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a b s t r a c t 

A surface coating using pure chromium has been proposed to increase the accident tolerance of Zircaloy 

cladding in pressurized water reactors. However, there is not much irradiation experience with Cr alloys 

and especially pure Cr. In the present study, pure chromium was irradiated with 5 MeV Fe ions to 50 

peak dpa (displacements per atom) at temperatures of 450, 500, 550, 600 and 650 °C. Then irradiation at 

the peak swelling temperature of 550 °C was conducted to 50, 100, 150 peak dpa. Swelling at 50 dpa was 

observed over the entire temperature range studied, 450–650 °C, but appeared to be decreasing strongly 

at the temperature boundaries of the experiment. After an initial transient of rapid swelling, chromium 

was observed to swell at a rate of ~0.03–0.04%/dpa (up to 120 local dpa), which is much lower than pure 

Fe at 0.2%/dpa. This low swelling rate was found to be relatively insensitive to dpa rate, which varied by a 

factor of ~2 over the depth of data collection. Swelling was observed to begin quickly with an incubation 

period less than 10 dpa. Self-organization in the form of void ordering was observed to be developing at 

50 dpa, becoming better defined with increasing dose. The void alignment direction is determined to be 

the 〈 111 〉 axial direction. 

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

The Fukushima Daiichi reactor accident displayed the weakness 

f Zircaloy cladding under loss of cooling accidents in rapid hydro- 

en generation from the steam oxidation reaction leading to ex- 

losions [1] . Among various approaches to improve the accident 

olerance of the fuel pin, coating of the Zircaloy cladding surface is 

romising, especially if a thin layer of the chosen coating material 

an minimize impact on neutron economy, thereby allowing the 

ow neutron absorption benefit of Zircaloy cladding to be retained 

2–5] . 

Chromium is a promising coating candidate material that has 

 reasonable neutron capture cross-section and good hardness and 

ear resistance. Most importantly, chromium can form a thin layer 

f tenacious chromium oxide on the cladding surface for superior 

orrosion resistance, which makes it ideal as additional protection 

n Zircaloy cladding for enhanced accident tolerance under normal 

nd accident conditions for a pressurized water reactor (PWR). Ini- 
ial studies at various laboratories indicate that chromium is a vi- 
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ble choice using various coating techniques [2–6] . For instance, 

old spray coating technology of chromium on Zircaloy-4 has been 

eveloped, showing good quality control on interface adhesion and 

orosity [6] . Chromium coatings do not appear to involve signifi- 

ant interface reaction with Zircaloy-4, which is an additional ben- 

fit. Many other coating materials such as FeCrAl and MAX phase 

ave been shown to develop reaction interfaces, an issue that is 

roblematic at high damage levels [ 7 , 8 ]. 

The radiation response of chromium has not been studied in 

he West, but this metal in both lightly and heavily alloyed forms 

as considered as a potential fast reactor cladding material in the 

oviet Union. Several low-alloyed chromium candidates were irra- 

iated with neutrons in Research Institute of Atomic Reactors in 

ussia and were also irradiated with Cr ions in the Kharkov In- 

titute of Physics and Technology in Ukraine. The latter laboratory 

lso irradiated pure chromium for comparison. Some data were 

ublished in Western journals but most of the data from these 

tudies are available only in older, internal and limited-distribution 

eports written in Russian. These data are reviewed in this report. 

Three low alloying chromium-base alloys were irradiated in 

ussia, using both the SM-2 mixed spectrum reactor and the BOR- 

0 fast reactor to doses as high as 45 dpa (displacement per atom), 

https://doi.org/10.1016/j.jnucmat.2020.152585
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ith one dilute chromium alloy designated BH-2 K with minor ad- 

itions of La, V, Ta and C ( < 1% total) reaching swelling levels of

.2 to 2.8% at 650–750 °C and doses of 40–45 dpa. One signifi- 

ant surprise at the time was that swelling was observed at all 

emperatures studied in the 400–829 °C range. This temperature 

ange is above the normal operation range of PWRs, but temper- 

tures lower than 400 °C were not examined since these experi- 

ents were directed primarily toward fast reactor application. The 

lloy compositions and the results of these experiments are pro- 

ided in the supplementary document. 

