300 MeV ~129 + 9 ~122 + 6
713 Krt+ ~82+9 ~98 £ 9

2.3. Thickness measurement

To accurately determine defect cluster density, it is essential to
have an accurate estimate of the sample thickness, so we spent ef-
fort to measure this parameter. The thickness of each sample was
determined by counting the thickness fringes which were visible in
the bright-field (BF)/dark-field(DF) images recorded at room tem-
perature before irradiation. For thickness determination by thick-
ness fringes, the total number of fringes was multiplied by the ef-
fective extinction distance (€qg) [28].

The sample thickness was calculated primarily using DF TEM
images. If the thickness fringes were also visible in BF TEM images,
these were also used, and the sample thickness calculated from
both BF and DF images were averaged and reported. The sample
thicknesses were measured using the g,q diffraction vector with
(g, 4g) condition near the [011] zone axis, and the error in thick-
ness measurement was taken as +£.¢. Note that different (g, ng)
reflections can also be excited in the microscope and used for the
thickness determination if & . is calculated for each set of diffrac-
tion conditions. Table 3 shows the calculated deviation parameter
(sg) and the effective extinction distance (&) for various (g, ng)
conditions using g,q9, g111 and gyyg diffraction vectors using fcc-Fe
as reference. Table 4 shows the estimated thickness of each of the
examined regions in the different samples, calculated using thick-
ness fringes.

2.4. Characterization of the in-situ ion irradiated microstructures
Radiation damage was mainly characterized by analyzing

radiation-induced defects and dislocation loops. Defects were
counted and their sizes were measured using the Image] soft-

The fraction of loops visible in TEM images recorded using different g-
vectors according to the ‘g.b’ invisibility criteria

g-vector
loop b-vector [hkl] (220) (111) (200) (311)
111 v v v v
111 0 v v v
11 0 J v J
11 v v v v
110 v v v v
101 v v J v
011 v N 0 J
1710 0 0 N N
101 Vi 0 v v
011 v 0 0 0
Visible {111} loop fraction (%) 50 100 100 100
Visible {110} loop fraction (%) 83 50 67 83
Total visible loop fraction (%) 70 70 80 90

ware [29]. Defect clusters and dislocation loops were counted
all together in dark-field images. For consistency, an effort was
made to perform defect counting from TEM images recorded using
the same magnification (30,000x) and similar deviation parame-
ter. However, higher magnifications were occasionally used to ob-
tain better conditions for defect counting and size measurement,
as necessary. The habit planes of the dislocation loops were de-
termined by analyzing bright-field/dark-field TEM images and cor-
responding diffraction patterns. Imaged loops were identified by
comparing the expected projection of circular loops onto the im-
age plane.

For 21Cr32Ni model alloy, DF TEM images were all recorded us-
ing the g,q0 diffraction vector with (g, 4g) condition near the [011]
zone axis. For alloy 800H, different diffraction vectors with similar
deviation parameters were used to optimize defect imaging. The
diffraction conditions used in alloy 800H irradiation experiments
are g111, 8220 and gogo for 50K, 300K and 713K, respectively. Be-
cause most of the defects at the doses of interest (<1 dpa) con-
sists of small defect clusters and dislocation loops, the average de-
fect diameter is not expected to be significantly affected by the
change in diffraction conditions since similar deviation parameters
were used. On the other hand, the number density of small loops
can be affected, as the diffraction conditions change according to
“g.b” criteria [28]. Therefore, to be able to compare the defect den-
sity as consistently as possible, the number density of the defects
was corrected using the “g.b” invisibility criteria. In this approach,
all small defects were assumed to be small dislocation loops with
Burgers vectors of either {111} or {110}, a logical assumption for
the fcc-crystal structure. From this assumption, the fraction of vis-
ible loops can be estimated by applying the “g.b” criteria for all
possible {111} and {110} type loops, as shown in Table 5. For ex-
ample, if the g55¢ condition is used for imaging, the fraction of the
loops visible in the TEM image is found to be 70% since 3 out of
10 loops are invisible according to “g.b” analysis. In other words,
using the g,,9 imaging condition, the loops counted in the TEM
image represent about 70% of the total loops present.

