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Resume The present investigations of the effects of neutron irradiation on microstruc-
tures and mechanical properties of copper alloys is a part of the ITER (International
Thermonuclear Experimental Reactor) research and development programme. Tensile
specimens of the candidate alloys CU-A12O;J, CuCrZr and CuNiBe were irradiated with
fission neutrons in the DR-3 reactor at Risø with a flux of 2.5 x 1017 n/m2s (E > 1 MeV,
i.e. a dose rate of ~5 x 10'8 dpa/s) to fluences of 5 x 1022, 5 x 1023 and 1 x 1024 n/m2(E
> 1 MeV, i.e. displacement doses of 0.01, 0.1 and 0.2 dpa) at 47°C. Prior to irradiation,
the tensile specimens of CuNiBe and CuCrZr were solution annealed at 950°C for 1
hour in a vacuum of < 10*5 torr and then water quenched. These solution annealed (SA)
specimens were aged at 475°C for 30 min. in a vacuum of < 10 torr and water
quenched. The O1-AI2O3 (CuA125) specimens, on the other hand, were irradiated in the
as-cold worked state. Tensile properties and Vickers hardness of both irradiated and
unirradiated specimens were determined at 22CC. Pre- and post-deformation microstruc-
tures of irradiated as well as unirradiated specimens were examined using a transmis-
sion electron microscope (TEM). The fractured surfaces of tensile tested specimens
were investigated in a scanning electron microscope (SEM).

The results of tensile tests and Vickers hardness measurements on these alloys in the
unirradiated as well as in the irradiated conditions are reported. The results show the
following general trend: (a) that the CuNiBe alloy is stronger than CuCrZr as well as
CuAl2O3, (b) that even relatively low dose irradiations cause significant increase in the
yield strength, but rather drastic decreases in the uniform elongation of CuCrZr and
CuNiBe alloys and © that the low dose irradiation of the cold-worked Cu-Al2O3 alloy
causes a decrease in the yield strength and an increase in the uniform elongation, at
higher doses irradiation hardening occurs but significantly less than that in CuCrZr and
CuNiBe. The results of TEM investigations on cluster size and density, dislocation
density and precipitate size and density are presented. The SEM examinations of the
fractured surfaces demonstrate that both unirradiated and irradiated specimens fracture
in a ductile manner. It is suggested that the lack of uniform elongation in the irradiated
copper alloys may be understood in terms of difficulty in dislocation generation due to
pinning of grown-in dislocation by defect clusters (loops) at or around them.
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1 Introduction

It is well established that irradiation of metals and alloys with energetic neutrons causes
substantial changes in their physical and mechanical properties [1,2,3]. These changes
have their origin in the irradiation-induced microstructures. The microstructural evolu-
tion is directly or indirectly dependent on the type of irradiation (e.g. mass and energy
of projectile particles), damage rate, irradiation temperature, chemical composition of
the materials and their initial microstructure. At relatively low temperatures (i.e. £ 0.3
Tm where Tm is the melting temperature), a large fraction of vacancies and self-
interstitial atoms (SIAs) produced during neutron irradiation is lost via mutual recombi-
nation. The surviving fraction of defects is composed of single defects, small clusters
(SIAs and vacancies), loops (vacancies and SIAs) and stacking fault tetrahedra (SFTs)
(vacancies). The density of clusters (loops and tetrahedra) increases with dose and rea-
ches a maximum at a certain dose level. In the case of copper irradiated at temperatures
up to about 100°C, this saturation level is reached at a relatively low dose of about 10'2

dpa. A similar trend is observed at elevated temperatures with a difference that the clu-
ster density at a given dose level decreases with increasing irradiation temperatures [3].

One of the direct consequences of defect accumulation at lower temperatures (< 0.3
Tm) is a substantial increase in the yield strength and a drastic decrease in the ductility
already at rather low doses (- 0.1 dpa) [4,5], This is commonly known as low tempera-
ture embrittlement and is a matter of a serious concern regarding the performance and
lifetime of components exposed to strong irradiation environment (e.g. first wall and
divertor). At higher irradiation temperatures (S 0.35 Tm), the defect accumulation, par-
ticularly in fee metals and alloys [6], occurs in the form of voids. This gives rise to the
problem of volumetric swelling which may limit the application of materials in compo-
nents exposed to an intense flux of 14 MeV neutrons in a fusion reactor.

At present copper alloys (Cu-AUC ,̂ CuCrZr and CuNiBe) are being considered as
potential candidate materials for the first wall and divertor components of ITER
(International Thermonuclear Experimental Reactor). During operation, these compo-
nents may experience temperatures in the range of about 100 to 350°C. The amount of
available experimental results on the evolution of defect microstructure and its impact
on the deformation behaviour of these copper alloys, on the other hand, is rather limited
particularly for temperatures at which the copper alloys may be employed in service.
The present investigations are a part of the ITER research and development programme
and cover the expected temperature range of ~50 to 350°C. In the following, we de-
scribe the results on microstructural evolution and mechanical properties of copper and
copper alloys (CuCrZr, CuNiBe and Cu-Al2O3) irradiated at ~50°C. The results of
higher temperature irradiations and subsequent investigations will be reported in sepa-
rate reports.

2 Materials and Experimental
Procedure

The materials used in the present investigations were thin (0.3 mm) sheets of oxygen-
free high conductivity (OFHC) copper and copper alloys (CuCrZr, CuNiBe and disper-
sion strengthened (DS) Cu-Al2O3). The OFHC copper, CuCrZr and CuNiBe alloys were
supplied by Tréfimétaux (France) and the DS copper (GlidCop CuA125) was supplied
by SCM Metals (USA). The chemical composition of these alloys is listed in Table 1.
Henceforth, the DS copper (CU-AI2O3) will be referred to as CuAI25.
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Table 1. Chemical Composition.