Very limited Russian neutron data were reported [9,10] . A series 

f 3 MeV Cr + 3 ion irradiations were conducted on pure chromium 

n the Ukraine over the same temperature range, showing rela- 

ively good agreement with the neutron data, with ion-induced 

welling starting immediately without significant incubation delay 

nd reaching 4–7% at ~80 dpa in the range 650–750 °C [11] . The

on-induced swelling rate of pure chromium at 650 °C appears to 

e on the order of ~0.03%/dpa. It also appears that swelling at very 

ow doses involves a higher swelling-rate transient since the data 

o not extrapolate back to zero swelling [11] . These data are also 

rovided in the supplementary document. 

The data range employed in the earlier ion irradiation stud- 

es was expanded by Bryk et al. and presented in an open litera- 

ure paper as a base for comparison with the ion-induced swelling 

f three chromium-base alloys, leading to the conclusion that the 

welling behavior was not very sensitive to the minor low alloy- 

ng composition, although the pure Cr data were not covered in 

ny depth in this paper [12] . In Bryk’s paper the irradiations were 

onducted to doses as high as 180 dpa over the range 550–800 °C 

12] . Swelling reached ~9% at 180 dpa and 730–750 °C in one of 

he chromium-base alloys but was observed to develop signifi- 

ant spatial heterogeneity arising from phase decomposition of the 

lloys. It was noted that voids developed almost immediately at 

ery low doses in both pure chromium and the alloys. One mi- 

rograph was presented that showed that one of the alloys ex- 

ibited development of void ordering into a superlattice, but the 

emperature at which ordering occurred was not specified in the 

aper. 

Kuprin et al., also in Ukraine at the same laboratory, more 

ecently studied swelling of pure arc evaporation deposited 

hromium induced by 1.4 MeV Ar ion irradiation at 400 °C to 5, 

5, and 25 dpa [13] . They found swelling of 0.16% at 5 dpa and

.66% at 25 dpa, again suggesting a swelling rate of ~0.03%/dpa 

t 400 °C. No mention was made of void ordering in this study. 

uprin’s primary conclusion was that swelling in chromium ap- 

ears to be too small to be a major concern in light water reac-

or applications where the dose of fuel cladding would never reach 

5 dpa [13] . This study suffers somewhat from the use of a rather

hallow-penetrating ion, requiring data extraction very close to the 

urface (~100 nm) in order to avoid the very strong effect of the in-

ected interstitial. If there is a strong effect of temperature on the 

welling it was not explored in this single temperature experiment, 

ut the combined results of both the Bryk and Kuprin studies im- 

ly that while there is a temperature dependence of the void size 

nd concentration distributions, the post-transient swelling rate is 

ery small at ~0.03%/dpa and not very sensitive to irradiation tem- 

erature over the range of 40 0–70 0 °C [ 12 , 13 ]. Note that both the

ryk and Kuprin studies were conducted on the same accelerator 

ESUV-1) but years apart and with different ions, different energies 

nd different dpa rates. 

Another published Russian report addressed the phase stabil- 

ty and void swelling at 600–750 °C in the BOR-60 fast reactor of 

wo highly alloyed candidates, Cr-10Fe-Zr,Y and Cr-35Fe-Zr,Y [14] . 

or the purposes of the current study it is sufficient to note that 

welling was observed in these alloys under most irradiation con- 

itions. 
t

2 
In the current study, the Texas A&M 3 MV NEC tandem ac- 

elerator was used to obtain an expanded understanding of the 

emperature, dose and dose rate dependence of void swelling in 

ure chromium. It was also desired to explore the depth depen- 

ence of swelling over the full ion range. At this point it is not cer-

ain whether neutron-induced swelling will occur at PWR-relevant 

emperatures nor is it certain whether there is a strong temper- 

ture dependence of the post-transient swelling rate that would 

equire the use of a temperature shift associated with the much 

igher-than-neutron dpa rate used in the ion simulation. 