The average defect diameter, size distributions, and densities as
well as the corresponding errors were then determined with re-
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200 ni

Fig. 3. Dark field transmission electron micrographs showing microstructural evolution of 21Cr32Ni model alloy with dose in dpa for 1 MeV Kr?* irradiation at 50K, 300K

and 713K.

spect to irradiation dose, as a function of temperature following
the approach given in Ref. [19,21].

3. Results

The main features observed during irradiation of the 21Cr32Ni
model alloy and alloy 800H are small defect clusters and dislo-
cation loops. After in-situ irradiation to low doses (~2 dpa), nei-
ther 21Cr32Ni model alloy nor the analogous alloy 800H showed
any indication of void formation and thus void swelling within
the temperature range of 50K-713K. Additionally, based on the
diffraction patterns analyzed, no precipitation of new phases oc-
curred during irradiation. Further, once the irradiation was paused,
radiation-induced defect formation immediately stopped and the
existing small defect clusters were frozen, indicating that little de-
fect formation or migration occurs outside ion irradiation. The fol-
lowing sections present the details of findings observed during in-
situ irradiation of the 21Cr32Ni model alloy and commercial alloy
800H.

3.1. Microstructural evolution of the 21Cr32Ni model alloy irradiated
at 50K-713K

Fig. 3 shows a sequence of micrographs illustrating the mi-
crostructural evolution of 21Cr32Ni model alloy during in-situ ir-
radiation at 50K, 300K and 713K up to ~1-2 dpa. Fig. 4 shows the
corresponding average defect cluster diameters and number densi-
ties measured from these DF TEM micrographs.

The radiation-induced damage between 50K-713K was first ob-
served at a dose of ~0.005 dpa with the appearance of small white-
dots in DF images (“black-dot” damage in BF images) having a di-
ameter of ~2-3 nm. Some of these defects are indicated with ar-
rows in Fig. 3. Because these defects were quite small, their nature
could not be identified.

At 50K, radiation-induced defect number density in 21Cr32Ni
model alloy quickly increased and saturated at a dose of ~0.1 dpa
above which that is no significant change in defect density was ob-
served (see the DF TEM images given in Fig. 3 and also calculated
number density vs. dose plot given in Fig. 4). This is a dynamic
equilibrium where some defect clusters may disappear while oth-
ers take their place, i.e., defects continued to appear and disap-

pear with the same rate with further irradiation but caused no net
change in density. The measured average defect diameter also re-
mained unchanged throughout the irradiation at 50K as seen in
Fig. 4.

The majority of the visible defect clusters were immobile. How-
ever, there were a few visible defects which were observed to
move during irradiation of the model alloy at 50K (no defect mo-
tion was observed when only the electron beam was incident
on the sample) as early as ~0.05 dpa. Because these defect clus-
ters may contain many atoms (at least ~100), their mobility is
likely driven by loop gliding under irradiation, rather than by ther-
mal diffusion. In agreement with this picture, the observed defect
movement was one-dimensional and observed to be slow and con-
tinuous, rather than sudden and jerky as was observed in ferritic-
martensitic NF616 [30]. Fig. 5a shows video frames which capture
the migration of a 4-nm diameter irradiation-induced defect dur-
ing irradiation. Fig. 5b shows the corresponding diffraction pattern.
The direction of the movement was found to be consistent with
<110>, as shown in Fig. 5c, which is the nearest neighbor direc-
tion in fcc-crystals.

Further irradiation of 21Cr32Ni model alloy to 2 dpa at 50K re-
sulted in an alignment of the small defect clusters. The alignment
direction was consistent with the <100> direction, like the previ-
ously reported alignment of defect clusters seen in fcc copper and
nickel under neutron and ion irradiation to similar doses at tem-
peratures between 370K-570K [31-34]. The direction of the align-
ment was verified with the DF TEM micrographs recorded using
different diffraction vectors as shown in Fig. 6 where it was ob-
served to be unchanged by foil tilting.

