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a b s t r a c t 

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. 
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. Introduction 

Potential improvements of new generation fission and fusion 

nergy systems require the development of new materials and in- 

reased understanding of how those materials behave in the reac- 

or core at high doses. In these reactor concepts, the in-core com- 

onents must withstand radiation damage levels which can reach 

p to 200 dpa (displacements per atom) at operating temperatures 

f more than 400 °C [1] . 

Several alloys have been selected as promising candidates to 

e used as in-core structural materials. Among them, the Fe-Cr- 

i based super alloy 800H has been considered as one of the pri- 

ary candidate alloys for the construction of the high temperature 

omponents (such as fuel cladding, core barrel, core support floor, 

team generator, intermediate heat exchangers, hot ducts etc.) in 

he Gas-cooled Fast Reactor (GFR), Lead-cooled Fast Reactor (LFR), 

odium-cooled Fast Reactor (SFR) and Super-Critical Water Reac- 

ors (SCWR) because of its resistance to high temperature corro- 
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ion and creep [2-3] . Although many studies have been published 

n the literature on the microstructure evolution of different types 

f Fe-Cr-Ni austenitic steels when subjected to proton, neutron or 

eavy-ion irradiations in a wide temperature range (~550 K to 

900 K) [4-18] , only a few studies have been conducted specifi- 

ally on austenitic alloy 800H and the majority of those studies 

ere aimed at determining the effects of high dose levels on the 

aterial microstructure [19 22] . Because irradiation-induced fea- 

ures observed at high doses derive from the initial microstructure 

volution, 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 

lloys; especially the initial defect evolution and how alloying el- 

ments may influence this process. It is known that the solute- 

efect interactions can cause point defects to be trapped by al- 

oying elements in solid solution during irradiation [ 23 , 24 ]. There- 

ore, alloying elements can influence defect accumulation by acting 

s effective point defect recombination sites or as effective nucle- 

tion sites for larger defect clusters. For example, the doping of Si 

n Fe-Ni resulted in a significant number of interstitial atoms to 

e trapped and to form interstitial clusters [23] , whereas the ad- 

ition of Ti or Al in Fe-Ni and Fe-Cr-Ni type alloys resulted in the 

https://doi.org/10.1016/j.jnucmat.2021.153149
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
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Table 1 

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 Cu Si V Mo Others (C ∗ , P ∗ , N, H, O, W, S) 

21Cr32Ni Bal. 31.2 20.7 0.9 – – – 0.1 – 0.02 ~0.04 

800H Bal. 30.9 20.3 0.74 0.56 0.34 0.36 0.16 0.04 0.07 ~0.17 

∗ Combustion method (CO) used for carbon and sulfur measurement. 
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ormation of vacancy clusters [ 23 , 24 ]. It is important to note that

ecause of multiple alloying elements, the overall irradiation be- 

avior of commercial steels is more complex than that of model 

lloys. For example, Jung et al. reported that the addition of Si and 

 into the Fe-Cr-Ni-Mo alloy system reduced swelling and creep 

uring irradiation with 6.2 MeV protons at 773K, whereas the ad- 

ition of C and N resulted in the enhancement of swelling [25] . 

nterestingly, the swelling strain measured in the commercial 316L- 

ype steel including Ni-Si-P-C-N was the lowest among the alloys 

n their study. Similarly, Garner et al. studied the behavior of Fe- 

r-Ni type austenitic stainless steels irradiated in the EBR-II in the 

emperature range of 673K-932K and reported that the addition of 

i and P to Fe-Cr-Ni alloys which contains other solutes can in- 

rease swelling [26] . All these studies show that the alloying ele- 

ents strongly influence the radiation damage behavior of Fe-Cr-Ni 

lloys in many ways. 

In this paper, the results of systematic in-situ ion irradiation ex- 

eriments performed on a 21Cr32Ni austenitic model alloy and on 

ommercial alloy 800H are reported. Electro-polished thin foils of 

1Cr32Ni model alloy and alloy 800H were irradiated at the Inter- 

ediate Voltage Electron Microscope (IVEM) at Argonne National 

aboratory using 1 MeV Kr ++ ions at irradiation temperatures be- 

ween 50K and 713K. The initial defect evolution and the defect 

ize distribution and density vs. dose behavior were obtained as a 

unction of irradiation temperature and dose up to ~2 dpa and the 

esults were compared. These results are analyzed to discuss the 

ole of the minor alloying elements in the microstructural evolu- 

ion of alloy 800H during irradiation. 

. Experiment 

.1. Material and sample preparation 

The 21Cr32Ni model alloy used in this study was provided by 

E Global Research as heat #RAM-2192, and alloy 800H was pro- 

ided by GE Carlson Inc. as heat #35175. The elemental composi- 

ions of the alloys were measured by Sherry Laboratories and Lu- 

ak Inc., respectively using direct current plasma (DCP) emission 

pectroscopy. The chemical compositions of major constituents in 

he alloys are shown in Table 1 . The grain size of the alloys was

etermined by optical microscopy to be ~50 μm for 21Cr32Ni and 

200 μm for alloy 800H, after the polished surface was exposed to 

n etchant having a composition of 10 mL of HNO 3 , 20 mL of HCl,

nd 30 mL of H 2 O. 

For phase determination, as-received alloys were sent to the 

dvanced Photon Source (APS) at Argonne National Laboratory 

ANL) for X-ray diffraction (XRD) analysis. The 33-ID-D beamline 

as used for the measurements, using a beam size of 260 μm ×160 

m and 19.9 keV ( λ= 0.623037 Å) beam energy. The XRD patterns 

ere then analyzed by comparing the peak intensities and the 

eak positions (2 θ values) with the powder diffraction files (PDF) 

p to 2 θ = 40 ° (corresponding to an atomic plane spacing of ~0.1 

m). 