OFHC-Cu:

CuCrZr:

CuNiBe:

CuA125 .

Cu - 10,3, < 1 and < 1 ppm of Ag, Si, Fe and Mg,

Cu - 0.8% Cr, 0.07% Zr, 0.01% Si

Cu-1.75% Ni,0.45% Be

Cu - 0.25% Al as oxide particles (0.46% A12O.,)

respectively

Tensile specimens (Fig. 1) were cut from cold-rolled sheets of OFHC-Cu, CuCrZr,
CuNiBe and Cu-Al2O3 alloys. Prior to irradiation, tensile specimens were given heat
treatments as described in Table 2.

Table 2. Thermomechanical Treatments.

OFHC-Cu:

CuCrZr:

CuNiBe:

CuA125:

Cold-rolled (-80%), annealed at 550°C for 2 h in vacuum (< 1.33
mPa)

Cold-rolled (-80%), solution annealed at 975°C for 30 min in vacu-
um (< 1.33 mPa), water quenched, aged at 475°C for 30 min in vacu-
um (<1.33 mPa) and water quenched

Same as for CuCrZr

As-supplied (cold-rolled, -80%), no subsequent heat treatment

Tensile specimens of copper (OFHC) and copper alloys (CuCrZr, CuNiBe and CuA125)
were irradiated in the DR-3 reactor at Risø in the Isotope Rig at the reactor ambient
temperature (~47°C). Specimens were irradiated to different fluence levels in the range
5 x 1022 - 1 x 1024 n/m2 (E > 1 MeV) corresponding to displacement doses in the range
0.01 - 0.2 dpa (NRT). The neutron flux during irradiations was approximately 2.5 x
1017 n/m2s (E > 1 MeV) which corresponds to a displacement damage rate of -5 x 10'8

dpa (NRT)/s.
Both unirradiated and irradiated tensile specimens were tested in an Instron machine

at a strain rate of 1.2 x 10'3 s'1. Tensile tests were carried out at the ambient temperature
(~22°C) and in air. Vickers hardness measurements used a 0.2 kg load and were carried
out also at room temperature (~22°C). For each type of materials and for each condi-
tion, between five and ten measurements were made.

For TEM investigations, 3 mm discs were punched out from the unirradiated and ir-
radiated tensile samples and thinned mechanically down to -0.1 mm thickness. These
discs were then twin-jet electropolished in a solution of 25% perchloric acid, 25% etha-
nol and 50% water at 11 V for about 15 seconds at ~20°C. Specimens were examined
in JEOL 100 C and 2000 FX transmission electron microscopes. To investigate the
post-tensile (i.e. deformed) microstructures of unirradiated an irradiated specimens,
TEM samples were taken from the deformed specimens; the TEM discs were punched
out from the regions as close as possible to the fracture surfaces of the tensile-tested
specimens. The fracture surfaces were examined in an JEOL 840 scanning electron mi-
croscope.

All analyses of the stacking fault tetrahedra (SFTs) density and size distribution were
performed on micrographs taken on a (g, +4g) or (g, +5g) weak beam dark field
(WBDF) condition approximately 8° off the <011> zone axis, with g = [200] the op-
erating diffraction condition. This applied to CuA125, CuNiBe, CuCrZr and OFHC-Cu.
The micrographs were taken in regions near the edge of the foil -15-25 nm in thickness.
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Thickness was determined by counting WBDF fringes. All measurements were taken
from micrographs with a total magnification of at least 600,000.

The analysis of the oxide particles in CuA125 was obtained concurrently with the
stacking fault tetrahedra analysis from the same images. All particles are visible in a g =
[200] condition (WBDF) because of the cube-on-cube orientation relationship between
the alumina particles and the copper matrix.

The analysis of precipitates in CuNiBe was also obtained using a g = [200] DF dif-
fracting condition. All measurements for the precipitate density were multiplied by a
factor of 3 to account for the 3 distinct [100] habit planes that the precipitates lie on.
Measurements were made at magnifications of 600,000 or higher because of the small
size of the G.P. zone type precipitates. These precipitates were imaged in the 2-beam
dark field condition because of the strong strain field contrast, which made weak beam
dark field imaging impractical.

The precipitate analysis in the CuCrZr was done by imaging the [200] or [220] re-
flection near the <011> zone axis in WBDF (g, +4 or + 5g). Measurements of the pre-
cipitate density were taken from images using the [200] reflection only. The precipitate
and SFT analyses were done on the same images.

3 Experimental Results

3.1 Pre-irradiation Microstructure
In order to understand the effect of irradiation on microstructural changes and their im-
pact on mechanical performance of copper alloys, it is important to know the details of
the initial (i.e. pre-irradiation) microstructure. The results of microstructural characteri-
zation, using optical and transmission electron microscopy, are summarized in Table 3
for OFHC-Cu, CuCrZr, CuNiBe and CuA125. Cupper and copper alloys used for the
characterization were in the condition stated in Table 2.

Clearly, there are significant differences in the grain size and precipitate/particle mi-
crostructures among copper and different copper alloys. The grain size, for example,
varies between 20 Jim in the OFHC-Cu down to < 1 urn in the case of CuA125. It
should be pointed out, however, that it was found to be very difficult to distinguish
clearly between grains and subgrains in CuA125. The grain size of < 1 \im quoted in
Table 3 for CuA125 should, therefore, be treated with some caution. It is important to
note here that the precipitate density in the prime-aged CuNiBe is almost two orders of
magnitude higher than the particle density in the cold-worked CuA125. Furthermore, the
precipitates in CuNiBe arc thin, long and coherent (with coherency strain field) whereas
the oxide (AI2O3) particles in the CuA125 are incoherent and nearly spherical or triangu-
lar in shape (Fig. 2).

