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Austenitic 21Cr32Ni model alloy thin foils, previously irradiated with 5 MeV Fe ++ ions in bulk to cre- 

ate voids, were re-irradiated in-situ in the Intermediate Voltage Electron Microscope Facility (IVEM). The 

voids which had been formed under bulk-ion irradiation shrank and disappeared after in-situ Kr ion ir- 

radiation in the temperature range 50 K-713 K to an additional dose of 1 dpa. The voids were unaffected 

by eithersuccessive thermal annealing to 673 K and by prolonged exposure to the 200 keV electron beam 

at the irradiation temperature. The high void shrinkage rate observed did not change significantly for ir- 

radiation temperatures between 50 K and 713 K, suggesting that the void shrinkage process in thin foils 

during in-situ heavy-ion irradiation results from the interactions of displacement cascades with the voids. 

Possible void shrinkage mechanisms under thin foil irradiation are discussed in this study. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

The concern that excessive irradiation induced void swelling 

n stainless steels could occur in advanced nuclear reactors has 

ed researchers to investigate void evolution under charged- 

article irradiation using both in-situ and ex-situ transmission 

lectron microscopy (TEM). The in-situ irradiation technique al- 

ows real-time observation of radiation-induced features formed 

nder well-controlled conditions at a range of temperatures 

1–15] . During in-situ irradiation experiments, void formation was 

nly observed at relatively high irradiation doses ( > 20 dpa) and 

emperatures( > ~825 K) [9] . On the other hand, during bulk-ion ir- 

adiation void formation was often observed in austenitic stainless 

teels after irradiation to much smaller doses (~1 dpa) at lower 

rradiation temperatures [16–22] . As a matter of fact, voids formed 

nder neutron or bulk-ion irradiation have been observed to 

hrink when subjected to further in-situ electron or ion irradiation 

 4–8 , 23–29 ]. 

Laidler and Garner examined neutron-induced voids formed 

n annealed SS304 and SS316 type austenitic stainless-steel using 

igh-voltage electron irradiation of 0.3-0.8 MeV at ~773 K and 

bove [ 8 , 23 ]. They observed that voids located close to the foil

urface shrank, while voids located in thicker regions of the foil 
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i.e. far from foil surface) were unaffected. Makin reported that 

eutron-induced voids in 316 type austenitic stainless steels shrink 

hen irradiated in-situ at 973 K with 1 MeV electrons in the Har- 

ell High Voltage Electron Microscope [24] . They attributed this 

ffect to foil erosion during irradiation. A similar foil surface ero- 

ion was reported by Donnelly et al. who studied the effect of Xe 

on impacts on the surfaces of fcc-Au using in-situ irradiation [25] . 

he authors reported the observation of the surface craters associ- 

ted with expelled materials resultant from the ion impacts. The 

ffect of foil surface on void shrinkage was further explored by 

urphy using standard rate theory [26] . The author found that the 

oid shrinkage time increases with decreasing foil thickness. This 

s because the foil surface becomes an increasingly effective de- 

ect sink for irradiation induced point defects relative to the cavi- 

ies which results in increased defect loss to the foil surface. Singh 

nd Foreman investigated void formation and growth in austenitic 

tainless steels under 1 MeV electron-irradiation at 973 K. In a 

mall percentage of their experiments, they observed a few large 

oids initially increase in size but then rapidly shrink [27] , while 

n other experiments they observed all voids to steadily grow. They 

eported that the shrinkage took place away from the foil surface 

nd shrinkage rate was higher for voids attached to dislocations 

han for voids in the matrix, and attributed this difference to dis- 

ocation pipe-diffusion of interstitials [ 2 , 27 ]. A similar diffusion- 

ipe mechanism was suggested by Chen et al. [29] . The authors 

nvestigated void evolution in nanotwinned copper using in-situ 

on irradiation of 1 MeV Kr ++ . They observed that pre-existing 

https://doi.org/10.1016/j.jnucmat.2020.152636
http://www.ScienceDirect.com
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Table 1 

Bulk chemical composition of the major constituents of 21Cr32Ni model alloy 

measured by direct current plasma method. 

