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Abstract

Transmission electron microscope (TEM) disks of pure copper and copper containing 0.17±10% Ni were neutron

irradiated at 210°C and 420°C in Hf-shielded capsules in the High Flux Isotopes Reactor to doses of 13.5 and 14.9

displacements per atom (dpa), respectively. Void swelling was not observed in any of the specimens irradiated at 210°C.

Instead, a high density of stacking fault tetrahedra (SFTs) and a moderate density of dislocation loops were observed.

There was no evidence for defect cluster patterning (wall formation) in any of the specimens irradiated at 210°C. The

SFT density was independent of Ni content, whereas the loop density was highest in the alloy containing �2% Ni.

Pronounced void swelling was observed in all of the specimens irradiated at 420°C. A void denuded zone of �2 lm

width was observed adjacent to grain boundaries. The void swelling in copper containing �2% Ni showed a pro-

nounced maximum in a 10-lm wide band adjacent to the grain boundary denuded zones. Matrix voids aligned along

á1 1 0ñ directions were observed in Cu±10%Ni irradiated at 420°C. The occurrence of the peak swelling zone and the

partial ordering of voids are both consistent with the predictions of the recent production bias model which includes

1-D di�usional transport of clusters of self-interstitial atoms. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Previous neutron [1±6], ion [7±9] and electron [10]

irradiation studies have found that void swelling is re-

duced in Cu±Ni alloys compared to pure copper, par-

ticularly for electron and ion irradiations. Suppressed

swelling has also been observed for neutron irradiation

temperatures below 400°C and Ni additions >2%. In

particular, the void swelling in Cu and Cu±Ni alloys

irradiated to 11 displacements per atom (dpa) at 373°C

decreases rapidly with increasing Ni content (�8%

swelling for pure Cu vs. 1% to )1% swelling for copper

containing 2±10% Ni) [11]. On the other hand, the high-

dose swelling of neutron-irradiated Cu and Cu±Ni alloys

appears to be comparable at irradiation temperatures

above 400°C [4,12]. The addition of Ni solute has been

found to produce a reduction in void density compared

to pure copper [1±3]. Con¯icting results have been ob-

tained between electron and neutron irradiations re-

garding void size. The void size under neutron

irradiation conditions is higher in the Cu±Ni alloys,

whereas the largest voids under electron irradiation were

observed in pure copper. According to the ion irradia-

tion results by Muroga et al. [9], the addition of Ni

causes an upward shift in the peak swelling temperature

of copper alloys. Nickel segregation to void surfaces and

grain boundaries has been observed in electron- [13,14]

and neutron- [3,5,6] irradiated Cu±Ni alloys.

The objective of this study was to examine the e�ect

of Ni additions on defect cluster (SFT, dislocation loop,

void) formation in neutron-irradiated copper. Although

the irradiation behavior of copper and copper alloys has

been extensively studied up to high doses (>100 dpa) for

irradiation temperatures of �400±500°C, very little is

known about the high-dose radiation response of copper

and Cu alloys at fusion-relevant temperatures of 50±

300°C [6,15].
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2. Experimental procedure

All of the specimens were prepared as TEM disks

with dimensions 3 mm diameter by 0.1 mm thickness.

The OFHC Cu disks (99.999% purity, Tr�e®m�etaux) were

vacuum annealed at 550°C for 2 h after fabrication (20

lm grain size). The Cu±Ni alloys containing 0.17%, 1%,

2%, 5% and 10% Ni (Harwell, UKAEA) were vacuum

annealed at 800°C for 4 h. The grain sizes for the Cu±Ni

alloys decreased with increasing Ni content, with mea-

sured values of 150, 105, 90 and 27 lm for alloys con-

taining 1%, 2%, 5% and 10% Ni.