For a quantitative comparison of precipitates in CuNiBe and particles in CuA125, the
size distributions for these two alloys are shown in Fig. 3. It is important to note here
that the size distribution for precipitates (Fig. 3a) refers to the precipitate lengths and
not diameters. The average size of alumina particles in CuA125 was about twice as large
as that of the precipitates in the CuNiBe alloy.

In the unirradiated and prime aged alloys, two types of precipitates were observed.
One was distinguished by moiré fringes on the precipitate whereas the second type of
precipitates had a "Lobe-Lobe" contrast which is characteristic of very small spherical
precipitates. So far, it has not been possible to determine the composition of these pre-
cipitates. Because of the contrast complications, it was not possible to determine a re-
liable size distribution and the mean precipitate size in the CuCrZr alloy.
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Table 3. General microstructure of copper and copper allo/i, prior to irradiation.

Materials

OFHC-
Cu

CuCrZr

CuNiBe

CuA125

Grain
size
(|im)

20

40

20

< l a )

Dislocation
density
(m-2)

<1012

<1012

<1012

1.5xl015b)

Particle
density

(m-3)

1.5 x 1023

1.3 x 1024

2.2 x 1022

Particle
size
(nm)

-

3.7C)

8.7

Particle
Morphology

Coherent platelets and small
spherical ppts

Coherent platelet

Incoherent, spherical or
triangular particles

a) including subgrains
b) most dislocations are found to be associated with alumina particles
c) refers to precipitate length size.

3.2 Post-irradiation Microstructure
Specimens of OFHC copper and copper alloys (CuCrZr, CuNiBe and CuA125) irradia-
ted at ~47°C to different displacement doses were investigated by transmission electron
microscopy in the as-irradiated (i.e. prior to tensile testing) state. In the OFHC copper
specimen, the microstructure consisted mainly of a high density of irradiation-induced
clusters/loops and stacking fault tetrahedra (SFTs) and a relatively low density of dislo-
cation segments (^ 1012 m'2). In other words, the density of dislocation segments in the
irradiated state was found to be very similar to that in the unirradiated state. A similar
behaviour was observed in the irradiated CuCrZr and CuNiBe alloys. The dislocation
density in the irradiated CuA125 alloy was very similar to that in the unirradiated state.

The post-irradiation microstructure of CuCrZr alloy consisted of two components, ir-
radiation-induced defect clusters (loops and SFTs) and the precipitates produced pri-
marily during the ageing procedure. The CuA125 specimens which were irradiated in
the cold-worked condition contained not only a high density of oxide particles but also
of dislocations and defect clusters. The general dislocation microstructure in the irradi-
ated CuA125 specimens was found to be in somewhat relaxed (partially polygonized)
state. In the case of the CuNiBe alloy, the post-irradiation microstructure is overwhelm-
ingly dominated by coherent precipitates and the coherency strain field contrast (Fig.
4). This made it impossible to clearly identify the existence of the defect clusters. Some
SFTs were visible but only in the regions denuded of the coherent precipitates (e.g. near
large inclusions and grain boundaries). It is not quite clear, however, whether the high
density of precipitates prevents or hinders the formation of intracascade defect clusters
or the defect clusters are simply hidden under the coherency strain field contrast from
the precipitates.

The average values of defect cluster and precipitate/particle densities for copper and
copper alloys irradiated to different displacement doses are listed in Table 4. The
quoted cluster densities refer to densities of visible clusters/loops and SFTs imaged in
all specimens under the same diffraction conditions and in a similar foil thickness (see
section 2). It should be pointed out that under the diffraction conditions and foil thick-
ness used in the present investigations, more than 90% of the defect clusters were re-
solved as SFTs at all three displacement doses. Fig. 5 shows the size distribution of
SFTs for OFHC copper, CuCrZr and CuA125 at a dose level of 0.2 dpa. It is worth
noting that the size distributions of SFTs in copper alloys at 0.2 dpa are very similar to
that in OFHC copper. As can be seen in Table 4, at the dose level of 0.2 dpa the cluster
densities in the copper alloys are also quite similar to that in OFHC copper. The dose
dependencies of cluster density in copper and copper alloys are shown in Fig. 6. The
results show that even though the cluster density both in copper and copper alloys
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reaches a similar value at 0.2 dpa, the cluster density evolution at lower doses in copper
alloys is noticeably different from that in OFHC copper. The lowest cluster density in
CuAI25 may be due to the high density (1.5 x 1015/m2) of cold-work dislocations. The
question as to whether or not particle density has an influence on the cluster density was
investigated by measuring the cluster density in different regions of CuAI25 thin foil
containing different density of A12O3 particles. The results are shown in Fig. 7 for dose
levels of 0.01, 0.1 and 0.2 dpa. The results seem to suggest that the cluster density is
not directly affected by the particle density. Somewhat lower cluster density in the re-
gions with the highest particle density at 0.2 dpa may be due to the high density of dis-
locations in this region. In general, dislocation density follows the particle density.

Table 4. Defect cluster and precipitate/particle densities for copper and copper alloys
irradiated at ~47°C to different displacement dose levels

Material

OFHC-Cu

CuCrZr

CuNiBc

CuA125

Cluster Density (m'3)
Dose (dpa)

0.01
5.3 x 10"

2.9 x 10"

1.5x10"

L 0.1
6.7 x 10"

3.8 x 10"

4.5 x 10"

0.2
6.6 x 10ZJ

5.2 x 10"

5.8 x 10"

Precipitate/Particle Density (m'3)
Dose (dpa)

0.01

2.2 x 10"

1.1 x 1024

4.7 x 1022

0.1

2.3 x 1023

0.67 x 1024

3.3 x 1022

0.2

2.2 x 10"

0.82 x
1024

4.3 x 1022

In order to determine the stability of the precipitates in CuCrZr and CuNiBe and alumi-
na particles in CuAI25 against radiation dissolution, precipitates/particles were properly
characterized in the irradiated copper alloys. Figs. 8 - 9 show the size distributions,
respectively, for the precipitates in CuNiBe and particles in CuA125 irradiated to 0.01
and 0.2 dpa. The dose dependencies of the precipitate/particle density in all three alloys
are shown in Fig. 10. These results demonstrate two very significant aspects of the pre-
cipitate microstructure. First, the precipitate density in the prime aged CuNiBe is consi-
derably higher than in CuCrZr and CuA125 both in the unirradiated and irradiated
conditions. Second, the precipitates in the CuNiBe alloy coarsen significantly already at
a dose level of 0.2 dpa.