However, the strong oxide-forming nature of chromium poses 

 problem for ion simulation of swelling in our accelerator facil- 

ty. Ideally, Cr self-ion irradiation is the best choice for high lev- 

ls of damage introduction into pure chromium, but Cr ion beam 

roduction using SNICS (Source of Negative Ions by Cesium Sput- 

ering) is very weak with unstable ion current, largely due to its 

trong oxygen affinity constantly sealing the surface of the ion 

ource. Therefore, in the present study, 5 MeV Fe ion irradiation 

as performed to study the swelling dependence on damage level, 

pa rate and irradiation temperature, as the first step to iden- 

ify and evaluate irradiation performance limitations of chromium 

oating. 

In contrast to the previous studies: (1) 5 MeV Fe ions were 

sed to create a much deeper depth profile; (2) the void depth 

ependence was extracted using FIB-produced lamella to evaluate 

he influence of the free surface, injected interstitial and depth- 

ependent changes in dpa rate; (3) the irradiation temperature 

ange was chosen to be 450 −650 °C, searching for the swelling 

eak at 50 dpa; (4) and finally, at the maximum swelling temper- 

ture of 550 °C observed at 50 dpa, irradiation was conducted to 

oses of 100 and 150 peak dpa to obtain a swelling rate over a 

ide range of displacement dose. 

. Experimental procedure 

The chromium was obtained from American Elements Inc. 

able 1 gives the composition of the Cr sample. The purity of 

r is > 99.7%. The largest impurity contribution comes from Fe 

hich is about 0.2%. Each specimen was polished first using SiC 

aper, followed by further polishing with a Tenupol 5 twin jet 

lectro-polisher. The polishing solution was 5% perchloric acid in 

ethanol. The solution temperature was cooled to be ~20 °C with 

n external liquid nitrogen bath. The polishing time was ~20 s with 

 voltage bias of 20 V. After polishing, samples were repeatedly 

insed in methanol. Fig. 1 shows a SEM surface image of a typ- 

cal polished specimen. Grain boundaries are clearly visible, with 

o visible scratches within the grains, both indicating that there 

as no significant residual surface deformation. The typical grain 

ize was found to be ~100 μm. 

Each polished specimen had dimensions of 

 mm × 5 mm × 1 mm. The thickness of only 1 mm was chosen 

o minimize any temperature gradient between the specimen 

urface and the target hot stage, producing < 2 °C temperature 

ise based on a finite element analysis considering both black 

ody radiation and beam power deposition. The 5 MeV Fe ion 

rradiation was performed using a static defocused beam to avoid 

uppression of void nucleation characteristic of rastered beams 

15] . Multiple thermocouples were used to monitor the tempera- 

ure changes on both the target holder and the sample. The target 

hamber pressure during the irradiation was 6 × 10 −8 torr or 

etter. During irradiation, multiple beam deflectors were used to 

lter out contaminants such as C, N and O [ 16 , 17 ]. Liquid nitrogen

rapping in the target chamber was applied to further improve the 

acuum. A thermocouple attached to the hot stage was used for 

utomatic temperature control. The temperature fluctuation during 

he irradiation was < 5 °C. 
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Table 1 

Composition of Cr. 

Element Fe Al C Ca Cu W Mo Na P Pb Si 

Concentration (ppm) 2000 10 40 20 5 100 50 10 5 5 80 

Fig. 1. SEM image of an electropolished chromium specimen prior to irradiation. 
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Fig. 2. SRIM-predicted distributions of dpa damage and Fe concentration, resulting 

from normal-incidence 5 MeV Fe ions into pure chromium, for a dose correspond- 

ing to 50 peak dpa. 
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The study included two sets of experiments. First, a tempera- 

ure dependence study was conducted in which irradiation pro- 

eeded to 50 peak dpa at temperatures of 450 °C, 500 °C, 550 °C, 

00 °C, and 650 °C where the outer temperature limits were de- 

ermined by probing for those temperatures where swelling was 

alling strongly. The second irradiation set was a dose dependence 

tudy in which the temperature was fixed at 550 °C (once it was 

etermined to be the maximum swelling temperature in the pre- 

ious irradiation set) and irradiation then proceeded from 50 to 

00 and 150 peak dpa. The Stopping and Range of Ions in Matter 

SRIM) code (2013 version) was used for damage calculation [18] . 

he Kinchin-Pease mode with a Cr displacement energy of 40 eV 

as used as suggested by Stoller et al. [19] . The peak dpa rate was

.7 × 10 −3 dpa/ sec for a beam current of 200 nA over an area of

 mm × 6 mm. 