Samples for transmission electron microscopy (TEM) character- 

zation were prepared by cutting 3-mm disks from the bulk ma- 

erial characterization using electrical discharge machine (EDM). 

hese disks were then ground with 60 0/80 0/120 0 grit paper from 
2 
oth sides to a final thickness of less than ~120 μm followed by 

lectro-polishing using a 95% methanol and 5% perchloric acid so- 

ution as the electrolyte. The temperature was always kept below 

30 °C during electro-polishing by adding liquid nitrogen. Once the 

olishing step was completed, the sample holder was put into a 

eaker of methanol for ~1 min to stop further etching. The TEM 

isks were then removed from the holder and rinsed three times 

sing a sequence of methanol, ethanol, and methanol for ~ 1 min 

n each. 

Fig. 1 shows the microstructure characterization of the as- 

eceived steels by XRD and TEM. The XRD patterns in Fig. 1 a 

how that the major phase observed in the alloys before irradia- 

ion is the austenitic phase with the corresponding lattice constant 

f a = 3.58 Å, a typical value for fcc-Fe which was verified with

he reference PDF data (shown with black markers PDF# 98-0 0 0- 

258). The normalized intensities of the major peaks are also con- 

istent with the PDF data, although some of the XRD peaks (such 

s 311 and 222 peaks in Fig. 1 a show some slight variation from 

he values reported in the PDF file. This could be caused by sam- 

le texture or because a limited number of grains are probed due 

o the large grain size. Fig. 1 a also shows additional small peaks in

he 21Cr32Ni model alloy at relatively low 2 θ values. These peaks 

ere compared with possible oxide and carbide/nitride PDF files 

nd they are consistent with small amounts of oxide phases (Fe 3 O 4 

nd Cr 2 O 3 type), shown in green which may have formed on the 

urface from exposure to air. Fig. 1 (b-c) show that the 21Cr32Ni 

odel alloy and alloy 800H have a similar pre-existing dislocation 

icrostructure. The dislocation structure in the grains were ho- 

ogenous. There were some slight variations in the grain-to-grain 

islocation density. The line dislocation density in both alloys was 

alculated to fall in the range of 10 14 -10 15 m 

−2 . 

.2. IVEM experiments 

In-situ ion irradiation experiments were performed at the Ar- 

onne National Laboratory (ANL) Intermediate Voltage Electron Mi- 

roscope (IVEM). This is a Hitachi-90 0 0 transmission electron mi- 

roscope having a side entry stage and operated at 200 keV. Sam- 

les were irradiated using 1 MeV Kr ++ ions with an ion flux of 

.84 ×10 11 ions/cm 

2 -s at temperatures ranging from 50K to 713K. 

he ion energy was selected so that the Kr ions traversed the sam- 

le rather than being implanted. The ion range and displacement 

amage were calculated using the Stopping and Range of Ion in 

atters (SRIM) software. The ion range was ~300 nm, i.e., approx- 

mately three times larger than a typical ~100 nm thick electron 

ransparent TEM sample. Fig. 2 a shows the fraction of incident Kr 

ons passing through a typical ~100 nm thick 21Cr32Ni TEM foil 

s a function of Kr ion energy. At 1 MeV, ~96% of incident Kr ions

ass through the sample. The SRIM damage and ion implantation 

rofiles produced by 1 MeV Kr ion of a typical ~100 nm 21Cr32Ni 

EM foil are presented in Fig. 2 b which shows a relatively uniform 

amage profile. The maximum implanted Kr ion concentration in 

he foil was ~0.007 at.% per dpa. 

The sample temperature was continuously monitored through- 

ut the experiments using a thermocouple attached to the spec- 

men cup. Temperature fluctuations during the irradiation were 

ept 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 2 θ= 40 o 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. 

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 Kr 2 + in 21Cr32Ni alloy. 
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djust microscope settings and to record images. A systematic ef- 

ort was spent on selecting a region for tracking that was far from 

ny pre-existing dislocations or grain boundaries. As possible, the 

EM images were recorded from the same regions throughout each 

xperiment for consistency. 
3 
Table 2 summarizes the irradiation parameters and imaging 

onditions used in the IVEM experiments. The damage was calcu- 

ated using SRIM software with the Quick Kinchin-Pease Model and 

 displacement energy of 40 eV as described in [ 17 , 27 ]. 
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Table 2 

Summary of in-situ irradiation conditions and imaging condition for experiment conducted at IVEM 

on the 21Cr32Ni model alloy. 

Temperature[K] Ion energy 

and type 

Dose 

rate[dpa/s] 

21Cr32Ni 800H 

g-vector 

50 1 MeV Kr ++ 1 × 10 −3 g 200 g 111 

300 g 200 g 220 

713 g 200 g 200 

Table 3 

Deviation parameter, s g , and effective extinction distance, 

ξ eff , calculated for different (g, n g) reflections using g 200 , 

g 111 and g 220 diffraction vectors. The extinction distances, ξ g, 

were calculated for fcc-Fe. 

g-vector ξ g [nm] (g, n g) s g [nm 

−1 ] ξ eff [nm] 

{200} 41.6 (g, g) 0.00 41.6 

(g, 2g) 0.04 21.8 

(g, 3g) 0.08 12.3 

(g, 4g) 0.12 8.4 

{111} 39.3 (g, g) 0.00 39.3 

(g, 2g) 0.03 25.8 

(g, 3g) 0.06 15.7 

(g, 4g) 0.09 11.0 

{220} 52.0 (g, g) 0.00 52.0 

(g, 2g) 0.08 12.5 

(g, 3g) 0.16 6.4 

(g, 4g) 0.23 4.3 

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 

MeV 

Kr ++ 

~42 ± 9 ~105 ± 11 

300 ~129 ± 9 ~122 ± 6 

713 ~82 ± 9 ~98 ± 9 
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Table 5 