3.3 Mechanical Properties
The deformation behaviour of copper and copper alloys during tensile testing at room
temperature (~22°C) is illustrated in Fig. 11 (a-d). The stress-strain curves shown in
Fig. 11 refer to specimens of OFHC-copper, CuCrZr, CuNiBe and CuA125 in the irra-
diated as well as unirradiated conditions. The displacement dose in these experiments
varied between 0.01 and 0.2 dpa, corresponding to the neutron fluence of 5 x 1022 n/m2

to 1 x 1024 n/m2 (E > 1 MeV), respectively.
Since the stress-strain curves for the irradiated specimens frequently deviated from

the clastic line in a smoothly curved fashion, it was not possible to determine a precise
value of the yield stress (i.e. the stress at which the initiation of the plastic deformation
occurs). It was therefore decided to measure the flow stress at 0.05% (tfo.os) and 0.2%
(00.2) strains. The average (of two or three) values of the flow stress (ao.o5 a nd °o.2).
ultimate tensile stress (amax) uniform elongation (££) and total elongation (e,) extracted
from stress-strain curves arc presented in Table 5. The dose dependence of ao.05 and
amm is shown in Fig. 12 whereas Fig. 13 shows the variation of ££ and e, with dose.

The most dramatic decrease in the uniform elongation, ££, due to irradiation occurs in
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the case of OFHC-copper (Fig. 13) such that the uniform elongation is reduced to zero
already at a dose level of 0.1 dpa. The uniform elongation in CuCrZr reaches the zero
value at 0.2 dpa whereas both CuA125 and CuNiBe maintain some uniform elongation
at all doses.

The results presented in Fig. 12 and Table 5 clearly demonstrate that the effect of ir-
radiation on the mechanical performance is most prominent in the case of OFHC-
coppcr. It is quite interesting to note, for example, that already at a dose level of 0.01
dpa, the flow stress ao.os reaches a value about three times higher than that in the case of
unirradiated copper. The increase in the flow stress, <70.05> with irradiation dose seems to
saturate at ~0.1 dpa. The large increase in the flow stress has a side effect that already
at the dose level of ~0.1 dpa, OFHC-Cu looses its capacity to work harden and its abili-
ty to deform plastically in a homogeneous fashion. In other words, the ductility of
OFHC-copper becomes almost zero at and beyond a displacement dose level of -0.1
dpa. It should be noted that the increase in amax due to irradiation, on the other hand, is
rather small.

As regards the deformation behaviour of copper alloys, the CuCrZr alloy used in the
present investigation is found to behave in a fashion very similar to that of OFHC-Cu in
spite of the fact that it contains a high density (~2 x 1023 m'3) of precipitates. It is worth
pointing out, however, that there are some noticeable differences. In the OFHC-Cu for
example, the increase in (To.os ar|d omM seems to reach a saturation level at around 0.1
dpa. In the case of CuCrZr, on the other hand, both Oo.os and 3max increase significantly
between 0.1 and 0.2 dpa. Another difference is that whereas CuCrZr retains its ability to
workharden up to the dose level of 0.1 dpa, OFHC-Cu looses it already at 0.1 dpa.

In general, the effect of irradiation on the deformation behaviour of CuNiBe is very
similar to that in the OFHC-copper and CuCrZr, except for two significant differences.
First, the flow stress ((Jo.os) in CuNiBe is considerably higher than that in CuCrZr and
secondly, the CuNiBe alloy retain its ability to workharden up to 0.2 dpa. It should be
noted, however, that the increase in ao.os due to irradiation is considerably lower in
CuNiBe than that in CuCrZr (Fig. 14a), although the Aao.os increases between 0.1 and
0.2 dpa in a similar fashion as in the case of CuCrZr. It is worth pointing out that the
irradiation causes a decrease in the ultimate tensile stress, araax, of CuNiBe at 0.01 and
0.1 dpa. At 0.2 dpa there is a modest increase in the amax due to irradiation.

The effects of irradiation on the mechanical performance of CuA125 is significantly
different from that on OFHC-copper, CuCrZr and CuNiBe. The dispersion strengthened
CuA125 alloy, for instance, does not seem to respond to irradiation in any significant
way. As can be seen in Figs. 11-13 and Table 5, the changes in o"0.o5i Ou2. <W> ES and

e, due to irradiation are rather small. The important feature of the deformation behavi-
our in the CuA125 is that it maintains the ability to workharden at the dose level of up to
0.2 dpa.