Bright field transmission electron microscopy (TEM) and scan- 

ing transmission electron microscopy (STEM), with a high angle 

nnular dark field (HAADF) detector on a FEI Tecnai F20 ST with an 

perating voltage of 200 kV, were used to characterize microstruc- 

ures. The Focused ion beam (FIB) lift-out technique was used to 

repare TEM specimens. The voltage of the Ga beam was 30 kV at 

he beginning of the lamella preparation. The voltage was reduced 

o 5 kV for the final thinning. The thickness of each TEM lamel- 

ae was measured using standard electron energy loss spectroscopy 

EELS) on the FEI Tecnai F20 equipped with a Gatan imaging filter. 

Fig. 2 shows that the maximum predicted range of Fe ions is 

1.8 μm with a peak in the implanted distribution at ~1.4 μm 

hile the dpa damage distribution peaks at ~1.2 μm. Normally 

ne would avoid swelling data collection in the implanted region 

o avoid complexity from injected interstitial suppression, but in 

his case we must also avoid the implantation-induced composi- 

ion change, reaching a peak level of ~4% Fe at 150 peak dpa. 

herefore, the region shallower than 700 nm was used to deter- 

ine the swelling behavior, but as shown later, there is value in 

onsidering the full-range swelling distribution. 
3 
. Results 

Fig. 3 a shows a cross-sectional TEM micrograph of pure 

hromium irradiated at 50 peak dpa and 550 °C. Superimposed are 

RIM-predicted dpa and implant profiles. Voids in the ion irradi- 

ted specimens are not very visible when imaged in exact focus, 

nd under-focusing is needed to image the voids. Fig. 3 b shows an 

nlarged image at the Fe projected range, where voids are present. 

t has been reported that injected interstitials almost always sup- 

ress void formation of most pure metals and alloys in injected 

egion [ 15 , 20–26 ]. As discussed later, the presence of voids at the

e projected range occurs only at relatively low damage region (50 

eak dpa for Fig. 3 a). When the damage level is further increased, 

.e. to 150 peak dpa, void densities drop significantly in this re- 

ion (to be shown later). Fig. 3 c shows void depletion along a grain

oundary, a feature universally observed in hundreds of previous 

welling studies on many metals. Fig. 3 b and c are taken from the 

egions marked by two boxes in Fig. 3 a. As for the near-surface 

egion, a high density of voids exist immediately beneath the sur- 

ace with no denuded zone. Note that some erosion of the TEM 

amellae surface during thinning was observed. This may have re- 

oved the void denuded zone at the surface, if indeed originally 

here was one present. But the erosion does not cause noticeable 

welling profile shifting. We repeated FIB and TEM characterization 

n a few samples and found those void swelling distributions were 

oughly the same within the statistical fluctuations. 

One very important finding in the present study is that voids 

n Cr are becoming progressively aligned with increasing dose. If 

ne looks closely at Fig. 3 a a developing tendency for void align- 

ent can be seen in the 50 peak dpa specimen. Lines of voids can 

e seen moving from left to right at an upward angle of ~15–20 °
ince void alignment was not yet evolved into periodic superlat- 

ice formation, it is very difficult to collect alignment evidence us- 

ng diffraction patterns. In order to further understand the align- 

ent, an EBSD scan was performed over the sample surface prior 

o FIB cutting. Based on grain orientation information, two grains 

ere selected for FIB lift out: one is 〈 110 〉 oriented with respect to
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Fig. 3. (a) Cross-sectional TEM image (under-focused) of pure chromium irradiated to 50 peak dpa at 550 °C. (b) An image from the region near the projected range of Fe 

implants, marked by the bottom box in Fig. 3 a. (c) An image from a region containing a grain boundary in the peak implanted zone, marked by the top box in Fig. 3 a. 