The specimens were irradiated in TEM disk packets

in the High Flux Isotopes Reactor at ORNL as part of

the HFIR-MFE-200J-1 and -400J-1 irradiation capsules,

which operated at average irradiation temperatures of

200°C and 400°C, respectively [16]. Based on continuous

in-core thermocouple measurements, the temperatures

of the Cu alloy TEM specimens varied during the irra-

diation from 205°C to 215°C and 415°C to 425°C for the

two capsules. The specimens were irradiated for 440.6

e�ective full-power days to fast neutron ¯uences of 1.76

and 1:94� 1026 n mÿ2 (E > 0.1 MeV) [17], which corre-

sponds to damage levels of 13.5 and 14.9 dpa in copper

for the 210°C and 420°C specimens, respectively. The

damage rate was 3:5� 10ÿ7 ±3:9� 10ÿ7 dpa sÿ1 for the

two irradiation temperatures. The capsules were sur-

rounded by hafnium shielding (4.2 mm thick), which

reduced the midplane thermal neutron ¯ux to 9:2� 1018

n mÿ2 sÿ1, i.e., �20% of the unshielded value. Further

irradiation details are given elsewhere [16,17]. The cal-

culated dominant solute transmutations in copper for

the 14 dpa irradiations are 1.4% Ni and 0.5% Zn. The

irradiation produced transmutation He levels ranging

from 2 appm in Cu to 22 appm in Cu±10%Ni [17]. The

helium production in the Ni-bearing alloys was mainly

from the 58Ni(n,c)59Ni(n,a)56Fe two-step reaction.

The irradiated TEM disks were shipped to Risù

National Laboratory for microstructural examination.

The TEM disks were electrochemically thinned to per-

foration at room temperature using a solution of 25%

H3PO4, 25% ethylene glycol and 50% water with an

applied potential of 11 V. The microstructures were

examined using a combination of weak beam (WB) and

bright ®eld (BF) imaging techniques on a JEOL-2000

FX electron microscope operating at 200 kV. Foil

thicknesses were determined by thickness fringe tech-

niques (WB for small defect clusters, BF for network

dislocations and dislocation loops) or, in the case of

voids, stereo pair analysis. Dislocation loops and defect

cluster densities were corrected for invisible defects, ac-

cording to the g � b criterion. The nature of the resolv-

able dislocation loops was determined using

conventional inside/outside contrast techniques at a

minimum of two di�erent di�raction vectors each at two

di�erent zone axes. The pure copper specimen irradiated

at 420°C was not available for examination in the pre-

sent study. The tensile properties of companion pure Cu

specimens from the two irradiation capsules are sum-

marized elsewhere [18].

3. Results

3.1. 210°C irradiated microstructure

Void formation was not observed in any of the

specimens irradiated at 210°C. Instead, a high density of

small defect clusters was observed in all of the specimens

irradiated at 210°C. The defect cluster density was

8:0� 1:0� 1023 mÿ3, and the mean image width was 3.0

nm in all specimens. About 90% of the defect clusters

were resolvable as SFTs, independent of alloy compo-

sition. It is worth noting that defect cluster patterning or

wall formation was not evident in any of the specimens.

Fig. 1 shows the dislocation loop microstructure in

several of the irradiated specimens. The number density

Fig. 1. Dislocation loop microstructure in copper and Cu±Ni

alloys irradiated to 13.5 dpa at 210°C.
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of ÔresolvableÕ (d > 5 nm) loops was maximized in

specimens with an initial Ni content of 1%. Since �1.4%

Ni and �0.5% Zn were produced via transmutation

reactions during irradiation, neutron irradiation micro-

structural data on truly ÔpureÕ Cu are not available from

this study. The ÔresolvableÕ dislocation loops had habit

planes of {1 1 1} and {1 1 0}. Analysis of the loops in-

dicated that the Burgers vectors were predominantly

a/2 á1 1 0ñ and that the loops were of interstitial type.