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 
√ √ √ √ 

1 ̅11 0 
√ √ √ 

11 ̅1 0 
√ √ √ 

111 ̅
√ √ √ √ 

110 
√ √ √ √ 

101 
√ √ √ √ 

011 
√ √ 

0 
√ 

1 ̅10 0 0 
√ √ 

1 ̅01 
√ 

0 
√ √ 

01 ̅1 
√ 

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 
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.3. Thickness measurement 

To accurately determine defect cluster density, it is essential to 

ave an accurate estimate of the sample thickness, so we spent ef- 

ort to measure this parameter. The thickness of each sample was 

etermined by counting the thickness fringes which were visible in 

he bright-field (BF)/dark-field(DF) images recorded at room tem- 

erature before irradiation. For thickness determination by thick- 

ess fringes, the total number of fringes was multiplied by the ef- 

ective extinction distance ( ξ eff) [28] . 

The sample thickness was calculated primarily using DF TEM 

mages. If the thickness fringes were also visible in BF TEM images, 

hese were also used, and the sample thickness calculated from 

oth BF and DF images were averaged and reported. The sample 

hicknesses were measured using the g 200 diffraction vector with 

g, 4g) condition near the [011] zone axis, and the error in thick- 

ess measurement was taken as ±ξ eff. Note that different (g, n g) 

eflections can also be excited in the microscope and used for the 

hickness determination if ξ eff is calculated for each set of diffrac- 

ion conditions. Table 3 shows the calculated deviation parameter 

 s g ) and the effective extinction distance ( ξ eff) for various (g, n g)

onditions using g 200 , g 111 and g 220 diffraction vectors using fcc-Fe 

s reference. Table 4 shows the estimated thickness of each of the 

xamined regions in the different samples, calculated using thick- 

ess fringes. 

.4. Characterization of the in-situ ion irradiated microstructures 

Radiation damage was mainly characterized by analyzing 

adiation-induced defects and dislocation loops. Defects were 

ounted and their sizes were measured using the ImageJ soft- 
4 
are [29] . Defect clusters and dislocation loops were counted 

ll together in dark-field images. For consistency, an effort was 

ade to perform defect counting from TEM images recorded using 

he same magnification (30,0 0 0x) and similar deviation parame- 

er. However, higher magnifications were occasionally used to ob- 

ain better conditions for defect counting and size measurement, 

s necessary. The habit planes of the dislocation loops were de- 

ermined by analyzing bright-field/dark-field TEM images and cor- 

esponding diffraction patterns. Imaged loops were identified by 

omparing the expected projection of circular loops onto the im- 

ge plane. 

For 21Cr32Ni model alloy, DF TEM images were all recorded us- 

ng the g 200 diffraction vector with (g, 4g) condition near the [011] 

one axis. For alloy 800H, different diffraction vectors with similar 

eviation parameters were used to optimize defect imaging. The 

iffraction conditions used in alloy 800H irradiation experiments 

re g 111 , g 220 and g 200 for 50K, 300K and 713K, respectively. Be- 

ause most of the defects at the doses of interest ( < 1 dpa) con-

ists of small defect clusters and dislocation loops, the average de- 

ect diameter is not expected to be significantly affected by the 

hange in diffraction conditions since similar deviation parameters 

ere used. On the other hand, the number density of small loops 

an be affected, as the diffraction conditions change according to 

g.b” criteria [28] . Therefore, to be able to compare the defect den- 

ity as consistently as possible, the number density of the defects 

as corrected using the “g.b” invisibility criteria. In this approach, 

ll small defects were assumed to be small dislocation loops with 

urgers vectors of either {111} or {110}, a logical assumption for 

he fcc-crystal structure. From this assumption, the fraction of vis- 

ble loops can be estimated by applying the “g.b” criteria for all 

ossible {111} and {110} type loops, as shown in Table 5 . For ex- 

mple, if the g 220 condition is used for imaging, the fraction of the 

oops visible in the TEM image is found to be 70% since 3 out of

0 loops are invisible according to “g.b” analysis. In other words, 

sing the g 220 imaging condition, the loops counted in the TEM 

mage represent about 70% of the total loops present. 

The average defect diameter, size distributions, and densities as 

ell as the corresponding errors were then determined with re- 
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Fig. 3. Dark field transmission electron micrographs showing microstructural evolution of 21Cr32Ni model alloy with dose in dpa for 1 MeV Kr 2 + irradiation at 50K, 300K 

and 713K. 
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pect to irradiation dose, as a function of temperature following 

he approach given in Ref. [ 19 , 21 ]. 

. Results 

The main features observed during irradiation of the 21Cr32Ni 

odel alloy and alloy 800H are small defect clusters and dislo- 

ation loops. After in-situ irradiation to low doses (~2 dpa), nei- 

her 21Cr32Ni model alloy nor the analogous alloy 800H showed 

ny indication of void formation and thus void swelling within 

he temperature range of 50K-713K. Additionally, based on the 

iffraction patterns analyzed, no precipitation of new phases oc- 

urred during irradiation. Further, once the irradiation was paused, 

adiation-induced defect formation immediately stopped and the 

xisting small defect clusters were frozen, indicating that little de- 

ect formation or migration occurs outside ion irradiation. The fol- 

owing sections present the details of findings observed during in- 

itu irradiation of the 21Cr32Ni model alloy and commercial alloy 

00H. 