Alloy Fe Ni Cr Mn Al, Ti, V, Cu, Si, Mo, P, C ∗ , S ∗) 

21Cr32Ni Bal. 31.2 20.7 0.9 < 0.2 

∗ Combustion method (CO) used for carbon and sulfur measurement. 
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oids at grain boundaries shrank after in-situ ion irradiation to 

1.56 dpa at room temperature. The shrinkage was attributed to 

ipe-diffusion of interstitials at grain boundaries, acting as faster 

iffusion channels for interstitials. When interstitials are absorbed 

t nanotwin grain boundaries, they immediately migrate to voids, 

ausing shrinkage. 

In a study conducted on the similar alloy 800H, Ulmer et al. ob- 

erved that voids initially formed after 10 dpa bulk-ion irradiation 

t 713 K shrank after an additional 1-2 dpa in-situ irradiation with 

 MeV Kr ++ at 713 K [7] . The authors found that the implanted

nterstitial concentration was too low to justify the observed void 

hrinkage and therefore, attributed to the shrinkage to the excess 

oss of mobile point defects (both vacancies and interstitials) to the 

oil surface which in turn reduces the vacancy concentration below 

he equilibrium vacancy concentration around voids, resulting in a 

et interstitial flux into the voids. The many different void shrink- 

ge mechanisms in thin foils proposed in the literature, can be cat- 

gorized into three classes: (1) net loss of vacancies from voids via 

hermal emission of vacancies during high temperature anneal [4] ; 

2) net interstitial gain to voids either by pipe-diffusion mechanism 

 2 , 29 ], by replacement collision sequences [30] , by preferential in-

erstitial absorption due to the stress field resultant from differen- 

ial swelling [ 8 , 23 ], or by excess interstitial absorption due to the

oss of vacancies to foil surface [7] ; (3) other mechanisms such as 

radual foil thinning, or foil surface erosion [24–25] . 

As it is seen, although these studies provide valuable data on 

oid shrinkage observed under a variety of in-situ irradiation con- 

itions, the proposed mechanisms of void shrinkage vary widely. 

lso, depending on the irradiation conditions, the void shrinkage 

ime can vary from tens of minutes to tens of hours. In addition, 

oid shrinkage during low temperature irradiation has not been in- 

estigated. Unfortunately, none of these mechanisms are applicable 

o the present case as discussed below. 

In this paper, the mechanism of void shrinkage in a thin foil 

repared from previously irradiated 21Cr32Ni austenitic model al- 

oy was systematically investigated using in-situ Kr ion irradia- 

ion of performed at the Intermediate Voltage Electron Micro- 

cope (IVEM) facility at Argonne National Laboratory. This alloy 

s in essence a model of commercial alloy 800H - an advanced 

ustenitic alloy proposed for next generation reactors which ex- 

ibits high corrosion and creep resistance [7] . The model alloy was 

nitially bulk-ion irradiated using 5 MeV Fe ++ ions to 1 dpa at 713 

 in the Michigan Ion Beam Laboratory. Thin foils from these sam- 

les were prepared by FIB lift out and further irradiated using 1 

eV Kr ++ ions with an additional dose of ~1 dpa in the temper- 

ture range 50 K-713 K using similar damage rates as were used 

uring bulk-ion irradiation. The void diameter during irradiation 

as measured with respect to irradiation dose for various irradi- 

tion temperatures. The overall results are discussed in light of ex- 

sting literature. 

. Experimental details 

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

E Global Research as heat #RAM-2192. The elemental composi- 

ion of the alloys measured by Sherry Laboratories using direct cur- 

ent plasma (DCP) emission spectroscopy is shown in Table 1 . The 

lloy grain size was determined by optical microscopy to be ~60 
2 
m, after the polished surface was exposed to an etchant having a 

omposition of 10 ml HNO 3 , 20 ml HCl, and 30 ml H 2 O. 