Fig. 4. (a) Cross-sectional TEM image of specimen irradiated to 100 peak dpa at 550 °C. The grain is 〈 111 〉 oriented. Superimposed are the SRIM predicted dpa and implant 

profiles. (b) An enlarged STEM image showing development of void alignment. (For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 
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he surface normal and the other is 〈 111 〉 oriented. Under slight 

otation adjustment about the original sample normal direction, 

ertical void alignment easily appears (with the alignment direc- 

ion along the surface normal direction). On the other hand, for 

he 〈 110 〉 oriented grain, void alignment does not appear along the 

riginal sample normal direction. These observations indicate that 

he void alignment direction is along the 〈 111 〉 axial direction. 

Fig. 4 a shows a clearer image of void alignment in the 100 peak 

pa specimen at 550 °C. The grain is 〈 111 〉 oriented, selected based

n EBSD mapping. The voids are aligned along the vertical direc- 

ion of the image. As additional evidence of easier visualized or- 

ering, Fig. 4 b shows an enlarged STEM image under optimized 

ilting. Voids appear as dark spots with roughly equal spacing, but 

he regularity is not yet completely established at this dose level. 

he inter-void distance, judged by two closest parallel void align- 

ent lines, is about 20 nm as shown in Fig. 4 b. 

The void swelling was calculated by V void /(1 − V void ), where 

 void is the volume fraction of voids in the lamella, which is mea- 

ured by summing individual voids observed from TEM. The un- 

ertainty is largely determined by the thickness variation of the 

pecimen. Electron energy loss spectroscopy (EELS) measurements 

ere repeated at different locations. The statistical error of the 
4 
oid count was greatly minimized by having a sufficient number 

f voids. 

Fig. 5 shows that the swelling does not vary strongly with depth 

t 50 peak dpa in the depth range of 200 to 600 nm but does have

 quite discernible dependence on temperature. The swelling re- 

ion is divided into bins with 100 nm width. Each point represents 

he average value over a depth range ±50 nm from that depth 

oint. We selected the range of 200 nm to 600 nm for swelling 

nalysis, to avoid surface effects, injected interstitial effects, and 

omposition changes. A full range void swelling behavior due to 

hese complexities is discussed later. Fig. 6 presents the swelling at 

0 peak dpa, averaged over the depth region of 200 to 600 nm, as 

 function of irradiation temperature. Note that this depth region 

as no significant composition change due to injected Fe atoms 

assuming no Fe diffusion). The maximum swelling is observed at 

50 °C, but it cannot be determined from these data alone whether 

his temperature dependence represents variations in either the 

ransient duration or the post-transient swelling rate or possibly 

 combination of both. 

Fig. 7 a and b show the void diameters and void densities of 

he 50 peak dpa irradiated sample. Void diameters, as shown 

n Fig. 7 a, are largest at 550 °C, although the statistical er- 
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or is relatively large. From 450 to 550 °C, the void diameters 

ncrease from 4.0 ± 0.9 nm to 8.1 ± 2.1 nm. From 550 °C 

o 650 °C, the void diameters decrease from 8.1 ± 2.1 nm 

o 6.6 ± 2.2 nm. Void densities, on the other hand, reduce 

rom 1.3 × 10 17 cm 

−3 ± 1.7 × 10 15 cm 

−3 at 450 °C to 

.6 × 10 16 cm 

−3 ± 6.3 × 10 16 cm 

−3 at 550 °C. From 550 °C 

o 650 °C, void densities do not vary much. The void density is 

.2 × 10 16 cm 

−3 ± 9.4 × 10 15 cm 

−3 at 650 °C. 

After the maximum swelling temperature (550 °C) was deter- 

ined, irradiation was performed to study the dpa dependence of 

welling at 550 °C. Fig. 8 a–c shows TEM images of samples after 

0, 100, and 150 peak dpa irradiation at 550 °C, respectively. Again, 

o obvious surface void depletion zone was observed. Fig. 9 a and 

 summarize the void diameter and density measurements at dif- 

erent peak dpa values. 
5 
The TEM cross-sectional images were divided into 100 nm wide 

ins to probe the depth dependence of swelling as a function not 

nly of dpa but also dpa rate, the latter varying as a function of 

epth. As shown in Fig. 9 a, the void diameters increase with in- 

reasing damage levels, both as a general trend at different depths 

t one peak dose, and for the same depth at different doses. Note 

hat the diameters did not show significant decreases at the peak 

njected range as one might expect due to injected interstitial sup- 

ression. 