.1. Microstructural evolution of the 21Cr32Ni model alloy irradiated 

t 50K-713K 

Fig. 3 shows a sequence of micrographs illustrating the mi- 

rostructural evolution of 21Cr32Ni model alloy during in-situ ir- 

adiation at 50K, 300K and 713K up to ~1-2 dpa. Fig. 4 shows the

orresponding average defect cluster diameters and number densi- 

ies measured from these DF TEM micrographs. 

The radiation-induced damage between 50K-713K was first ob- 

erved at a dose of ~0.005 dpa with the appearance of small white- 

ots in DF images (“black-dot” damage in BF images) having a di- 

meter of ~2-3 nm. Some of these defects are indicated with ar- 

ows in Fig. 3 . Because these defects were quite small, their nature 

ould not be identified. 

At 50K, radiation-induced defect number density in 21Cr32Ni 

odel alloy quickly increased and saturated at a dose of ~0.1 dpa 

bove which that is no significant change in defect density was ob- 

erved (see the DF TEM images given in Fig. 3 and also calculated 

umber density vs. dose plot given in Fig. 4 ). This is a dynamic

quilibrium where some defect clusters may disappear while oth- 

rs take their place, i.e., defects continued to appear and disap- 
5 
ear with the same rate with further irradiation but caused no net 

hange in density. The measured average defect diameter also re- 

ained unchanged throughout the irradiation at 50K as seen in 

ig. 4 . 

The majority of the visible defect clusters were immobile. How- 

ver, there were a few visible defects which were observed to 

ove during irradiation of the model alloy at 50K (no defect mo- 

ion was observed when only the electron beam was incident 

n the sample) as early as ~0.05 dpa. Because these defect clus- 

ers may contain many atoms (at least ~100), their mobility is 

ikely driven by loop gliding under irradiation, rather than by ther- 

al diffusion. In agreement with this picture, the observed defect 

ovement was one-dimensional and observed to be slow and con- 

inuous, rather than sudden and jerky as was observed in ferritic–

artensitic NF616 [30] . Fig. 5 a shows video frames which capture 

he migration of a 4-nm diameter irradiation-induced defect dur- 

ng irradiation. Fig. 5 b shows the corresponding diffraction pattern. 

he direction of the movement was found to be consistent with 

 110 > , as shown in Fig. 5 c, which is the nearest neighbor direc-

ion in fcc-crystals. 

Further irradiation of 21Cr32Ni model alloy to 2 dpa at 50K re- 

ulted in an alignment of the small defect clusters. The alignment 

irection was consistent with the < 100 > direction, like the previ- 

usly reported alignment of defect clusters seen in fcc copper and 

ickel under neutron and ion irradiation to similar doses at tem- 

eratures between 370K-570K [31-34] . The direction of the align- 

ent was verified with the DF TEM micrographs recorded using 

ifferent diffraction vectors as shown in Fig. 6 where it was ob- 

erved to be unchanged by foil tilting. 

The in-situ irradiation of 21Cr32Ni model alloy at 300K was 

ery similar to those observed during irradiation at 50K where 

mall defect clusters (~2-3 nm in size) initially formed, and their 

ensity increased and quickly saturated at a dose around ~0.1 dpa 

 Fig. 4 ). The saturation of defect cluster number density can be 

ttributed to displacement cascade overlap and annihilation with 

reexisting clusters formed earlier in the irradiation. Further irra- 

iation of the sample ( > 0.5 dpa) caused some of the small black- 

ot type defects to grow by absorbing small invisible defects and 

aused defect clusters to become dislocation loops. Some of these 

islocation loops observed as edge-on at 300K are highlighted with 
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Fig. 4. (a) Average defect diameter, and (b) defect number density measured for each dose during in-situ irradiations of 21Cr32Ni model alloy at 50K, 300K, and 713K. The 

irradiation at highest irradiation temperature, 713K, results in larger defects with lower density. (The large error bars in the 50K data are caused by excessive sample bending 

during irradiation at this temperature which changed the local diffraction conditions and defect counting) 

Fig. 5. (a) Dark field images showing the defect migration along < 101 > direction in 21Cr32Ni model alloy at 50K during the in-situ irradiation with 1 MeV Kr ++ . Initial 

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. 

r  

3

c

l

t

n

l

t

F

2

s

f

d

t

c

t

d

F

n

a

j

l

o

d

b

a

d

a

s

t

d

m

t

t

f

ed arrows in Fig. 3 . The habit planes of the edge-on loops at

00K were determined to be mainly {111}-type. The average defect 

luster diameter after saturation at 300K was found to be slightly 

arger than that measured at 50K due to the presence of these rela- 

ively large defect clusters and small dislocation loops having ~5-6 

m in size. However, the number density of these loops was very 

ow compared to that of small defect clusters, so that only a lit- 

le increase in the average defect size was observed, as shown in 

ig. 4 . 

Fig. 3 shows that at low doses ( < 0.1 dpa), the microstructure of 

1Cr32Ni model alloy after irradiation at 713K is similar to that ob- 

erved at 50K and 300K, i.e. it consisted of ~2-3 nm sized small de- 

ects. Thus, the corresponding average defect diameter below ~0.1 

pa at 713K was similar to that observed in the lower tempera- 

ure irradiations, as shown in Fig. 4 . However, these small defect 

lusters were observed to grow faster during irradiation at 713K 

han at 300K. The 21Cr32Ni microstructure after irradiation to 0.5 

pa included the formation of small resolvable dislocation loops. 

urther irradiation of the alloy to ~1 dpa at 713K resulted in more 
6 
umerous and larger resolvable dislocation loops than those seen 

fter 300K irradiation to 1 dpa. Also at this high temperature, ad- 

acent growing dislocation loops were observed to coalesce to form 

arger loops, which was not observed at 300K. Fig. 7 shows a series 

f BF TEM images that captures a loop coalescence of two adjacent 

islocation loops during in-situ irradiation of 21Cr32Ni model alloy 

etween ~0.7 and ~0.82 dpa at 713K, as marked. The loops marked 

s ‘a’ and ‘b’ initially grew, possibly by absorbing small invisible 

efects or defect clusters which are formed in a nearby cascade, 

nd later coalesced to form the larger loop ‘c’. 