The in-situ irradiation of 21Cr32Ni model alloy at 300K was
very similar to those observed during irradiation at 50K where
small defect clusters (~2-3 nm in size) initially formed, and their
density increased and quickly saturated at a dose around ~0.1 dpa
(Fig. 4). The saturation of defect cluster number density can be
attributed to displacement cascade overlap and annihilation with
preexisting clusters formed earlier in the irradiation. Further irra-
diation of the sample (>0.5 dpa) caused some of the small black-
dot type defects to grow by absorbing small invisible defects and
caused defect clusters to become dislocation loops. Some of these
dislocation loops observed as edge-on at 300K are highlighted with
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position of the defect and the migration direction are highlighted. Scale bar=10 nm. (b) Corresponding diffraction pattern (c) Projection of the <110> directions on the [110]

plane.

red arrows in Fig. 3. The habit planes of the edge-on loops at
300K were determined to be mainly {111}-type. The average defect
cluster diameter after saturation at 300K was found to be slightly
larger than that measured at 50K due to the presence of these rela-
tively large defect clusters and small dislocation loops having ~5-6
nm in size. However, the number density of these loops was very
low compared to that of small defect clusters, so that only a lit-
tle increase in the average defect size was observed, as shown in
Fig. 4.

Fig. 3 shows that at low doses (<0.1 dpa), the microstructure of
21Cr32Ni model alloy after irradiation at 713K is similar to that ob-
served at 50K and 300K, i.e. it consisted of ~2-3 nm sized small de-
fects. Thus, the corresponding average defect diameter below ~0.1
dpa at 713K was similar to that observed in the lower tempera-
ture irradiations, as shown in Fig. 4. However, these small defect
clusters were observed to grow faster during irradiation at 713K
than at 300K. The 21Cr32Ni microstructure after irradiation to 0.5
dpa included the formation of small resolvable dislocation loops.
Further irradiation of the alloy to ~1 dpa at 713K resulted in more

numerous and larger resolvable dislocation loops than those seen
after 300K irradiation to 1 dpa. Also at this high temperature, ad-
jacent growing dislocation loops were observed to coalesce to form
larger loops, which was not observed at 300K. Fig. 7 shows a series
of BF TEM images that captures a loop coalescence of two adjacent
dislocation loops during in-situ irradiation of 21Cr32Ni model alloy
between ~0.7 and ~0.82 dpa at 713K, as marked. The loops marked
as ‘a’ and ‘b’ initially grew, possibly by absorbing small invisible
defects or defect clusters which are formed in a nearby cascade,
and later coalesced to form the larger loop ‘c’.

The formation of numerous large dislocation loops and con-
sequently their coalescence resulted in a pronounced increase in
the average defect diameter with no saturation and defect number
density to decrease as shown in Fig. 4.

The loops formed under in-situ irradiation of the 21Cr32Ni
model alloy at 713K are determined to have both {111}- and {110}-
type habit planes, unlike what was observed at 300K. It is known
that {111}-type loops are generally observed during irradiation in
fcc crystal structure -often faulted in nature-, because the {111}
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plane is the closed pack plane. It is thought that {110}-type loops
at 713K may be formed as a result of the unfaulting of {111}-type
faulted loops as a result of the interaction of a nearby growing loop
[19,21,35,36].

Finally, the foil thickness was found to influence the microstruc-
tural evolution under irradiation such that the thinnest regions
of the foils showed little visible damage, likely because of defect
elimination at the free surface. Fig. 8 shows a nearby defect-free
region near the foil edge (see red box) after irradiation to 1 dpa at
713K as an example.

3.2. Microstructural evolution of alloy 800H in comparison with the
21Cr32Ni model alloy

A series of DF TEM micrographs is presented in Fig. 9 to show
the alloy 800H microstructures after in-situ irradiation under sim-
ilar conditions to that used for 21Cr32Ni model alloy as given pre-
viously in Fig. 3. Note that the DF TEM images in this figure was
inverted for better defect visibility.

Fig. 9 shows that the microstructure evolution of the commer-
cial alloy 800H between 50K-300K up to ~1 dpa is similar to that
of 21Cr32Ni model alloy by which that both microstructures con-
sist of radiation-induced small defect clusters (~2-3 nm in diam-
eter) which increase in number density with dose until satura-
tion. In addition, the irradiation of alloy 800H to ~1 dpa also re-
sulted in defect cluster alignment in the <100> direction similar to
what was observed in the 21Cr32Ni model alloy. To determine the

nature of the ordered dislocation structure, additional microscopy
was performed. For this purpose, the irradiated alloy 800H sam-
ple was systematically tilted and imaged using different diffraction
vectors to apply the “g.b” invisibility criteria so that the Burgers
vector can be determined. Fig. 10 shows a series of TEM images
recorded using different diffraction vectors. The figure shows that
the aligned defect structures are only invisible if the diffraction
vectors are selected as g=002 and g=113 which indicates that the
Burgers vector direction of aligned structures is [110].