Therefore, it appears that the small Ôblack spotÕ defect

clusters (mainly SFTs) are vacancy-type, whereas the

larger defect clusters (loops) are interstitial-type, in

agreement with previous reports [19,20]. Fig. 2 summa-

rizes the e�ect of initial Ni content on the small (Ôblack

spotÕ) defect cluster and resolvable (d > 5 nm) disloca-

tion loop density of specimens irradiated at 210°C.

The decrease in dislocation loop density for initial Ni

contents >1% (Fig. 2) was accompanied by a modest

increase in network dislocation density. The network

dislocation density was 1:5� 1012 mÿ2 for copper spec-

imens with initial Ni contents up to 1% and gradually

increased to 4:5� 1012 mÿ2 for Cu±10%Ni.

3.2. 420°C irradiated microstructure

A very low density of small defect clusters (5:0� 1020

mÿ3, three orders of magnitude lower than at 210°C)

was observed in all specimens irradiated at 420°C. The

average image width of these defect clusters was �3.0

nm, similar to what was observed at 210°C. Nearly

100% of these small defect clusters were resolvable as

SFTs. The number density of resolvable dislocation

loops was too low to be accurately measured. The net-

work dislocation density was 1� 1012±3� 1012 mÿ2,

with no systematic dependence on solute content.

The dominant microstructural feature in all of the

specimens irradiated at 420°C was the formation of a

moderate density of large voids. A void denuded zone

with an average half-width of 2 lm was observed along

the grain boundaries of all specimens. Fig. 3 shows

typical low-magni®cation images of void denuded zones

at grain boundary triple points in Cu±1%Ni and Cu±

10%Ni. The void distribution was very heterogeneous in

the matrices of the specimens containing up to 5% Ni.

The void density in adjoining regions (with no apparent

in¯uence from grain boundaries) often varied by a factor

of 10, which made it di�cult to quantify the void

swelling.

In the specimens with 0.17±2% initial Ni contents, a

Ôpeak swelling zoneÕ that was �10 lm wide was observed

next to the grain boundary denuded zone. Both the void

size and density were larger in the peak swelling zone

compared to the center of the grain. The peak swelling

zone was most pronounced in the Cu±1%Ni specimen.

Fig. 4 shows an example of the void denuded and peak

swelling zones adjacent to a grain boundary in Cu±

Fig. 2. E�ect of initial Ni content on the defect cluster densities

of Cu±Ni alloys irradiated to 13.5 dpa at 210°C.

Fig. 3. Heterogeneous void swelling behavior associated with

grain boundaries in Cu±Ni alloys irradiated to 14.9 dpa at

420°C.
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1%Ni. Very little void swelling was detected in the grain

interior (lower right region of Fig. 4), due to a sharp

decrease in the void size compared to the peak swelling

zone. The void swelling in the peak swelling zone was

�31% (2.1% dpaÿ1) in this specimen. The swelling in the

peak zone of other specimens containing up to 2% Ni

was �20%. Fig. 5 summarizes the void size and density

in irradiated Cu±Ni alloys measured at a distance of 4±8

lm from grain boundaries (i.e., within the peak swelling

zone). The void diameter decreased and the void density

increased as the initial Ni content was increased from

0.17% to 1%. The void size was constant for 1±10% Ni.

The void density achieved a maximum at 1% Ni and was

independent of Ni content for 2±10% Ni.

The Cu±10%Ni specimen exhibited more spatially

uniform void swelling compared to the other specimens.

The Cu±10%Ni specimen did not exhibit a clear peak

swelling zone near the grain boundaries, and the swelling

was �18% over most of the grain interior. A striking

feature that was only observed in Cu±10%Ni was the

partial ordering of the voids along á1 1 0ñ crystallo-

graphic directions. Fig. 6 shows an example of this

partial void ordering. Further results on the void

alignment in Cu±10%Ni, including Hough transform

analysis of the void ordering, will be presented elsewhere

[21]. There have been only a few observations of void

superlattice formation in fcc metals, including alumi-

num, nickel and stainless steel (see reviews in [22,23]).