Bulk-ion irradiation of 21Cr32Ni model alloy was performed at 

he Michigan Ion Beam Laboratory (MIBL). The 21Cr32Ni model al- 

oy sample bar was irradiated to 1 dpa at 713 K (440 °C) using 5

eV Fe ++ ions using a damage rate of 5 × 10 −4 dpa/s. The cor- 

esponding iron ion flux is ~1.2 × 10 12 ion/cm 

2 -s, to a total iron 

on fluence is ~2.4 × 10 15 ion/cm 

2 . TEM foils from the bulk-ion 

rradiated materials were prepared using focused ion beam (FIB) 

shown in Fig. 1 ) performed with FEI Helios NanoLab660 using 

allium (Ga + ) ions with 30kV, 5kV and 2kV final polishing steps 

ith corresponding currents of 0.23 nA, 0.12 nA and 93 pA [16] . 

he damage profile of 5 MeV Fe + + ions was calculated using the 

topping and Range of Ion in Matter (SRIM) software [31] using 

he Quick Kinchin-Pease Model for displacement calculations and 

 displacement energy of 40 eV [16] . As indicated in Fig. 1 the

epth at which the target dose was achieved is ~0.6 μm, to min- 

mize both surface effects and the effect of the injected intersti- 

ials close to the ion range. The maximum penetration depth of 

a + is ~10 nm which was illustrated with a thin layer on Fig. 1 c.

ecause the slice imaged in TEM has been only exposed to the ion 

eam on front surface and very low ion beam current was used 

t the final polishing step, the damage by gallium was assumed to 

e negligible compared to that formed after 5 MeV Fe+ + . The TEM 

bservations beyond the ion range also revealed little FIB induced 

amage. Also, diffraction patterns recorded from the damaged re- 

ion showed that there was no pre-existing or radiation-induced 

recipitate in the bulk-ion irradiated 21Cr32Ni samples due to the 

ow alloying element content of the alloy. 

These FIB-prepared TEM foils were further irradiated in-situ at 

he Intermediate Voltage Electron Microscope (IVEM) Facility at Ar- 

onne National Laboratory using 1 MeV Kr ++ ions and an ion flux 

f 2.84 × 10 11 ions/cm 

2 -s at temperatures ranging from 50 K to 

13 K to investigate the evolution of the pre-existing voids un- 

er further ion irradiation. The sample temperature was continu- 

usly monitored throughout the experiments using a thermocou- 

le attached to the specimen cup. The irradiation temperature was 

ept within ±5 K of the target value during irradiation. Pre-existing 

oids were imaged in the TEM by tilting the sample to a weak 

eam diffraction condition and recording bright-field TEM images. 

n effort was made to record all TEM images during irradiation 

sing the same magnification (~60,0 0 0x) so that results were di- 

ectly comparable. The void diameter was measured from the in- 

er ring of the dark fringe using under-focused bright-field images. 

he average void diameter ( ̄D ), and the corresponding error of the 

easurement were calculated as described in [ 7 , 16 ]. 

The damage in dpa during in-situ 1 MeV Kr ++ ion irradiation 

as calculated using SRIM software in the same manner as above. 

he ion flux during the in-situ irradiation was adjusted to give 

 damage rate of (5-10) × 10 −4 dpa/s, similar to that obtained 

n bulk-ion irradiation at the specified depth (~0.6 μm). The cal- 

ulation indicates that the vast majority of the Kr ions is trans- 

itted through the thin foil; and only about ~3% of the incident 

ons are implanted. The thicknesses of the FIB samples were deter- 

ined to be between ~80-100 nm using Convergent Beam Electron 

iffraction (CBED) and confirmed by Energy Filtered Transmission 

lectron Microscopy (EFTEM) using an inelastic electron mean free 

ath of ~110 nm [ 9 , 16 ]. 