In order to establish a clear demonstration of the magnitude of hardening caused by
irradiation, Aa0.os and Aamax for different materials are plotted in Fig. 14 as a function
of displacement dose levels; Aao.os and Aamax are the differences in ao.05, and omax, re-
spectively, between the irradiated and unirradiated specimens of a given material at a
given dose level. The results shown in Fig. 14 illustrate several interesting features:

a) The variation of Aao.os a s w e ' l as Aamax in the copper alloys is clearly different from
that in OFHC-copper. In the case of OFHC-copper both Aao.os and Aamax first incre-
ase and then saturate at ~0.1 dpa whereas they increase rather steeply between 0.1
and 0.2 dpa in CuCrZr and CuNiBe.

b) Both at the lowest (0.01 dpa) and the highest (0.2 dpa) doses, the largest increase in
co.o5, and amax due to irradiation is in CuCrZr and the smallest in CuA125.

c) The Aao.os for CuA125 decreases between 0 and 0.01 dpa and then increases again.
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d) Irradiation causes a substantial decrease in the ultimate tensile stress cmaA, of both
CuNiBe and CuA125 at the dose level of 0.01 dpa. In both cases, this reduction be-
comes smaller at 0.1 dpa and at 0.2 dpa the irradiation leads to a modest increase in

Fig. 15 shows the dose dependence of Vickers hardness for OFHC-Cu, CuCrZr, CuNi-
Be and CuA125. The general trend of the increase in hardness due to irradiation is very
similar to that in co.o5 and amM shown in Fig. 12. In the case of OFHC-Cu and CuA125,
the increase in hardness appear to saturate at -0.1 dpa whereas CuCrZr and CuNiBe
show a noticeable increase in the hardness between 0.1 and 0.2 dpa; this is similar to
the increase in ao.05, and amax of these alloys.

3.4 Post-deformation Microstructure
In order to understand the observed deformation behaviour, post-deformation TEM
investigations were carried out on irradiated as well as unirradiated specimens of cop-
per and copper alloys. In the following we shall first describe the results on OFHC-
copper. Since the pre- as well as the post-irradiation microstructures of the annealed
OFHC-copper were relatively simple and clean, it was somewhat easier to determine
the effect of post-irradiation deformation in terms of dislocation generation and interac-
tion. Fig. 16 shows the defect microstructure of the undeformed (i.e. as-irradiated to
0.01 dpa) (Fig. 16a) and irradiated (0.01 dpa) and deformed (Fig. 16b) specimens. It
can be seen that the cluster density in the deformed specimen is significantly lower than
that in the undeformed specimen. Furthermore, the spatial distribution of clusters in the
deformed specimens is rather heterogeneous compared to the homogeneous distribution
in the undeformed specimens. Both the reduction in the density and the formation of
spatial heterogeneity during deformation may be due to the interaction of mobile dislo-
cations and defect clusters; such interactions would lead to annihilation of defect clu-
sters by their absorption into the core of the moving dislocations.

The TEM investigations of deformed specimens of OFHC-Cu irradiated to a higher
dose level of 0.2 dpa showed a remarkable different microstructure from that observed
in the low dose (0.01 dpa) specimens. As shown in Fig. 17a, the low dose specimen was
found to contain a relatively high density of deformation-induced dislocations in the
form of dislocation networks. In contrast, the high-dose (0.2 dpa) specimen (also de-
formed at 22°C) shows practically no evidence of dislocation generation and interac-
tions (i.e. plastic deformation) (Fig. 17b). Furthermore, the density and spatial distribu-
tion of the irradiation-induced defect clusters in the irradiated and deformed specimen
were identical to those in the high-dose (0.2 dpa) and undeformed specimen. A similar
lack of dislocation generation and interaction has been observed in TZM and Mo-5%
Re alloys irradiated at ~47°C to a dose level of = 0.2 dpa and tensile tested at 22°C [4].
In the high-dose and tensile tested specimen there was, however, some indication of
inhomogeneous deformation localized within long and narrow bands which were free of
any irradiation-induced defect clusters/loops (i.e. clear channels).

Fracture surfaces of OFHC-copper and copper alloys tensile tested at room tempera-
ture in irradiated as well as unirradiated conditions were examined. Some representative
fractographs are shown in Fig. 18. As can be seen in Fig. 18, both irradiated and unir-
radiated specimens of copper and copper alloys seem to have fractured in a ductile (and
not in a brittle) manner. It is clear, however, that the plastic deformation of the grains is
more extensive in the unirradiated than that in the irradiated specimens.
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5. Precipitate density (Cp), cluster density (Ccl), Vickers Hardness (VH), flow stress (<Jo.os, Co,2), ultimate tensile stress (amta), plastic uniform elongation (El) and

total elongation (S,)for copper and copper alloys irradiated at ~47°C.

Materials

OFHC-

copper

CuCrZr

Cu Ni Be

CuA125

Fluence

(n/m2

E>1 MeV)

0

5 x 1022

5 x 1023

1 x 1024

0

5 x 1022

5 x 1023

1 x 1024

0

5 x 1022

5 x 1023

1 x 1024

0

5 x 1022

5 x 1023

1 x 1024

Dose

(dpa)

0

0.01

0.1

0.2

0

0.01

0.1

0.2

0

0.01

0.1

0.2

0

0.01

0.1

0.2

cP

(1023rn3)

-

-

-

-

1.5

2.2

2.3

2.2

13

11

6.7

8.2

0.22

0.47

0.33

0.43

Cd

(lO23™-3)

-

5.3

6.7

6.6

-

2.9

3.8

5.2

-

-

-

-

-

1.5

4.5

5.8

VH

(0.2 kg)

40

79

99

105

-

108

112

135

-

253

256

289

-

175

188

192

00.05

(MPa)

61

195

299

310

73

227

233

370

592

653

668

800

520

475

499

535

tfo.2

(MPa)

63.5

195

-

-

78

243

240

-

625

675

710

850

560

505

559

582

CJmax

(MPa)

207

248

308

318

248

277

288

371

800

768

735

845

585

535

591

614

es

(%)
59.0

35.5

0

0

37.5

13.4

13.0

0.3

22.0

16.0

15.6

2.4

2.0

4.7

1.4

1.4

£t

(%)

61.5

40.5

20.5

12.5

40.0

22.6

16.5

7.3

28.8

22.0

21.0

9.2

8.5

14.3

9.8

7.7



4 Discussion

In order to evaluate the influence of irradiation on the mechanical performance of ma-
terials, it is very important to understand the changes in the microstructure caused by
irradiation. This requires a detailed characterization of the microstructural components
in the pre- as well as post-irradiation states. This is necessary because the evolution of
the irradiation-induced microstructure is likely to be influenced by the pre-irradiation
microstructure (i.e. the sink strengths for SIAs and vacancies), particularly under casca-
de damage conditions. In the following (section 4.1), we shall, therefore, first discuss
the main features of the post-irradiation defect and precipitate/particle microstructures.
The question of the relationship between the microstructural features and the changes in
mechanical properties will be discussed in section 4.2.