Fig. 4. Void denuded and peak swelling zones adjacent to a

grain boundary in Cu±1%Ni irradiated to 14.9 dpa at 420°C.

Fig. 5. Void size and density vs. initial Ni content for the peak

swelling regions in specimens irradiated to 14.9 dpa at 420°C.

Fig. 6. Void alignment along á1 1 0ñ crystallographic directions

in Cu±10%Ni irradiated to 14.9 dpa at 420°C.
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4. Discussion

The present high-dose irradiation results suggest that

the lower temperature limit for void formation in ®ssion-

neutron-irradiated copper is at least 210°C. Previous

neutron irradiation studies have generally found that

void formation does not occur in copper irradiated at

180±200°C [24±29], whereas voids are observed after

irradiation at 220±230°C [24,25,27,30]. In contrast,

Shimomura et al. [31] reported void formation for cop-

per irradiated at 200°C, whereas Labbe et al. [32] did not

observe void formation in pure copper for a nominal

irradiation temperature as high as 220°C. A recent

positron annihilation investigation of copper irradiated

with ®ssion neutrons at 200°C to 0.3 dpa found a

complete absence of voids or microvoids [33]. Void

formation has been observed at a temperature as low as

182°C in Cu±B specimens which generated �100 appm

He during the irradiation [34].

Since both the overall density of Ôblack spotÕ defect

clusters and the fraction of visible SFTs were indepen-

dent of Ni content (up to 10% Ni), this implies that

displacement cascade production is similar in Cu and

Cu±Ni alloys. Unfortunately, irradiated ÔpureÕ Cu is not

available for comparison at these neutron irradiation

conditions, since �1.4% Ni and �0.5% Zn were pro-

duced in all specimens during the HFIR irradiation.

About 90% of the small defect clusters were resolvable

as SFTs in the present study, independent of the initial

Ni solute content. Previous work at lower temperatures

(25±130°C) indicated that the SFT fraction was lower in

irradiated Cu±5%Ni compared to pure copper, although

the total number density of Ôblack spotÕ defect clusters

was comparable in the two materials [35,36]. Conversely,

Satoh et al. [37] reported that the addition of 2% Ni to

copper caused a slight increase in the density and size of

SFTs produced during low-dose 14 MeV neutron irra-

diation at 150±290°C. As an aside, the SFT densities

measured for the 210°C and 420°C specimens agree with

a previous lower-dose temperature-controlled neutron

irradiation study performed at a slightly lower dose rate

[27,34].

In contrast to the Ôblack spotÕ defect cluster results,

the Ni solute has a signi®cant impact on the formation

of ÔresolvableÕ (d > 5 nm) dislocation loops and voids in

irradiated copper. This might be attributable to slight

di�erences in the cascade production (e.g., fraction of di-,

tri- and tetra-interstitial clusters) or migration behavior

(including solute segregation) of mobile defects in pure

Cu vs. Cu±Ni alloys. In agreement with the present

results, several previous studies have observed an

enhancement in resolvable dislocation loop density in

Cu±Ni alloys compared to pure copper [3,6,10,14,36,37].

Defect cluster patterning [23,38] was not observed in

any of the specimens irradiated at 210°C. The observed

cluster density in the present study (8� 1023 mÿ3) is near

the ÔsaturationÕ limit obtained in lower-dose irradiation

studies performed near room temperature. Therefore, it

is di�cult to conceive how patterning would occur in

neutron-irradiated copper specimens at lower tempera-

tures since the average defect cluster size and density

would be anticipated to be similar to those observed in

the present study. As discussed elsewhere [39], the only

irradiation condition which has produced defect cluster

patterning in a bulk copper specimen is 3 MeV H� ir-

radiation [23]. This suggests that defect cluster pattern-

ing is not a fundamental self-organization phenomenon

in irradiated copper but, instead, requires speci®c pri-

mary knock-on atom spectrum and/or other experi-

mental conditions.