The formation of numerous large dislocation loops and con- 

equently their coalescence resulted in a pronounced increase in 

he average defect diameter with no saturation and defect number 

ensity to decrease as shown in Fig. 4 . 

The loops formed under in-situ irradiation of the 21Cr32Ni 

odel alloy at 713K are determined to have both {111}- and {110}- 

ype habit planes, unlike what was observed at 300K. It is known 

hat {111}-type loops are generally observed during irradiation in 

cc crystal structure –often faulted in nature-, because the {111} 
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Fig. 6. (a-c) Dark-field TEM images recorded from 21Cr32Ni in-situ irradiated microstructure at 50K to 2 dpa using (a) g 200 , (b) g 111 , (c) g 220 . All diffraction conditions were 

adjusted near the [110] zone axis as shown in (d). The image given in (b) also shows stronger/weaker contrast of defect segments in certain regions due to sample bending. 

The bending contours were highlighted with dashed lines shown in (c). 
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lane is the closed pack plane. It is thought that {110}-type loops 

t 713K may be formed as a result of the unfaulting of {111}-type 

aulted 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- 

ural evolution under irradiation such that the thinnest regions 

f the foils showed little visible damage, likely because of defect 

limination at the free surface. Fig. 8 shows a nearby defect-free 

egion near the foil edge (see red box) after irradiation to 1 dpa at 

13K as an example. 

.2. Microstructural evolution of alloy 800H in comparison with the 

1Cr32Ni model alloy 

A series of DF TEM micrographs is presented in Fig. 9 to show 

he alloy 800H microstructures after in-situ irradiation under sim- 

lar conditions to that used for 21Cr32Ni model alloy as given pre- 

iously in Fig. 3 . Note that the DF TEM images in this figure was

nverted for better defect visibility. 

Fig. 9 shows that the microstructure evolution of the commer- 

ial alloy 800H between 50K-300K up to ~1 dpa is similar to that 

f 21Cr32Ni model alloy by which that both microstructures con- 

ist of radiation-induced small defect clusters (~2-3 nm in diam- 

ter) which increase in number density with dose until satura- 

ion. In addition, the irradiation of alloy 800H to ~1 dpa also re- 

ulted in defect cluster alignment in the < 100 > direction similar to 

hat was observed in the 21Cr32Ni model alloy. To determine the 
7 
ature of the ordered dislocation structure, additional microscopy 

as performed. For this purpose, the irradiated alloy 800H sam- 

le was systematically tilted and imaged using different diffraction 

ectors to apply the “g.b” invisibility criteria so that the Burgers 

ector can be determined. Fig. 10 shows a series of TEM images 

ecorded using different diffraction vectors. The figure shows that 

he aligned defect structures are only invisible if the diffraction 

ectors are selected as g =00 2 and g = ̄1 ̄1 3 which indicates that the 

urgers vector direction of aligned structures is [ ̄1 10 ]. 

At 713K, irradiation-induced dislocation loops were also ob- 

erved in the alloy 800H microstructure. Some of these loops are 

ighlighted in Fig. 9 . The habit planes of the edge-on loops ob- 

erved in alloy 800H after 1 dpa irradiation were consistent with 

111}-type, similar to what was observed in the 21Cr32Ni model 

lloy. However, there were no {110}-type dislocation loops detected 

n the 1 dpa irradiated microstructure of alloy 800H at 713K un- 

ike those seen in 21Cr32Ni model alloy microstructure irradiated 

nder similar conditions. The absence of {110} loops in the alloy 

00H might be due to the lower unfaulting rate in alloy 800H than 

1Cr32Ni model alloy [19] . The dislocation loops in the 21Cr32Ni 

fter 1 dpa irradiation at 713K were larger than those seen in alloy 

00H microstructure. 

To investigate the effects of alloying elements on defect size and 

efect density in alloy 800H, defects formed in alloy 800H were 

ounted and measured in the same way as was done for the model 

lloy. However, defect counting was only performed for the irradi- 

tion 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 ~1 ×10 −3 

dpa/s, and the total time for complete coalescence of ‘a’ and ‘b’ is ~120 seconds. 

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. 

8 
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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 alignment 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 

[ ̄2 20 ] according to g.b invisibility criteria. 
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ect clusters were clearly visible and distinguishable from the back- 

round. Only individual defect clusters including dislocation loops 

ere measured and counted as before. The aligned defect struc- 

ures were excluded from the counting measurement. 

Fig. 11 shows a comparison of the defect cluster number den- 

ity and average diameter calculated after irradiation to succes- 

ive representative doses up to 1 dpa at 300K and 713K. The fig- 

re shows that both the irradiation induced defect cluster size 

nd the defect cluster number density in 21Cr32Ni model alloy 

t 300K are similar to those determined in alloy 800H as shown 

n Fig. 11 (a-b). In both alloys, the average defect cluster diameter 

oes not change significantly with dose. Whereas, the defect den- 

ity increases with dose, saturating at about ~0.1 dpa for both al- 

oys. At 713K, however, the average defect size in 21Cr32Ni model 

lloy increases with dose after ~0.5 dpa due to the formation of 

umerous large dislocation loops that grow and coalesce with in- 

reasing dose. However, the majority of the defects formed in alloy 

00H remained as small individual defect clusters. Fig. 11 c shows 

hat the defect cluster densities in 21Cr32Ni model alloy and al- 

oy 800H at 713K are similar up to a dose of ~0.1 dpa. However,

urther irradiation at 713K caused defect cluster number density 

o

a

9 
o decrease in 21Cr32Ni model alloy due to faster loop growth at 

hat temperature. 