At 713K, irradiation-induced dislocation loops were also ob-
served in the alloy 800H microstructure. Some of these loops are
highlighted in Fig. 9. The habit planes of the edge-on loops ob-
served in alloy 800H after 1 dpa irradiation were consistent with
{111}-type, similar to what was observed in the 21Cr32Ni model
alloy. However, there were no {110}-type dislocation loops detected
in the 1 dpa irradiated microstructure of alloy 800H at 713K un-
like those seen in 21Cr32Ni model alloy microstructure irradiated
under similar conditions. The absence of {110} loops in the alloy
800H might be due to the lower unfaulting rate in alloy 800H than
21Cr32Ni model alloy [19]. The dislocation loops in the 21Cr32Ni
after 1 dpa irradiation at 713K were larger than those seen in alloy
800H microstructure.

To investigate the effects of alloying elements on defect size and
defect density in alloy 800H, defects formed in alloy 800H were
counted and measured in the same way as was done for the model
alloy. However, defect counting was only performed for the irradi-
ation temperatures of 300K (up to 0.5 dpa) and 713K where de-
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Fig. 7. Bright-field TEM images showing loop coalescence observed during the in-situ irradiation of 21Cr32Ni model alloy at 713K. The images given from (a) to (c) shows
the growth of loops ‘a” and ‘b’ by absorbing small invisible defects and defect clusters and coalesce to form loop ‘c’. The damage rate used in the experiment is ~1x10-3
dpa/s, and the total time for complete coalescence of ‘a’ and ‘b’ is ~120 seconds.

1000 nm

Fig. 8. Bright field TEM images showing the irradiated microstructure after a dose of 1 dpa at 713K. A defect denuded zone is clearly visible near the foil edge.
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Fig. 9. Dark-field TEM micrographs showing the microstructure of alloy 800H during the in-situ irradiation at 50K, 300K and 713K after specified doses in dpa (Images were
obtained in dark-field mode and inverted for better visibility). Radiation-induced small defect clusters are highlighted with red arrows. The diffraction conditions used for
imaging are shown with the black arrows given at the top right corner on the first column. The defect alighment along <100> direction was also seen in alloy 800H at a

dose of ~1 dpa.

Fig. 10. Dark-field images recorded by using the different diffraction vectors indicated that the Burgers vector direction of the ordered defect structures is consistent with

[220] according to g.b invisibility criteria.

fect clusters were clearly visible and distinguishable from the back-
ground. Only individual defect clusters including dislocation loops
were measured and counted as before. The aligned defect struc-
tures were excluded from the counting measurement.

Fig. 11 shows a comparison of the defect cluster number den-
sity and average diameter calculated after irradiation to succes-
sive representative doses up to 1 dpa at 300K and 713K. The fig-
ure shows that both the irradiation induced defect cluster size
and the defect cluster number density in 21Cr32Ni model alloy
at 300K are similar to those determined in alloy 800H as shown
in Fig. 11(a-b). In both alloys, the average defect cluster diameter
does not change significantly with dose. Whereas, the defect den-
sity increases with dose, saturating at about ~0.1 dpa for both al-
loys. At 713K, however, the average defect size in 21Cr32Ni model
alloy increases with dose after ~0.5 dpa due to the formation of
numerous large dislocation loops that grow and coalesce with in-
creasing dose. However, the majority of the defects formed in alloy
800H remained as small individual defect clusters. Fig. 11c shows
that the defect cluster densities in 21Cr32Ni model alloy and al-
loy 800H at 713K are similar up to a dose of ~0.1 dpa. However,
further irradiation at 713K caused defect cluster number density

to decrease in 21Cr32Ni model alloy due to faster loop growth at
that temperature.