. Results 

.1. Pre-existing void structure in 21Cr32Ni model alloy after bulk-ion 

rradiation 

Fig. 2 shows bright-field TEM images taken in under-focused 

onditions showing the initial void microstructure after 1 dpa bulk- 
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Fig. 1. (a) Schematic illustration of 1.5 mm thick 21Cr32Ni model alloy bar with the optical microscope image showing half of the bar used in bulk-ion irradiation, (b) TEM 

sample prepared from bulk-ion irradiated material, (c) The SRIM calculated damage and implanted Fe concentration profiles of 5 MeV Fe ++ in 21Cr32Ni model alloy showing 

the depth at which the target dose is achieved. The maximum Ga + depth from FIB sample preparation in 21Cr32Ni target is less than 10 nm and illustrated with purple 

color, (d) Bright-field TEM image showing the cross-section of FIB sample and void distribution. A denuded zone is observed near the irradiated surface ( < ~0.2 μm) and 

beyond ~1.3 μm. The voids in the target dose regionindicated with the black box are magnified in the last micrograph. 

Fig. 2. Bright-field under-focused TEM image showing the void microstructure ob- 

served in 21Cr32Ni model alloy after bulk-ion irradiation to 1 dpa at 713 K. Voids 

were observed to be faceted and spherical as highlighted in Fig. 2 a, and they are 

often found on pre-existing dislocations ( Fig. 2 b). (The contrast seen in the back- 

ground in (a) is generated by radiation-induced aligned defect structures.) 
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on irradiation of 21Cr32Ni model alloy at 713 K. Large voids ( > 8

m) were either faceted (along the {111}-direction) or spherical 

see magnified void images in Fig. 2 ). Relatively, smaller voids ( < 5

m) were spherical. 

During bulk-ion irradiation void formation often occurred pref- 

rentially at defect sinks, such as pre-existing dislocations or 

adiation-induced dislocation loops (see Fig. 2 b as an example). 

he average void diameter in the irradiated foils was ~7-9 nm with 

 corresponding void number density on the order of ~5 × 10 20 

oid/m 

3 . The maximum void diameter was ~9-11 nm. We note 

hat after irradiation a denuded defect zone (no voids, no loops) –

bout ~0.2 μm wide– was consistently observed near the surface 

f the bulk irradiated samples. 
3 
.2. Thermal annealing without irradiation 

To study the thermal stability of the pre-existing voids in the 

1Cr32Ni samples prior to in-situ ion irradiation, an annealing ex- 

eriment was performed. Starting at 373 K, a 21Cr32Ni TEM foil 

ample that was ion-irradiated to 1 dpa at 713 K and which con- 

ained voids, was annealed for ~30 minutes, for each 100 K interval 

p to 673 K, with the electron beam was off. Bright-field images 

ere acquired every 5 minutes. The total annealing time was ~130 

inutes i.e., more than the total irradiation time required to reach 

1 dpa during in-situ ion irradiation (which is ~ 30 minutes at a 

amage rate of ~1 × 10 −3 dpa/s). 

The result of this annealing experiment is summarized in Fig. 3 . 

he figure clearly shows that the initial void microstructure at 

oom temperature is unaffected after successive 30 minute stages 

f thermal annealing up to 673 K suggesting that thermal vacancy 

mission from voids is negligible in this temperature range. 

.3. Void behavior under in-situ ion irradiation 

When the samples were Kr ion irradiated in-situ in tem- 

erature range 50-713 K, all observed pre-existing voids shrank. 

ig. 4 shows a series of under-focused bright-field TEM images that 

aptures void shrinkage during additional in-situ ion irradiation at 

he two extreme irradiation temperatures used in this study: 50 K 

nd 713 K. The majority of the pre-existing voids disappear after 

n additional in-situ irradiation dose of 0.4 dpa, and by 1 dpa total 

dditional dose all voids disappear. It should be noted that no foil 

ontrast difference or crater formation was observed during irra- 

iation which indicates that ion induced foil sputtering or erosion 

as not a factor [ 24–25 , 32 ]. The results of the previous section in-

icate that thermal vacancy emission has negligible effect on void 

hrinkage. Thus, the observed void shrinkage in 21Cr32Ni model 
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Fig. 3. Bright-field under-focused TEM images showing that pre-existing voids in 21Cr32Ni model alloy do not change after thermal annealing up to 673 K. The images were 

captured after ~30 minute anneals at the temperatures indicated. 