. Discussion 

The fact that this study was conducted in-situ allowed us to 

ake unique observations and derive new inferences about the 

volution of microstructure during irradiation. Being able to track 

efect evolution while it is taking place allows us to infer the 

echanisms through which it occurs (in terms of defect cluster 

volution) to result in the final observed microstructure normally 

een after irradiation. 

The minimum size TEM-visible defect clusters contain about 

00 atoms [30] . As irradiation starts, visible defect clusters appear 

lmost immediately after the start of irradiation - at a dose less 

han 0.005 dpa. Because very small defect clusters are not visi- 

le, it is assumed that the slow accretion of these smaller defect 

lusters eventually results in the appearance of the large clusters 

hich are visible. However, because the visible defects appear into 

isibility from one frame to the next, we infer that the occurrence 

f displacement cascades crates higher order clusters which re- 

ct 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. 
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iven the frame speed in the TEM, we cannot speculate whether 

he damage seen is created during cascade evolution or whether it 

ccurs in its immediate aftermath, - only that it is not present in 

ne frame and present in the next. Yet, this observation makes it 

ossible to discount processes whereby gradual accretion of point 

efects over a longer time period would cause cluster formation. 

Once the visible defect clusters are formed, it is found that, re- 

ardless of the irradiation temperature the visible clusters are not 

obile, contrary to what was seen in ferritic steels [ 30 , 37 ] but sim-

lar to what was observed during the irradiation of the austenitic 

teel 800H [21] . On the other hand, the clusters can disappear dur- 

ng irradiation while other clusters appear. This is also likely due 

o destruction of clusters by cascade impact as their disappearance 

s noted from one frame to the next. The creation and destruction 
10 
f visible clusters by displacement cascades after a dose of 0.1 dpa 

ives rise to a dynamic equilibrium, in which the concentration of 

isible defects remains constant with some defects appearing and 

thers disappearing during irradiation. 

Another aspect of microstructure evolution under irradiation 

hat can be explained by observations performed while irradiating 

n situ is the reduction in size of faulted loops observed at higher 

oses [ 19 , 21 ]. The reason for this apparent reduction is the unfault-

ng of the larger loops by reaction with dislocations under irradi- 

tion. One of these reactions was observed as it occurred [19] and 

xplains why larger faulted loops are no longer visible using our 

F rel-rod imaging technique at higher doses. 

The fact that a population of larger loops can be observed after 

 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). 
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ion made during in situ irradiation that loops can react and coa- 

esce, forming larger loops. This provides a mechanism whereby a 

istinctly larger average diameter loop population can be created. 

Finally, the formation of new phases as a result of irradiation 

an be verified using in situ diffraction analysis, as new precipi- 

ates or separate phases have a different crystal structure and thus 

 different diffraction pattern from the matrix. We now discuss 

ther general; observations and their causes. 

.1. Defect alignment observed in 21Cr32Ni model alloy and alloy 

00H 

Irradiation of 21Cr32Ni model alloy and alloy 800H between 

0K and 300K both resulted in defect alignment whereby defects 

ere self-ordered in the < 100 > direction at the doses above 0.5 

pa. Similar defect cluster alignment was previously reported in 

oth fcc and bcc metals under neutron, ion, and electron irradia- 

ion [31-34] . The temperature range at which defect alignment de- 

ected is likely to be material dependent. For example, systematic 

igh-voltage electron microscopy (HVEM) studies of fcc Cu and Ni 

31] showed that defect cluster alignment occurs only at tempera- 
11 
ures above 170K and 380K, respectively. In our study, defect align- 

ent was observed at irradiation temperature as low as 50K and 

00K. Also, the defect alignment direction depends on the crystal 

tructure. For fcc metals, the defect clusters have been reported to 

lign in the < 100 > direction which is consistent with our observa- 

ions. The Burgers vector was found to be consistent with [ ̄1 10 ]. In

ontrast in bcc metals, the defect cluster alignment was found to 

e in the < 110 > direction with a Burgers vector of ½< 111 > [35] .

opbasi et al. reported defect cluster alignment during in-situ ir- 

adiation of ferritic Fe-9Cr model alloy to 10 dpa at temperatures 

n between 50K-573K [35] . The formation of the aligned defect 

tructures was attributed by the authors to the minimization of 

igh elastic strain energy which might be created by the forma- 

ion of high defect density during irradiation. From our observa- 

ions during in situ irradiation is clear that such an alignment is 

n athermal process, i.e., one that does not require atomic diffu- 

ion or long-range motion of defect clusters. 

To study the stability of the aligned defect structure at higher 

emperatures, an annealing experiment was performed on an 800H 

ample. For this purpose, the sample was first irradiated to 1 dpa 

t room temperature to form the ordered defect structure and then 
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nnealed at increasing temperatures for 15 minutes for each at in- 

ervals of 373K up to 773K. Fig. 12 shows the TEM images recorded 

efore and after the annealing of alloy 800H for each temperature. 

he experiment shows that once the ordered dislocation structure 

s formed, it remains stable, at least up to 773K. Also, the cor- 

esponding diffraction patterns showed no changes. However, the 

verall contrast increased, possibly indicating that some small de- 

ect clusters migrate and are absorbed by larger defect structures. 