4. Discussion

The fact that this study was conducted in-situ allowed us to
make unique observations and derive new inferences about the
evolution of microstructure during irradiation. Being able to track
defect evolution while it is taking place allows us to infer the
mechanisms through which it occurs (in terms of defect cluster
evolution) to result in the final observed microstructure normally
seen after irradiation.

The minimum size TEM-visible defect clusters contain about
100 atoms [30]. As irradiation starts, visible defect clusters appear
almost immediately after the start of irradiation - at a dose less
than 0.005 dpa. Because very small defect clusters are not visi-
ble, it is assumed that the slow accretion of these smaller defect
clusters eventually results in the appearance of the large clusters
which are visible. However, because the visible defects appear into
visibility from one frame to the next, we infer that the occurrence
of displacement cascades crates higher order clusters which re-
act with the existing microstructure to form the visible clusters.
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Fig. 11. Plots showing the comparison of the number density and average diameter of defects formed during in-situ irradiation of 21Cr32Ni model alloy and alloy 800H at

(a-b) 300K and (c-d) 713K, respectively.

Fig. 12. Dark-field images showing the behavior of the ordered microstructure in alloy 800H during post-irradiation annealing. The ordered defect microstructure formed at

room temperature (shown in top-left) remains stable upto 773K.

Given the frame speed in the TEM, we cannot speculate whether
the damage seen is created during cascade evolution or whether it
occurs in its immediate aftermath, - only that it is not present in
one frame and present in the next. Yet, this observation makes it
possible to discount processes whereby gradual accretion of point
defects over a longer time period would cause cluster formation.
Once the visible defect clusters are formed, it is found that, re-
gardless of the irradiation temperature the visible clusters are not
mobile, contrary to what was seen in ferritic steels [30,37] but sim-
ilar to what was observed during the irradiation of the austenitic
steel 800H [21]. On the other hand, the clusters can disappear dur-
ing irradiation while other clusters appear. This is also likely due
to destruction of clusters by cascade impact as their disappearance
is noted from one frame to the next. The creation and destruction

10

of visible clusters by displacement cascades after a dose of 0.1 dpa
gives rise to a dynamic equilibrium, in which the concentration of
visible defects remains constant with some defects appearing and
others disappearing during irradiation.

Another aspect of microstructure evolution under irradiation
that can be explained by observations performed while irradiating
in situ is the reduction in size of faulted loops observed at higher
doses [19,21]. The reason for this apparent reduction is the unfault-
ing of the larger loops by reaction with dislocations under irradi-
ation. One of these reactions was observed as it occurred [19] and
explains why larger faulted loops are no longer visible using our
DF rel-rod imaging technique at higher doses.

The fact that a population of larger loops can be observed after
a high enough dose can also be explained based on the observa-
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Fig. 13. (a-b) Bright field transmission electron micrograph showing 1 dpa irradiated microstructure of 21Cr32Ni model alloy at 300K and 713K. Some of the {111} type
faulted loops are highlighted with the arrows in the high magnification images shown on the left [scale bar=50 nm] (c-d) Corresponding rel-rod dark field TEM images
showing the faulted loops, (e) Faulted loop size distribution measured from the rel-rod dark field TEM micrographs given in (c-d).

tion made during in situ irradiation that loops can react and coa-
lesce, forming larger loops. This provides a mechanism whereby a
distinctly larger average diameter loop population can be created.

Finally, the formation of new phases as a result of irradiation
can be verified using in situ diffraction analysis, as new precipi-
tates or separate phases have a different crystal structure and thus
a different diffraction pattern from the matrix. We now discuss
other general; observations and their causes.

4.1. Defect alignment observed in 21Cr32Ni model alloy and alloy
800H

Irradiation of 21Cr32Ni model alloy and alloy 800H between
50K and 300K both resulted in defect alignment whereby defects
were self-ordered in the <100> direction at the doses above 0.5
dpa. Similar defect cluster alignment was previously reported in
both fcc and bcc metals under neutron, ion, and electron irradia-
tion [31-34]. The temperature range at which defect alignment de-
tected is likely to be material dependent. For example, systematic
high-voltage electron microscopy (HVEM) studies of fcc Cu and Ni
[31] showed that defect cluster alignment occurs only at tempera-