4.1 Microstructural Evolution
The dose dependence of cluster density for OFHC-copper (Fig. 6) determined in the
present work is in a good agreement with the results reported in the literature [1]. The
cluster densities for CuCrZr and CuA125 (Table 4, Fig. 6) are clearly lower than that for
the OFHC-copper, particularly at the low dose of 0.01 dpa. At the low dose, the cluster
density in the CuA125 is even lower than that in the CuCrZr alloy. Since the particle
density in CuA125 is noticeably lower than the precipitate density in CuCrZr (Table 4),
it is reasonable to speculate that the high density of cold-work dislocation (Table 3) in
the CuA125 may be responsible for the low cluster density at 0.01 dpa. It should be
pointed out that the very small (< 1 nm) grain size and the incoherent interfaces betwe-
en AI2O3 particles and copper matrix may also contribute to the reduction in the cluster
density in CuA125 at 0.01 dpa.

The size distributions as well as the mean size of SFTs in OFHC-copper, CuCrZr and
CuA125 irradiated to 0.2 dpa are very similar (Fig. 5). Assuming that the SFTs are
formed directly in the cascades, it is not unreasonable to suggest that intracascade clus-
tering of vacancies in these alloys is not affected in any significant way due to the pres-
ence of precipitates and particles in CuCrZr and CuAI25, respectively. This is further
supported by the evidence presented in Fig. 7. However, in the case of CuNiBe, the
visible density of SFTs was found to be very low and the SFTs were present only in
some areas, particularly where the precipitate density was rather low. The precipitate
density in the CuNiBe alloy is high enough to make the interprecipitate distance similar
to the size of an average cascade. This means that the frequency of precipitates encoun-
tering a direct hit by an energetic cascade is likely to be quite high. The physical im-
pingement of a cascade on to a rather thin and small precipitate in CuNiBe may cause a
partial or complete fragmentation of the precipitate. Such a ballistic injection of addi-
tional atoms in the cascade may lead to a reduction in the fraction of surviving vacan-
cies and SIAs and their clustering during cooling-down phase of the cascade.

The results quoted in Figs. 8 and 10 and Table 5 show that the average particle size in
CuA125 decreases with the irradiation dose and that the size distributions shift toward
smaller sizes. Similar observations have been reported earlier for particles in CU-AI2O3
irradiated with 750 MeV protons [7] and 300 keV CuMons [8]. These observations can
be understood in terms of the recoil resolution process [9].

As can be seen in Fig. 10 and Table 5, the density of AI2O3 particles does not seem to
be affected by irradiation to doses between 0.01 and 0.2 dpa, and seem to have an aver-
age value of ~4 x IO22 m'3. The relatively low value of particle density (2.2 x 1022 m'3)
in the heavily cold-worked and unirradiated CuA125 is most probably due to difficulties
in imaging the small particles. The difficulties arise due to a very high density of dislo-
cations and their tangles, particularly at and near the particles, which makes the image
of particles, specially small ones, rather obscuic. Furthermore, since the dislocation
density is highest in the regions containing highest particle density, there is a general
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tendency to choose the low dislocation density (and thereby low particle density) re-
gions to obtain clear and sharp micrographs for quantitative analyses. Both of these
factors are likely to yield a lower than the real particle density. This is not a problem in
the irradiated specimens since the irradiation even at 47°C causes enough of recovery in
dislocation microstructures so that they do not obscure the particle image.

Taking the average value of particle density to be ~4 x 1022 m'3 (Fig. 10), the volume
fractions of A12O3 particles at the dose levels of 0 (unirradiated), 0.01 and 0.2 dpa are
found to be 1.36, 1.11 and 0.55%, respectively. In other words, the volume fraction of
AI2O3 particles decreases with increasing irradiation dose as also found in Refs. [7] and
[8]. This means that some of the solute atoms fragmented ballistically by energetic re-
coils must remain in solution (in the copper matrix), some may segregate at nearby dis-
locations and some may form submicroscopic precipitates. The irradiation temperature
is too low for the long range transport of the ejected solute atoms necessary to form
visible precipitates.

The effect of irradiation on the precipitate microstructure in CuNiBe is significantly
different from that on the particle microstructure in CuAI25. Unlike in the case of
CuA125, the average precipitate size (length) in CuNiBe is substantially larger at 0.2
dpa than in the unirradiated case (Fig. 9). Furthermore, the irradiation causes the size
distribution to shift toward larger sizes (Fig. 9) which is directly opposite to the obser-
vations in the CuA125. The precipitate density in CuNiBe has a tendency to decrease
somewhat as a function of dose. Thus, instead of an irradiation-induced particle size
refinement as observed in CuA125, an irradiation-induced precipitate coarsening is the
main effect of irradiation in CuNiBc. At the irradiation temperature of 47°C, this kind
of precipitate coarsening could occur only via fragmentation of small precipitates by
energetic recoils and the subsequent ballistic deposition of the fragments on to the sur-
viving precipitates. The fact that the larger precipitates would be more resistant to a
complete fragmentation, they are likely to grow at the expense of the small precipitates
that would continue to suffer from recoil resolution.