.2. Dose and temperature dependence of defect size and density in 

1Cr32Ni model alloy 

The defect evolution in the 21Cr32Ni model alloy with irradia- 

ion dose and temperature can be well understood in light of the 

ata shown in Fig. 4 . First, because the defect size distribution at 

0K remains constant throughout the irradiation (with an average 

efect cluster diameter of ~2.5 ± 0.05 nm), defect migration did 

ot influence the steady-state defect cluster size distribution. This 

s true even though there is some evidence of cluster migration 

nder ion irradiation at 50K. During in-situ irradiation at 50K, the 

table defects quickly reach their final size and their density in- 

reased to saturation at about ~0.1 dpa, above which defects ap- 

ear and disappear at the same rate. 

During irradiation at 300K, the average defect cluster diameter 

ncreased slightly compared to what was observed at 50K due to 

resence of relatively larger defect clusters. However, the density 

f these larger clusters was low compared to that of smaller de- 

ect clusters, so that the overall defect cluster size distribution did 

ot change significantly. On the other hand, the saturation defect 

ensity decreased by a factor of ~3 following an increase in irradi- 

tion temperature from 50K to 300K. This suggests that although 

ncreased defect mobility at the higher temperature caused some 

efect clusters to grow, most of the small, invisible defect clusters 

 < 2 nm) are annihilated within the microstructure either by en- 

anced recombination or increase in the rate of absorption at foil 

urface at earlier doses which would limit their growth. 

As seen in Fig. 4 , the average defect diameter at 713K gradually 

ncreases with dose with no indication of saturation. The corre- 

ponding defect number density initially builds up with dose up 

o ~0.1 dpa due to the formation of small defect clusters. Further 

rradiation to ~0.5 dpa causes defect clusters to grow and to form 

mall dislocation loops. At above ~0.5 dpa, small resolvable dislo- 

ation loops grow further with the absorption of small invisible 

efects. Adjacent loops can coalesce with each other to form larger 

islocation loops and thus reduce the corresponding defect cluster 

ensity. The faster loop growth at 713K than at 300K likely occurs 

ecause of the increase in defect mobility at the higher irradia- 

ion temperature. It is important to note that the increase in defect 

obility can also result in more defect loss to foil surface. This 

s true if the foil surface sink strength is higher than that of the 

ther sinks within the microstructure. However, as defect concen- 

ration increases in the foil, the sink strength in the microstructure 

ncreases so that more defects are eventually absorbed by defect 

lusters. 

.3. Faulted loop behavior in 21Cr32Ni model alloy 

In-situ experiments performed at 300K and 713K showed that 

esolvable dislocation loops in 21Cr32Ni model alloy become visi- 

le at doses above ~0.5 dpa. Most of the detected loops at 300K 

ave a {111}-type habit plane and are thus faulted in nature, 

hereas at 713K, both {111}- and {110}-type loops were observed, 

hich indicates that the faulted loops are unfaulted at the higher 

rradiation temperature. For this purpose, the rel-rod dark field 

echnique was used to quantify and to compare faulted loops in 

he model alloy. For this purpose, a two-beam condition was used 
12 
ith a g = < 311 > reflection near the [110] zone axis. The rel-rod

treaks formed due to the {111}-type faulted loops were then cen- 

ered and selected with the objective aperture to form rel-rod 

ark-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 

he corresponding rel-rod dark-field images recorded and mea- 

ured size distributions after 1 dpa at 300K and 713K with the set- 

ings above. The rel-rod diffraction patterns did not show any rel- 

od streaks during irradiation at 50K, suggesting that either faulted 

oops do not form, or their number is very low at this cryogenic 

emperature. Note that Fig. 13 (c-d) show only one of the four vari- 

nts of the {111} faulted loops. Therefore, the number of faulted 

oops counted in these images were multiplied by four to obtain 

he faulted loop number densities. Some of the {111}-type faulted 

oops imaged as edge-on in BF TEM images are highlighted with 

he yellow arrows in the high magnification images given on the 

eft. 

The average faulted loop diameters at 1 dpa irradiated mi- 

rostructure are calculated to be 10.9 ± 1.8 nm and 12.6 ± 1.3 nm 

or 300K and 713K experiments, respectively. This indicates that 

he faulted loop size in 21Cr32Ni model alloy does not change sig- 

ificantly with irradiation temperature between 300K-713K. How- 

ver, the faulted loop number density decreases as the irradiation 

emperature increases, as seen in Fig. 13 (c-e). The number den- 

ities of the faulted loops after 1 dpa are calculated as (1.8 ±
.4) ×10 22 m 

−3 and (0.1 ± 0.03) ×10 22 m 

−3 for the 300K and 713K 

rradiations, respectively, corresponding to a reduction of an order 

f magnitude. If the overall defect concentration at 1 dpa previ- 

usly calculated in Fig. 4 is considered, the faulted loops at 300K 

onstitute ~40 % of the overall defect population, as opposed to 

nly ~13% of the overall defect population at 713K. This reduction 

ikely results from the unfaulting of the faulted loops as a result 

f the interaction with nearby dislocations or loops making them 

nvisible to the rel-rod technique which is consistent with the re- 

ults of previous heavy-ion irradiation performed on 21Cr32Ni al- 

oys where unfaulting was observed during in-situ irradiation as a 

esult of nearby dislocation glide [ 17 , 19 ]. The observation of many

110} type loops at 713K is also indirect evidence of loop unfault- 

ng since {110} type perfect loops are often observed in fcc metals 

s a result of unfaulting of irradiation-induced faulted loops [ 1 , 36 ].