1

tures above 170K and 380K, respectively. In our study, defect align-
ment was observed at irradiation temperature as low as 50K and
300K. Also, the defect alignment direction depends on the crystal
structure. For fcc metals, the defect clusters have been reported to
align in the <100> direction which is consistent with our observa-
tions. The Burgers vector was found to be consistent with [110]. In
contrast in bcc metals, the defect cluster alignment was found to
be in the <110> direction with a Burgers vector of 4<111> [35].
Topbasi et al. reported defect cluster alignment during in-situ ir-
radiation of ferritic Fe-9Cr model alloy to 10 dpa at temperatures
in between 50K-573K [35]. The formation of the aligned defect
structures was attributed by the authors to the minimization of
high elastic strain energy which might be created by the forma-
tion of high defect density during irradiation. From our observa-
tions during in situ irradiation is clear that such an alignment is
an athermal process, i.e., one that does not require atomic diffu-
sion or long-range motion of defect clusters.

To study the stability of the aligned defect structure at higher
temperatures, an annealing experiment was performed on an 800H
sample. For this purpose, the sample was first irradiated to 1 dpa
at room temperature to form the ordered defect structure and then



M. Ayanoglu, CJ. Ulmer and A.T. Motta

annealed at increasing temperatures for 15 minutes for each at in-
tervals of 373K up to 773K. Fig. 12 shows the TEM images recorded
before and after the annealing of alloy 800H for each temperature.
The experiment shows that once the ordered dislocation structure
is formed, it remains stable, at least up to 773K. Also, the cor-
responding diffraction patterns showed no changes. However, the
overall contrast increased, possibly indicating that some small de-
fect clusters migrate and are absorbed by larger defect structures.

4.2. Dose and temperature dependence of defect size and density in
21Cr32Ni model alloy

The defect evolution in the 21Cr32Ni model alloy with irradia-
tion dose and temperature can be well understood in light of the
data shown in Fig. 4. First, because the defect size distribution at
50K remains constant throughout the irradiation (with an average
defect cluster diameter of ~2.5 + 0.05 nm), defect migration did
not influence the steady-state defect cluster size distribution. This
is true even though there is some evidence of cluster migration
under ion irradiation at 50K. During in-situ irradiation at 50K, the
stable defects quickly reach their final size and their density in-
creased to saturation at about ~0.1 dpa, above which defects ap-
pear and disappear at the same rate.

During irradiation at 300K, the average defect cluster diameter
increased slightly compared to what was observed at 50K due to
presence of relatively larger defect clusters. However, the density
of these larger clusters was low compared to that of smaller de-
fect clusters, so that the overall defect cluster size distribution did
not change significantly. On the other hand, the saturation defect
density decreased by a factor of ~3 following an increase in irradi-
ation temperature from 50K to 300K. This suggests that although
increased defect mobility at the higher temperature caused some
defect clusters to grow, most of the small, invisible defect clusters
(<2 nm) are annihilated within the microstructure either by en-
hanced recombination or increase in the rate of absorption at foil
surface at earlier doses which would limit their growth.

As seen in Fig. 4, the average defect diameter at 713K gradually
increases with dose with no indication of saturation. The corre-
sponding defect number density initially builds up with dose up
to ~0.1 dpa due to the formation of small defect clusters. Further
irradiation to ~0.5 dpa causes defect clusters to grow and to form
small dislocation loops. At above ~0.5 dpa, small resolvable dislo-
cation loops grow further with the absorption of small invisible
defects. Adjacent loops can coalesce with each other to form larger
dislocation loops and thus reduce the corresponding defect cluster
density. The faster loop growth at 713K than at 300K likely occurs
because of the increase in defect mobility at the higher irradia-
tion temperature. It is important to note that the increase in defect
mobility can also result in more defect loss to foil surface. This
is true if the foil surface sink strength is higher than that of the
other sinks within the microstructure. However, as defect concen-
tration increases in the foil, the sink strength in the microstructure
increases so that more defects are eventually absorbed by defect
clusters.