The recoil resolution is a realistic possibility since the inter-precipitate distance (-10
nm) is very similar to the size of a muitidisplacement cascade under fission neutron
irradiation [10]. This means that cascades are likely to hit the precipitates quite fre-
quently. Such direct impingements would cause assimilation of atoms contained in the
precipitates into the cascade volume. Consequently, the damage production efficiency
and intracascadc clustcirng of vacancies and SIAs are likely to get reduced. This may
be one of the reasons for the lack of visible clusters in CuNiBe even after irradiation to
a dose level of 0.2 dpa. In addition, the ballistic resolution of precipitates in CuNiBe
may also lead to segragation, particularly of Be atoms on dislocations. This may affect
the post-irradiation deformation behaviour of the alloy (see next section). Under these
dynamic conditions, the formation of small (submicroscopic) precipitates cannot be
ruled out.

4.2 Mechanical Properties
As demonstrated by the results presented in the previous section, the irradiation at 47°C
affects the mechanical performance of copper and copper alloys in three different ways:
it increases the flow stress, reduces the ductility (i.e. the uniform elongation), and in
some cases induces plastic instability (i.e. localized deformation) almost immediately
after the initiation of the plastic flow. The present results also show that the effects of
irradiation arc most marked in the case of OFHC-copper and CuCrZr alloys; the defor-
mation behaviour of the dispersion strengthened CuA125 alloy, on the other hand, is
almost unaffected by irradiation. The effect of irradiation on the deformation behaviour
of CuNiBc is quite interesting in that its plastic deformation behaviour is significantly
affected by irradiation, even though it is the strongest material (among copper alloys) in
the unirradiated state (see later for further discussion).

A close look at the results presented in Table 5 on microstructural parameters and
mechanical properties reveals several interesting features regarding the correlation be-
tween the microstructurc and the mechanical properties. However, before discussing
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these issues, let us first consider very briefly the general principle of irradiation harden-
ing. Traditionally, the increase in the yield stress due to neutron irradiation is consid-
ered to occur due to the presence of irradiation-induced vacancy clusters/loops
("depleted zones") which are assumed to act as barriers to mobile dislocations in the
glide plane [11]. The mobile dislocations under the action of an applied stress are sup-
posed to overcome these barriers either by bowing out between or cutting through these
clusters/loops. Using the Orowan type of haidening mechanism, the increase in the
stress necessary to drive the dislocations through these obstacles (clusters/loops) is thus
related to the irradiation dose by assuming that each collision produces one vacancy
cluster/loop (i.e. obstacle). The model then predicts that the irradiation-induced harden-
ing should be proportional to the square root of the neutron fluence or the volume
density of the irradiation-induced obstacles The saturation in the irradiation-induced
yield strength at some higher dose level is then rationalized in terms of saturation of the
cluster density.

It is important to note that in the conventional irradiation hardening model, it is as-
sumed that the defect clusters act as barriers to dislocation motion. This implicitly im-
plies that a sufficiently large number of dislocation segments must be present in the
material prior to deformation. During deformation these dislocations may become
mobile and may interact with the existing obstacles (clusters or loops) and may cause
hardening. In the absence of such dislocations, however, the plastic deformation can be
initiated only when the applied stress reaches a level at which new dislocations and/or
slip bands are generated.

In pure and annealed copper, the density of grown-in dislocations is rather low (<
10" m'2) and docs not increase during neutron irradiation at 47°C to a dose level of
about 0.2 dpa. Furthermore, the grown-in dislocations get decorated with small SIA
clusters or loops. The problem of dislocation decoration has been studied theoretically.
Recent calculations suggest that the decoration of dislocations by SIA clusters or loops
can be understood in terms of one-dimensional glide of small SIA clusters/loops pro-
duced directly in the cascades [12]. Another set of calculations have shown that the
stress nc.-r.sary to make these decorated dislocations act as dislocation sources [13]
could be y.1 ,-nsiderably higher than the yield stress observed in the irradiated copper. The
post-deformation microstructural investigations of irradiated copper specimens have
demonstrated that the grown-in and decorated dislocations do not seem to act as dislo-
cation sources at doses higher than 0.1 dpa during deformation at 22°C (e.g. Fig. 17).

Another important feature of the irradiation hardening in pure copper at higher doses
(> 0.1 dpa) is the lack of work hardening and on-set of plastic instability immediately
after the initiation of plastic flow, This behaviour is similar to the one commonly ob-
served in bec iron where the grown-in dislocations are considered to be immobilized by
interstitial impurities. The release of these dislocations from the impurity atmosphere is
taken to cause the drop in the yield stress. Unlike in the case of bec iron, in the irradi-
ated pure copper the stress continues to decrease with increasing strains. This seems to
arise from the fact that already at yield point plastic deformation occurs very heteroge-
ncously and in a localized form. All plastic deformation appears to be concentrated in a
relatively few slip bands and "cleared" channels. It is interesting to note here that the
irradiation-induced clusters or loops do not seem to act as obstacles to moving disloca-
tions in the cleared channels. Thus, the irradiation-induced hardening in pure copper
appears to be due to the lack of generation of dislocatioins at the grown-in dislocations
(which arc decorated by SIA clusters and are unable to act as dislocation sources) and
not due to the conventional "obstacle" hardening.