Fig. 4. Bright-field TEM images showing void shrinkage during in-situ irradiation 

of 1 dpa pre-irradiated 21Cr32Ni model alloy at 50 K and at 713 K and after ad- 

ditional 0.2 and 0.5 dpa Kr ion irradiation. Some of the voids are highlighted with 

yellow arrows at each dose to show void shrinkage and their subsequent disap- 

pearance. “Pre-irradiated” microstructures correspond to the microstructures after 

1 dpa bulk-ion irradiation, whereas additional in-situ irradiation dose given to the 

pre-irradiated samples is shown as + dpa. 

a

i

s

Fig. 5. Average void diameter in 21Cr32Ni model alloy as a function of irradiation 

dose and temperature. 
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F

4

lloy is caused by the displacement damage induced by in-situ ion 

rradiation. 

To investigate the effect of irradiation temperature on void 

hrinkage, the average void diameter was measured as a func- 
ig. 6. Bright-field TEM images showing the evolution of an initially faceted void (schem

73 K. The shrinkage direction is indicated with arrows on each image. Additional in-situ

4 
ion of irradiation dose and temperature. Fig. 5 shows the aver- 

ge void diameter from all the visible voids obtained from these 

easurements. The voids shrink at approximately the same rates 

t all irradiation temperatures, starting at an approximate rate of 

.4 nm/dpa when the void diameter decreases from 7 to 5 nm be- 

ween 0 and 0.3 dpa, increasing to 26.4 nm/dpa in the last 0.1 dpa 

hen the void size decreases below 3 nm, because of the higher 

urface to volume ratio in the smaller voids. We should note that 

er dpa the volume change in the void is 3 times higher in the 

rst regime than in the second. The irradiation temperature does 

ot have a noticeable effect on the void shrinkage rate between 50 

 and 713 K. 

To explore the shrinkage process further, a series of TEM snap- 

hots of a pre-existing large void was analyzed at different stages 

f its shrinkage during in-situ irradiation at 473 K (see Fig. 6 ). 
atic illustration is shown at the bottom) shrinking during in-situ ion irradiation at 

 irradiation doses are shown as + dpa at the top of each image. 
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Fig. 7. Bright-field TEM image showing pre-existing voids formed in 21Cr32Ni model alloy after 1 dpa bulk Fe ion irradiation. The green dashed line highlights aligned 

voids which were preferentially formed on a pre-existing dislocation, while blue arrows indicate isolated voids. The plot on the right shows the shrinkage curves determined 

during in-situ Kr ion irradiation for of the individual voids indicated with red and blue arrows on the left. 
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ote that the initially faceted void becomes more spherical as it 

hrinks. No evidence was found that the pre-existing microstruc- 

ure strongly influences the void shrinkage rate. Fig. 7 shows the 

oid diameter vs. dose measured for the voids formed at disloca- 

ions and for isolated voids in the matrix. No meaningful difference 

n shrinkage rate is seen between the two types of voids. 

Previous thermal annealing studies suggested that 200 keV 

lectrons can accelerate void shrinkage [4] . Therefore, when irra- 

iation was paused, voids away from the e-beam were checked, 

nd they were found to have shrunk at the same rate as those 

hat were being followed during irradiation. This is shown in Fig. 8 

here the void shrinkage was captured in regions under the e- 

eam and away from the e-beam during the in-situ irradiation of 

1Cr32Ni model alloy at 473 K. Fig. 9 shows quantitatively the that 

he void shrinkage rate under the e-beam and away from the e- 

eam are the same, which means that the processes leading to 

oid shrinkage result from in-situ ion irradiation, and not from ex- 

osure to the electron beam. 