On the other hand, void concentrations do vary as a function of 

epth. As shown in Fig. 9 b, for depths < 10 0 0 nm with negligible

e interstitial injection, the void densities increase with increas- 

ng dpa. In contrast, at ~1.4 μm, void densities are locally reduced 

o almost zero when peak dose values are larger than 50 dpa. The 

oid density variations dominate the swelling variation with depth. 

o further explain the injected interstitial effects, Fig. 10 shows the 

ross sectional TEM image of 150 peak dpa irradiated sample. Note 

hat the void density is greatly reduced in the Fe projected range. 

his is very different from the 50 peak dpa irradiated sample in 

hich void densities are not reduced significantly in the Fe pro- 

ected range (as shown in Fig. 3 a and b). A strong suppression of 

oid formation occurs at relatively high damage level. 

. Discussion 

Our observed maximum swelling temperature is 550 °C. Note 

hat this peak swelling temperature is higher than that of pure Fe 

nd Fe-based ferritic-martensitic alloys (~475 °C) previously con- 

ucted at Texas A&M University on the same accelerator at nomi- 

ally similar irradiation conditions [26] . Since the melting point of 

r is higher than that of Fe (1907 vs. 1538 °C) this upward shift in
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Fig. 8. TEM micrographs (under-focused) of specimens irradiated to 50, 100, and 150 peak dpa values at 550 °C. The images were taken immediately beneath the ion-incident 

surface. 

2

4

6

8

10

12

14

16

18

0 500 1000 1500
0.0

4.0x1016

8.0x1016

1.2x1017

Vo
id

 d
ia

m
et

er
 (n

m
) 50 dpa

100 dpa
150 dpa

(a)

(b)

Vo
id

 d
en

si
ty

 (n
um

be
r/c

m
3 )

Depth (nm)

50 dpa
100 dpa
150 dpa

Fig. 9. (a) Void diameters and (b) void densities as a function of depth after irradi- 

ation at 550 °C to 50, 100, and 150 peak dpa. 

Fig. 10. Cross-sectional TEM image (under-focused) of specimen irradiated to 150 

peak dpa at 550 °C. 

Fig. 11. (a) SRIM-predicted Fe implant distribution for 50 peak dpa irradiation, and 

(b) swelling as a function of depth in pure chromium irradiated at 550 °C to 50, 

100, and 150 peak dpa. The box indicates the region of maximum compositional 

alteration by Fe implantation. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 
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6 
eak swelling temperature is expected since swelling is known to 

e best described using homologous temperatures. 

Void superlattices and gas bubble superlattices have been re- 

orted in many metals under conditions of gas ion implantation, 

eavy ion irradiation, and neutron irradiation as summarized in 

arious review articles [27-30] . Although a bubble superlattice has 

een previously observed in chromium [30] , this is the first time in 

pen literature that chromium has been seen to develop a void su- 

erlattice. The inter-void spacing and equilibrium size of bcc met- 

ls are known to be dependent on irradiation temperature and dpa 

ate as illustrated by studies on molybdenum [31] . 

Fig. 11 a shows the SRIM-predicted Fe distributions for compar- 

son with the depth-dependent swelling values shown in Fig. 11 b. 

he shadowed region around Rp marks the region of significant Fe 

nterstitial injection. Swelling for 50 peak dpa shows small varia- 
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any differences in dpa rate, showing that swelling appears to be increasing with 
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ion as a function of depth, but at 100 and 150 dpa, swelling is 

reatly suppressed in the box region. For the region shallower than 

0 0 0 nm, swelling increases with increasing local dpa. The overall 

welling profiles, as shown in Fig. 10 b, suggest that the SRIM pre- 

iction is reasonably accurate. 