.4. The defect size and density in 21Cr32Ni in comparison with 

ommercial alloy 800H 

Fig. 11 shows that the defect number density and the average 

efect diameter in 21Cr32Ni model alloy at 300K are similar to 

hose determined in alloy 800H. This is also true for 713K irra- 

iation up to 0.1 dpa where small defect clusters having diame- 

er of ~2-3 nm initially form, and their densities quickly increase 

ith dose at a similar rate in both 21Cr32Ni model and alloy 800H. 

owever, further irradiation of 21Cr32Ni model alloy to ~1 dpa at 

13K cause defect clusters to grow into dislocation loops which 

hen coalesce with each other to form larger loops, consequently 

educing the corresponding defect number density. In contrast, fur- 

her irradiation of the alloy 800H at 713K to ~1 dpa caused some 

mall defect clusters to grow only a little with dose and form small 

islocation loops, and the number density of defects gradually in- 

reased with dose in the microstructure. 

The presence of small defect clusters with higher density in al- 

oy 800H than in 21Cr32Ni model alloy at 713K suggests that the 

inor alloying elements in alloy 800H bind and trap mobile point 

efects, thus preventing their migration towards defect clusters, 

nd limiting defect cluster growth. To explore this hypothesis fur- 

her, the total number of point defects associated with both defect 

lusters and dislocation loops in the model alloy and alloy 800H 

ere 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. 
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ers were assumed to be small dislocation loops having an average 

iameter of D̄ with a total area that is proportional to ~D̄ 

2 . The to- 

al number of point defects then becomes proportional to ∼ ρD̄ 

2 

here ρ is the loop density which is plotted in Fig. 14 . The figure

hows the calculated ρD̄ 

2 values with respect to dose as a function 

f temperature for both alloys. 

Fig. 14 shows that the total number of point defects in defect 

lusters and loops in the 21Cr32Ni model alloy and alloy 800H 

uickly increases with dose and saturates after irradiation to ~0.1 

pa at 300K. In contrast, at 713K, the number of point defects as- 

ociated with defect clusters and loops increases with dose only in 

1Cr32Ni model alloy. This indicates that more point defects can 

rrive and be absorbed by defect clusters and loops at elevated 

oses in 21Cr32Ni model alloy than alloy 800H during the high 

emperature irradiation, causing defects to grow with a faster rate. 

or the case of alloy 800H, however, point defects are likely to be 

rapped by the alloying elements, thus reducing point defect mi- 

ration and leading a suppression of the number of point defects 

bsorbed at defect clusters at 713K. 

. Summary and Conclusion 

The low dose ( < 2 dpa) radiation damage induced evolution 

f the microstructure in 21Cr32Ni model alloy was investigated 

ith a series of in-situ 1 MeV Kr ++ ion irradiation experiments 

onducted at irradiation temperatures between 50K and 713K. The 

odel alloy microstructure was compared with the irradiated mi- 

rostructure of an analogous commercial alloy 800H irradiated 

nder similar irradiation conditions. For both alloys, the dose- 

ependent defect cluster size distribution, and the defect cluster 

ensity were obtained as a function of temperature. Performing the 

xperiment in-situ allowed us to discern some of the mechanisms 

f early radiation damage formation. 

The main findings are as follows: 

nitial defect formation and migration 

TEM visible defect clusters (1-2 nm in diameter) start to ap- 

ear at quite low doses, i.e., ~0.005 dpa. The threshold dose at 

hich visible defect clusters appeared did not change with irra- 

iation temperature in the temperature range between 50K-713K. 

egardless of the irradiation temperature, visible defects were not 

obile during irradiation. 
13 
efect accumulation and growth 

Above the threshold dose the overall defect concentration grad- 

ally increased with increasing dose and saturated at ~0.1 dpa. 

fter this dose a dynamic equilibrium was established whereby 

efects were constantly created and destroyed, while the defect 

ensity remained constant. These observations are valid for both 

1Cr32Ni and 800H alloys. At above 0.1 dpa, defects grew into dis- 

ocation loops in 21Cr32Ni model alloy. This growth was more pro- 

ounced as the irradiation temperature increased. In contrast no 

ignificant defect growth was observed in alloy 800H during irradi- 

tion. The mode of loop growth in 21Cr32Ni model alloy was tem- 

erature dependent: during irradiation at 300K, loop growth oc- 

urred by the accretion of the small invisible defect clusters, while 

t 713K, loop growth was driven both by the absorption of small 

nvisible defect clusters and by loop coalescence directly observed 

n the microscope. 

adiation-induced defect alignment 

With increasing dose, visible defect clusters formed aligned de- 

ect structures along the < 100 > direction. This occurred at irra- 

iation temperatures as low as 50K with the Burgers vector of 

hese clusters consistent with [ ̄1 10 ]. In-situ annealing experiments 

howed that these aligned defect structures remain stable up to 

73K, while absorbing small defect clusters. 

aulted dislocation loop evolution 

At doses above 0.5 dpa faulted dislocation loops formed in 

1Cr32Ni model alloy during irradiations conducted between RT 

nd 713K. Increasing irradiation temperature did not change the 

verage diameter of the faulted loops, but it increased the rate of 

oop unfaulting which rendered these loops invisible. The unfault- 

ng process which occurs by loop interaction with network dislo- 

ations was also observed in-situ. 

omparison of the two alloys 

Microstructure development under irradiation is similar in 

any ways for 800H and 21Cr32Ni. The threshold dose for visible 

efects was the same as was the saturation dose, as well as the av- 

rage defect size and number density at irradiation temperatures 

elow 713 K. Above that temperature clusters grow and develop 

nto dislocation loops in 21Cr32Ni but not in 800H. The likely ex- 

lanation is that the alloying elements in 800H trapped the point 

efects and caused the defect clusters not to grow into loops. 
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