. Discussion 

In this study, bulk Fe+ + ion irradiation produced pre-existing 

oids in 21Cr32Ni model alloy shrank after in-situ thin foil 

r + + irradiation to 1 dpa in between 50 K-713 K. The net interstitial 

ux absorbed by the voids during the shrinkage ( N 

shrinkage 
i,net 

) can be 

alculated from [7] : 

 

shrinkage 
i,net 

= 

π
(
d 3 

f 
− d 3 

i 

)

6��t 

here d i and d f are the cavity diameter at the initial and final dose 

oints and � is the atomic volume and taken to be ~10 −23 cm 

3 

33] . The average void shrinkage rate N 

shrinkage 
i,net 

was calculated as a 

ime average for more than ~200 voids. The result of this calcu- 

ation showed that the net interstitial flux absorbed by the voids 
5 
uring the shrinkage was N 

shrinkage 
i,net 

approximately 26 interstitial/s 

er void which is consistent with the value previously reported of 

2 interstitial/s per void for the analogue alloy 800H in-situ irradi- 

ted at 713 K [7] . 

The irradiation time for void shrinkage for the observed voids 

as ~15-20 minutes (corresponding to an additional dose of ~+ 1 

pa). This time is much shorter than that observed in previous 

hermal annealing studies and as well as electron irradiation stud- 

es performed in pure aluminum, and stainless steels using similar 

amage rates [ 4 , 8 , 34 ]. The latter observation suggests that individ-

al displacement events are less effective than displacement cas- 

ades at causing void shrinkage. 

Many possible explanations for shrinkage can be eliminated. If 

any ions are implanted, they could provide the additional inter- 

titials to make the voids shrink. However, although ion implanta- 

ion is a little higher in the thin foil irradiation conducted than in 

he bulk-ion irradiation this is not sufficient to explain the results 

7] . Because no foil thinning [24] or crater formation [25] was ob- 

erved, we also rule out the possibility of foil erosion as the cause 

f void shrinkage. A. Monterrosa et al. reported that the formation 

f M 2 X-type carbide precipitates in dual-beam ion irradiated fer- 

itic/martensitic T91 steels to 450 dpa at 733 K can suppress void 

welling because they may act as point defect sinks [35] . However, 

o radiation-induced precipitation was observed in any of sam- 

les before or after the in-situ ion irradiation as was verified by 

he diffraction patterns recorded throughout the in-situ ion irra- 

iation. In addition, considering the fact that void shrinkage was 

lso observed even at 50 K where precipitate formation is not ex- 

ected due to low defect mobility, the void shrinkage in 21Cr32Ni 

odel alloy is not due to the formation of precipitates. Fig. 7 and 

ig. 8 show that neither the pre-existing dislocation or grain mi- 

rostructure nor the electron beam have a noticeable effect on the 

oid shrinkage rates during in-situ ion irradiation. Thus, mecha- 

isms of dislocation-pipe-diffusion or enhanced radiation diffusion 
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Fig. 8. Bright-field under-focused TEM images showing similar shrinkage of pre- 

existing voids both when under the 200 keV electron beam in the microscope and 

away from it, during 473 K in-situ ion irradiation. Both conditions yield the same 

shrinkage rate. (The contrast seen in the background are radiation-induced aligned 

defect structures). Scale bars in high magnification images (colored black) corre- 

spond to 20 nm. “Pre-irradiated” microstructures correspond to the microstructures 

after 1 dpa bulk-ion irradiation, whereas additional in-situ irradiation dose given to 

the pre-irradiated samples is shown as + dpa. 
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Fig. 9. Void diameter vs. dose during in-situ Kr ion irradiation for voids when ir- 

radiated under the 200 keV electron beam (white) and when irradiated away from 

the electron beam (red). The shrinkage rates are similar. 
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ue to the electron beam are also not thought to be the driving 

orces leading to the rapid void shrinkage observed in this study. 

It is clear that void shrinkage can only occur if there is a net 

acancy flux from the void into the matrix or a net interstitial flux 

rom the matrix to the void. Because our thermal annealing exper- 

ments showed no evidence of thermal vacancy emission in tem- 

erature range studied (50 K-713 K), void shrinkage is tentatively 

ttributed to excess interstitial absorption by the voids during ir- 

adiation. The question is then posed as to what is it that causes 

he net flux of interstitials to the voids ( J void 
i 

− J void 
v ) to be negative

uring bulk irradiation and positive during thin foil irradiation. Al- 

hough several results indicate that free surfaces affect void stabil- 

ty (as mentioned above, a void denuded zone is observed during 

ulk-ion irradiation, as also observed by other researchers [ 7 , 23 ]), 

he mechanism whereby this occurs is not clear. 