4.3. Faulted loop behavior in 21Cr32Ni model alloy

In-situ experiments performed at 300K and 713K showed that
resolvable dislocation loops in 21Cr32Ni model alloy become visi-
ble at doses above ~0.5 dpa. Most of the detected loops at 300K
have a {111}-type habit plane and are thus faulted in nature,
whereas at 713K, both {111}- and {110}-type loops were observed,
which indicates that the faulted loops are unfaulted at the higher
irradiation temperature. For this purpose, the rel-rod dark field
technique was used to quantify and to compare faulted loops in
the model alloy. For this purpose, a two-beam condition was used
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with a g=<311> reflection near the [110] zone axis. The rel-rod
streaks formed due to the {111}-type faulted loops were then cen-
tered and selected with the objective aperture to form rel-rod
dark-field TEM images in which faulted loops are seen as edge-on.

Fig. 13(a-b) show the BF TEM images, while Fig. 13(c-e) show
the corresponding rel-rod dark-field images recorded and mea-
sured size distributions after 1 dpa at 300K and 713K with the set-
tings above. The rel-rod diffraction patterns did not show any rel-
rod streaks during irradiation at 50K, suggesting that either faulted
loops do not form, or their number is very low at this cryogenic
temperature. Note that Fig. 13(c-d) show only one of the four vari-
ants of the {111} faulted loops. Therefore, the number of faulted
loops counted in these images were multiplied by four to obtain
the faulted loop number densities. Some of the {111}-type faulted
loops imaged as edge-on in BF TEM images are highlighted with
the yellow arrows in the high magnification images given on the
left.

The average faulted loop diameters at 1 dpa irradiated mi-
crostructure are calculated to be 10.9 + 1.8 nm and 12.6 + 1.3 nm
for 300K and 713K experiments, respectively. This indicates that
the faulted loop size in 21Cr32Ni model alloy does not change sig-
nificantly with irradiation temperature between 300K-713K. How-
ever, the faulted loop number density decreases as the irradiation
temperature increases, as seen in Fig. 13(c-e). The number den-
sities of the faulted loops after 1 dpa are calculated as (1.8 +
0.4)x10%22 m—3 and (0.1 + 0.03)x1022 m~3 for the 300K and 713K
irradiations, respectively, corresponding to a reduction of an order
of magnitude. If the overall defect concentration at 1 dpa previ-
ously calculated in Fig. 4 is considered, the faulted loops at 300K
constitute ~40 % of the overall defect population, as opposed to
only ~13% of the overall defect population at 713K. This reduction
likely results from the unfaulting of the faulted loops as a result
of the interaction with nearby dislocations or loops making them
invisible to the rel-rod technique which is consistent with the re-
sults of previous heavy-ion irradiation performed on 21Cr32Ni al-
loys where unfaulting was observed during in-situ irradiation as a
result of nearby dislocation glide [17,19]. The observation of many
{110} type loops at 713K is also indirect evidence of loop unfault-
ing since {110} type perfect loops are often observed in fcc metals
as a result of unfaulting of irradiation-induced faulted loops [1,36].

4.4. The defect size and density in 21Cr32Ni in comparison with
commercial alloy 800H

Fig. 11 shows that the defect number density and the average
defect diameter in 21Cr32Ni model alloy at 300K are similar to
those determined in alloy 800H. This is also true for 713K irra-
diation up to 0.1 dpa where small defect clusters having diame-
ter of ~2-3 nm initially form, and their densities quickly increase
with dose at a similar rate in both 21Cr32Ni model and alloy 800H.
However, further irradiation of 21Cr32Ni model alloy to ~1 dpa at
713K cause defect clusters to grow into dislocation loops which
then coalesce with each other to form larger loops, consequently
reducing the corresponding defect number density. In contrast, fur-
ther irradiation of the alloy 800H at 713K to ~1 dpa caused some
small defect clusters to grow only a little with dose and form small
dislocation loops, and the number density of defects gradually in-
creased with dose in the microstructure.

The presence of small defect clusters with higher density in al-
loy 800H than in 21Cr32Ni model alloy at 713K suggests that the
minor alloying elements in alloy 800H bind and trap mobile point
defects, thus preventing their migration towards defect clusters,
and limiting defect cluster growth. To explore this hypothesis fur-
ther, the total number of point defects associated with both defect
clusters and dislocation loops in the model alloy and alloy 800H
were calculated and compared. In this analysis, small defect clus-
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Fig. 14. Calculated number of point defects associated with the imaged defects
formed in 21Cr32Ni model alloy and alloy 800H versus dose for irradiations at 300K
and 713K.

ters were assumed to be small dislocation loops having an average
diameter of D with a total area that is proportional to ~D2. The to-
tal number of point defects then becomes proportional to ~ pD?
where p is the loop density which is plotted in Fig. 14. The figure
shows the calculated pD? values with respect to dose as a function
of temperature for both alloys.