Excluding the region affected by injected interstitials and the 

ssociated composition change, we analyzed swelling as a function 

f dpa. Fig. 12 a plots the swelling over the depth region of 100

o 300 nm (in black) and also over the region of 400 to 700 nm

in red) at all three doses of 50, 100 and 150 peak dpa. These two

hoices of depth range were made to see if there was an obvious 

ifference between the two data sets arising solely from their dif- 

erence in local dpa rate which is roughly a factor of 2. Note that 

n many previous studies, swelling as a function of dpa for differ- 

nt depth regions often shows different behavior where dpa rate 

ifferences primarily affect the duration of the transient regime of 

welling [32–34] . Although there is some scatter, all data points in 

oth sets appear to follow a line with slope of ~0.03% per dpa. 

ased on this result, Fig. 12 b was constructed that presents all 

epth-dependent swelling values for each depth bin for all three ir- 

adiation doses, without differentiation of the measurement depth 

r associated dpa rate. A linear dependence on local dose seems 

o be a good approximation with a slope of ~0.04% per dpa. In 

ummary, there does not appear to be a discernible dependence of 

welling in this limited experiment on dpa rate. Note that the dpa 

ate variation between the two sets is only about a factor of two 

nd the changes may be simply not large enough to clearly see an 

ffect. Note also that the swelling curve in Fig. 12 b has a non-zero

ntercept at zero dose, implying that there is low dose transient at 

uch higher swelling rate before the post-transient rate is estab- 

ished. 
7 
Void formation behavior observed in this study and in the 

ussian/Ukrainian studies are remarkably similar, showing that 

hromium exhibited some unusual characteristics compared to 

ther bcc metals. First, the post-transient rate was remarkably low 

ompared to another bcc metal,alpha-Fe, which swells at ~0.2%/dpa 

n both neutron and self-ion irradiation, [15,16,20,35,36] . As a rule 

cc metals are known to have lower post-transient swelling rates 

ompared to fcc metals such as gamma-Fe at ~1%/dpa [36,37] and 

opper at ~0.5%/dpa [38] , but the rate of ~0.03–0.04%/dpa for bcc 

hromium is unexpectedly low even for bcc metals. 

Second, it appears that there is initially a higher transient 

welling rate at very low dpa levels before settling down to the 

ost-transient rate, as was observed in both the Ukrainian and 

exas A&M studies. This behavior has been observed before in 

ther pure metals, however and therefore is not so surprising 

 39 , 40 ]. What is surprising, however, is that there appears to be

n independence of the post-transient swelling rate, often referred 

o as the steady state swelling rate, on dpa rate over the factor of 

2 studied in this experiment. Perhaps these two items are linked 

n that the rate dependence in many studies on other metals and 

lloys was manifested primarily in the duration of the transient 

egime [32–34] , and in the case of chromium the transient dura- 

ion is already near zero. 

The lack of void suppression in the injected interstitial region at 

5 dpa is another feature showing chromium to be different from 

ther metals and alloys. Void suppression in this injected region 

as been a general phenomenon in almost all ion-irradiated met- 

ls, which is attributed to elimination of void nucleation by “ex- 

ess” interstitials. These excess interstitials arise from two com- 

ined effects. One effect is the spatial difference in vacancy and 

nterstitial distributions, with the latter slightly being deeper than 

hat of the former, leading to excess interstitials near the end of 

ange [20] . The other effect is the extra atoms injected into this 

rea due to implantation. However, note that 100 and 150 dpa 

here exists a local depression of swelling but not its complete 

bsence. Perhaps the increasing local concentration of Fe atoms 

t these doses is involved, but this possibility requires additional 

tudy. 

While self-organization has not been observed in commercial 

tructural alloys, it is well known that both pure fcc (Cu, Ni, Al) 

nd bcc (Mo, Nb) metals and some dilute binary alloys can self- 

rganize to develop dislocation loop lattices and walls, as well 

s void lattices and bubble lattices [27–30] , and it appears that 

hromium is no exception with respect to bubble and void lattice 

ormation. Bryk did not provide any evidence of loop lattices, but 

e noted that loops persisted to very high dpa levels, behavior not 

sually observed in structural alloys [ 11 , 12 ]. For bcc metals these 

uperlattices form on < 111 > directions, forming {110} planes and 

re best visualized by imaging using the 〈 111 〉 crystal orientation. 