The void swelling in the specimens irradiated at

420°C is rather heterogeneous compared to previous

neutron irradiation studies on Cu and Cu±Ni alloys

performed at 400±420°C [2,3,27]. The average void

density measured in the peak swelling region adjacent to

the grain boundary denuded zone (Fig. 5) is in rough

agreement with previous studies. However, the previous

neutron irradiation studies [2,3] have observed a larger

di�erence in void density for the Cu±Ni alloys vs. pure

copper than shown in Fig. 5. The 2 lm width of the void

denuded zone at grain boundaries is in agreement with

previous observations at lower doses [27] and corre-

sponds to about three times the spacing between voids.

The observation of a peak swelling zone next to the

grain boundary denuded zone has previously been ob-

served in neutron-irradiated Cu, Al and stainless steel

[40±42]. The presence of the peak swelling zone (which

was most pronounced in Cu±1%Ni) can be explained by

1-D gliding interstitial clusters with a typical mean free

path of �10 lm [43±45]. The width of the peak swelling

zone was �10 times the 0.8 lm average distance between

voids. Previous studies have found that the swelling

peaks at a distance from the grain boundary of �10 kv,

and that the peak swelling zone width is�20 kv, where kv

is the mean spacing between voids [41]. The reason why

the peak swelling zone was most pronounced in the alloys

containing 0.17±2% Ni is most likely associated with the

large grain size in these alloys (�100±150 lm). The peak

swelling zone was not observed in the Cu±10%Ni speci-

men since the grain size (27 lm) was comparable to twice

the width of the peak swelling zone, i.e., the high swelling

zone ®lled essentially all of the grain interior.

Although gas bubble superlattice formation has been

observed in helium-implanted copper and other metals,

void ordering has not been previously observed in irra-

diated copper or its alloys [22,46]. The partial void or-

dering along á1 1 0ñ directions in Cu±10%Ni irradiated at

420°C may be due to 1-D gliding interstitial clusters, as

proposed in the production bias model [45]. Further

experimental work is needed to determine whether par-

tial void ordering can occur in copper and copper alloys

at other irradiation conditions.
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The most likely explanation for the high swelling in

the Cu±10%Ni grain interiors compared to the other

alloys is that its relatively small grain size (27 lm) is

comparable to the width of the peak swelling zone (�10

lm). Previous studies have found that Ni solute addi-

tions cause a signi®cant reduction in the void density of

irradiated copper [1±3]. In contrast, the highest void

density in the grain interiors is observed in Cu±10%Ni in

the present study. In addition to grain size e�ects, the

high helium concentration in the Cu±10%Ni specimen

(�22 appm), compared to the other specimens, is a

possible contributor to the relatively high matrix void

density in Cu±10%Ni.

5. Conclusions

Addition of >1% Ni appears to have a minor e�ect

on the displacement cascade collapse in copper, based

on the similarities in the total defect cluster and SFT

densities of irradiated specimens initially containing

0.17±10% Ni. A strict comparison with pure Cu irra-

diation behavior was not possible in this study due to

the production of �1.4% Ni and 0.5% Zn from

transmutation reactions. Defect cluster patterning is

not observed in any of the Cu alloys irradiated at

210°C and is not considered to be a fundamental

self-organization phenomenon in neutron-irradiated

copper.

In contrast, Ni additions have a signi®cant impact

on dislocation loop and void evolution. This implies

that either the defect production (e.g., size distribution

of clustered point defects) or migration behavior (in-

cluding solute segregation) of mobile defects is di�erent

in Cu vs. Cu±Ni alloys. The dislocation loop density

and Ôpeak swelling zoneÕ is maximized for copper con-

taining �1% initial Ni solute. The presence of the peak

swelling zone adjacent to the grain boundary void de-

nuded zone in copper containing 6 2% Ni and the

partial ordering of voids in Cu±10%Ni can be explained

by the production bias model (1-D transport of inter-

stitial clusters).
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