One possibility to explain void shrinkage in thin foil irradia- 

ion is that radiation-induced vacancies migrate faster than inter- 

titials and are lost to the foil surface (the dominant sink in thin 

oil irradiation) at a greater rate than interstitials. This would leave 

 higher fraction of interstitials in the foil which would be ab- 

orbed at the voids. However, this requires that the migration en- 
6 
rgy of vacancies be smaller than the migration energy of inter- 

titials, which is not normally the case in metallic alloys [36] . In 

ddition, Fig. 5 shows that the shrinkage process is independent 

rom the irradiation temperature, which suggests that the process 

s not primarily driven by defect diffusion. 

Recent molecular dynamics studies of displacement cascades in 

ungsten suggest that the diameter of pre-existing voids can de- 

rease as a result of an interaction with an ion induced displace- 

ent cascade formed nearby [37] . This mechanism was also pro- 

osed by Agarwal et. al [38] , who examined thin films of Fe con- 

aining pre-existing porosities/cavities (~2 nm), irradiated with 2 

eV Fe 2 + to peak doses of 0.006 and 0.06 dpa at room tempera- 

ure. After irradiation the films were examined using positron an- 

ihilation spectroscopy (PAS) and TEM. TEM analysis showed that 

he visible cavity number density is unchanged, but that the cavity 

iameter decreased with increasing dose. PAS analysis suggested 

n increase in the number density of very small vacancy clusters 

n the films. The authors explained the void shrinkage through an 

nward flux of interstitials created near the rim of a displacement 

ascade occurring near a void. The corresponding vacancies would 

hen accumulate in the lattice, either as single defects or small 

lusters, increasing the invisible vacancy cluster density, in agree- 

ent with their PAS measurements. On the other hand, this mech- 

nism should also occur during bulk irradiation and cause void 

hrinkage, whereas this study finds that voids grow under bulk-ion 

rradiation. 

In a previous paper it was suggested that because the surface 

cts as a sink for defects, the defect concentrations are suppressed 

uring thin foil irradiation relative to bulk irradiation, if both inter- 

titials and vacancies are mobile enough to reach the surface [7] . 

n that circumstance, the vacancy concentration is decreased below 

he equilibrium vacancy concentration under irradiation around 

he cavities such that there is negligible absorption of vacancies, 

r possibly some emission of vacancies from the void. This process 

ould occur only under irradiation, as observed. It is, however, un- 

ikely that both defects are mobile at 50 K. 

Although numerous mechanisms leading to void shrinkage have 

een suggested in the literature, none of them was sufficient to 

nswer the main question of “why do voids that are stable under 

ulk-ion irradiation become unstable and shrink under in-situ ion ir- 

adiation? ”. The difference between the sample behavior during in- 
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itu and bulk irradiation is striking and should be explained so that 

aterial behavior under irradiation can be better understood. 

. Summary and Conclusion 

Pre-existing voids formed during 5 MeV Fe ++ bulk-ion irradi- 

ted 21Cr32Ni model alloy after 1 dpa at 713 K were investigated 

nder 1 MeV Kr ++ in-situ ion irradiation up to an additional 1 dpa 

n the temperature range of 50 K-713 K. The results are as follows: 

1. In-situ ion irradiation caused pre-existing voids to shrink 

and disappear. This was observed only under in-situ ion irra- 

diation. The voids remained stable during thermal annealing 

and under electron-beam. Voids that had been preferentially 

formed along dislocations shrank at the same rates as other 

voids. 

2. The rate of void shrinkage was the same at all irradiation 

temperatures from 50 K to 713 K. The fact that shrinkage 

occurs at 50 K suggest a displacement cascade-driven ather- 

mal process. 

3. Several possibilities to explain this phenomenon are ruled 

out, including ion implantation, thin foil erosion and thermal 

vacancy emission. The exact mechanism for void shrinkage 

under think foil irradiation is not yet known. 
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