Fig. 14 shows that the total number of point defects in defect
clusters and loops in the 21Cr32Ni model alloy and alloy 800H
quickly increases with dose and saturates after irradiation to ~0.1
dpa at 300K. In contrast, at 713K, the number of point defects as-
sociated with defect clusters and loops increases with dose only in
21Cr32Ni model alloy. This indicates that more point defects can
arrive and be absorbed by defect clusters and loops at elevated
doses in 21Cr32Ni model alloy than alloy 800H during the high
temperature irradiation, causing defects to grow with a faster rate.
For the case of alloy 800H, however, point defects are likely to be
trapped by the alloying elements, thus reducing point defect mi-
gration and leading a suppression of the number of point defects
absorbed at defect clusters at 713K.

5. Summary and Conclusion

The low dose (< 2 dpa) radiation damage induced evolution
of the microstructure in 21Cr32Ni model alloy was investigated
with a series of in-situ 1 MeV Kr*+ ion irradiation experiments
conducted at irradiation temperatures between 50K and 713K. The
model alloy microstructure was compared with the irradiated mi-
crostructure of an analogous commercial alloy 800H irradiated
under similar irradiation conditions. For both alloys, the dose-
dependent defect cluster size distribution, and the defect cluster
density were obtained as a function of temperature. Performing the
experiment in-situ allowed us to discern some of the mechanisms
of early radiation damage formation.

The main findings are as follows:

Initial defect formation and migration

TEM visible defect clusters (1-2 nm in diameter) start to ap-
pear at quite low doses, i.e.,, ~0.005 dpa. The threshold dose at
which visible defect clusters appeared did not change with irra-
diation temperature in the temperature range between 50K-713K.
Regardless of the irradiation temperature, visible defects were not
mobile during irradiation.
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Above the threshold dose the overall defect concentration grad-
ually increased with increasing dose and saturated at ~0.1 dpa.
After this dose a dynamic equilibrium was established whereby
defects were constantly created and destroyed, while the defect
density remained constant. These observations are valid for both
21Cr32Ni and 800H alloys. At above 0.1 dpa, defects grew into dis-
location loops in 21Cr32Ni model alloy. This growth was more pro-
nounced as the irradiation temperature increased. In contrast no
significant defect growth was observed in alloy 800H during irradi-
ation. The mode of loop growth in 21Cr32Ni model alloy was tem-
perature dependent: during irradiation at 300K, loop growth oc-
curred by the accretion of the small invisible defect clusters, while
at 713K, loop growth was driven both by the absorption of small
invisible defect clusters and by loop coalescence directly observed
in the microscope.

Radiation-induced defect alignment

With increasing dose, visible defect clusters formed aligned de-
fect structures along the <100> direction. This occurred at irra-
diation temperatures as low as 50K with the Burgers vector of
these clusters consistent with [110]. In-situ annealing experiments
showed that these aligned defect structures remain stable up to
773K, while absorbing small defect clusters.

Faulted dislocation loop evolution

At doses above 0.5 dpa faulted dislocation loops formed in
21Cr32Ni model alloy during irradiations conducted between RT
and 713K. Increasing irradiation temperature did not change the
average diameter of the faulted loops, but it increased the rate of
loop unfaulting which rendered these loops invisible. The unfault-
ing process which occurs by loop interaction with network dislo-
cations was also observed in-situ.

Comparison of the two alloys

Microstructure development under irradiation is similar in
many ways for 800H and 21Cr32Ni. The threshold dose for visible
defects was the same as was the saturation dose, as well as the av-
erage defect size and number density at irradiation temperatures
below 713 K. Above that temperature clusters grow and develop
into dislocation loops in 21Cr32Ni but not in 800H. The likely ex-
planation is that the alloying elements in 800H trapped the point
defects and caused the defect clusters not to grow into loops.
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