Various models have been developed to explain void superlat- 

ice formation including elastic interactions of voids, spatial fluc- 

uations of defects and anisotropic mass transport. The principle 

oncept of the most popular anisotropic mass transport model is 

hat voids aligned along close-packed directions shield each other 

rom one-dimensional migrating crowdion or interstitial dumbbells 

 41 , 42 ]. Under such a shadowing condition, voids located on the 

ame line are protected from being diminished by the voids im- 

ediately ahead of them. For those voids that are not completely 

ligned, the non-shadowed portion of the void will tend to dis- 

ppear due to its higher likelihood to interact with interstitials. 

or slightly unaligned voids, they will therefore shift their cen- 

ers for better alignment against interstitials. It is unclear at this 

tage which type of interstitial defects are responsible in this void 

lignment process. They might be crowdions, a chain of displaced 

nterstitial-vacancy cluster, or interstitial dimers, or glissile disloca- 

ion loops. 
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[  
Credibility of ion irradiation to emulate neutron irradiation 

amage has be a topic of great interest for decades. Several recent 

tudies have noted the significance of radiation-enhanced diffusion 

rom implants out of the injected region [ 43 , 44 ]. Diffusion of im-

lanted Fe or extra interstitials may affect void swelling at shal- 

ower depths, leading to low swelling rates or swelling saturation 

s observed in the present study. Swelling saturation can also be 

aused by void ordering, as pointed out by various reviews. From 

50 °C to 650 °C, void diameters decrease slightly, which might 

e caused by radiation-enhanced diffusion . We cannot conclude 

his effect at the present stage due to insufficient data on diffusion 

inetics of Fe in Cr and point defect migration in Cr. Such an ef- 

ect is difficult to evaluate using a depth profiling technique, i.e., 

nergy-dispersive X-ray spectroscopy (EDS) profiling of Fe in Cr, 

ue to the following two reasons: (1) Fe concentrations, even for 

he highest dpa irradiation, are below the EDS detection limit. We 

ould not get any Gaussian-like Fe profiles using STEM-EDS analy- 

is, and (2) Even if Fe profiles can be measured, their connection 

o the injected interstitial effect cannot be easily established. Fe 

toms in Cr most likely diffuse as interstitial dumbbells. For each 

iffusion event, the Fe may change from an interstitial defect (as 

ne interstitial in a dumbbell) to a substitutional atom, kicking one 

r lattice atom out of its lattice site. This Cr interstitial will con- 

inue the diffusion in a new dumbbell configuration. Therefore, Fe 

toms are left behind, but the injected interstitial effect will con- 

inue to propagate towards shallow depths. The chance for Fe be- 

ng switched back to an interstitial is non-zero, but it is very small. 

ote that the Fe implant concentration is much lower than that of 

r matrix atoms. One Cr interstitial in 〈 110 〉 Fe-Cr dumbbell can 

ush any of its eight neighboring Cr atoms to form a new 〈 110 〉
r-Cr dumbbell. But the chance being switched back to form Fe-Cr 

umbbell in the next diffusion step is 1/8. 

. Conclusions 

The void swelling behavior of Cr has been studied using 5 MeV 

e ion irradiation over the temperature range of 450–650 °C. Void 

welling peaks at 550 °C, reaching ~2% swelling after 50 peak 

pa irradiation. Compared with pure iron with a post-transient 

welling rate of ~0.2%/dpa, pure chromium swells at a much lower 

ate of ~0.03–0.04%/dpa (up to 120 local dpa). Void alignment 

long the 〈 111 〉 axial direction was observed. Swelling, while pos- 

essing a very low post-transient rate in both this and earlier 

tudies, begins to rise quickly with an incubation dose less than 

0 dpa, exhibiting a higher transient swelling rate before settling 

own onto the post-transient value. Over the factor of two in dpa 

ate explored in this experiment no clear influence of dpa rate on 

welling was observed. Note that the dpa rate range was quite lim- 

ted in the present study. While these results are encouraging with 

espect to the use of Cr for improving accident tolerance, addi- 

ional studies need to be conducted at lower PWR-relevant tem- 

eratures, preferably using neutrons, and over a wider range of dpa 

ates to provide confidence in the chromium coating concept. 
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