The main characteristics of hardening in copper alloys is very similar to that in the
pure OFHC-coppcr in that irradiation causes a significant increase in the yield strength
and a corresponding decrease in the uniform elongation. At the irradiation and test tem-
perature of ~47°C, the CuNiBe alloy is found to be strongest with the plastic uniform
elongation of 2.4%. The cold-worked (-80%) CuA125, on the other hand, appears to be
almost insensitive to irradiation in that neither the strength nor the uniform elongation
appear to be affected by irradiation in any significant way.
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The results summarized in Table 5 and Fig. 14 demonstrate two interesting features.
Firstly, the increase in the yield strength, due to irradiation (Aoo.os or

Aao.o2)) of different alloys does not appear to be directly related to the cluster density.
For example, the cluster densities in CuCrZr andCuA125 at all three doses are very
similar, but the increase in Aco.05 in CuCrZr is considerably higher than that in CuA125.
Secondly, both in CuCrZr and CuNiBe, there is a very small increase in Aao.o5 between
doses of 0.01 and 0.1 dpa. However, in both cases, there is a large increase in Aao.os
between 0.1 and 0.2 dpa. In the case of CuNiBe, this large increase occurs even when
the precipitate size increases (Fig. 9) and precipitate density decreases (Table 5) be-
tween 0.1 and 0.2 dpa. As indicated in the previous section, the possibility of cascade
induced ballistic dissolution and segregation of alloying elements may occur on grown
in dislocations in both alloys at higher doses, i.e. > 0.1 dpa). Such segregation may pre-
vent the grown-in dislocations from acting as dislocation sources. This may explain the
two features described above.

5 Conclusions

On the basis of the present results and their analysis the following conclusions may be
drawn:

• Defect clustering behaviour in OFHC-Cu, CuCrZr and CuAP.5 is similar. The
high density of precipitates in CuNiBc appears to reduce the efficiency of intra-
cascade defect clustering.

• AI2O3 particles in CuA125 seem to suffer, but only very slightly, from recoil reso-
lution and particle size refinement.

• Precipitates in CuNiBe, on the other hand, are found to coarsen quite significantly
already at a dose level of -0.2 dpa. The recoil resolution and ballistic deposition
appear to be the main processes involved in the precipitate coarsening.

• The mechanical properties of OFHC-copper arc the most sensitive and of CuA125
are the least sensitive to irradiations.

• The most significant effect of irradiation at low temperatures is a drastic decrease
in the ductility of both copper and copper alloys at a dose level as low as -0.2 dpa.
The loss of ductility appears to be related to the intrinsic hardness of the grain in-
terior and not to the grain boundary embrittlement.

• Both in CuCrZr and CuNiBe the change in flow stress, Aao.o5, due to irradiation
increases rather steeply between 0.1 and 0.2 dpa. This may be related to ballistic
resolution and segregation.

• The analysis of mechanical properties and microstructural evidence suggests that
the increase in the initial yield stress due to irradiation may arise from the strong
pinning of dislocation sources.

• The initiation of plastic instability (necking) in the irradiated materials occurs
when the yield stress in the irradiated materials is higher than the ultimate tensile
stress amM of the same material in the unirradiated state.

• Examination of the fracture surfaces shows that even though the irradiated copper
and copper alloys suffer from a drastic decrease in the uniform elongation, all
samples irradiated and tested at ~47°C fracture in a ductile manner.
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Figure Captions

, ø2.5

Figure 1. Drawing of tensile specimens used in the present investigations.

2. P re-irradiation microstructure of (a) CuNiBe and (b) CuAl25 alloys; CuNiBe
is in the prime-aged condition whereas CuAl25 in the as-cold-worked (-80%) state.
Note that the precipitates in CuNiBe arc thin and long platelets whereas the particles
in the CuAI25 are nearly spherical (and some triangular) in shape.
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ce the mean length of precipitates in CuNiBe.
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Figure 4. Effects of irradiation on precipitate microstructures in CuNiBe alloy: (a)
unirradiated, (b) 0.01 dpa, ©0.1 dpa and (d) 0.2 dpa. Note that the precipitate micro-
structure changes quite markedly at 0.2 dpa.

Risø-R-839(EN) 19



40

30

I 20

10

40

30

I 20
o

10

40

30

c

2

10

0

OFHC-Cu

=47 °C
Dose: 0.2 dpa -

Mean size: 2.5 nm -

CuCrZr

\r =47 °C
Dose: 0.2 dpa

Mean size: 2.3 nm

(c)
i i i i i i

&JAI25

=47 °C
Dose: 0.2 dpa

x?n Mean size: 3.0 nm

0 1 2 3 4 5 6 7 8
SFT Size (nm)

i "gure 5. Size distributions ofSFTs in (a) OFHC-Cu, (b) CuCrZr and © CuAl25 alloys
irradiated at ~47°C to a dose level of -0.2 dpa. Note that the size distribution in
OFHC-Cu and copper alloys are very similar.

20 Risø-R-839(EN)



10

CO

CO
CM

o

en
c
CD
Q
CD

-4—i

(f)

O

0

Tirr=47irr

OFHC-Cu n

CuAI25

0.05 0.1
Dose (dpa)

0.15 0.2

Figure 6. Dose dependence of cluster density for OFHC-Cu, CuCrZr and CuAl25 ir-
radiated at ~47°C by fission neutrons to different doses.

Risø-R-839(EN) 21



10

CO

ro
CM

E 8

o

GO

0

0
"to

O

6 -

2 -

0

V

o

1 1 1 1 1

• 0.01
o o.i
V 0.2

o

1 1 1 1

dpa _
dpa
dpa ~

—

5

i i

0 4 6 8
22 -3

Particle Density (10 m )

10 -12

Figure 7. Correlation between density of AI2O3 particles and density of irradiation-
induced defect clusters (SFTs and non-SFTs) in CuAl25 irradiated at -47°C to diffe-
rent doses.

22 Risø-R-839(EN)



40

30 -

I 20
LL

10 -

40

30 -

I 20

10 -

40

30 -

I 20

10 -

0

-

- pH
1 1

r

p r •:•:•:

_, .ivr;** ;•;•;•

: | |

i i

CuAI25 ^ -

Unirradiated

• ;•*•* ;»v «v.; 'Ivi™

Mean size: 8.7 nm -

1 g 1 1 1 1

1 Tirr =47 °C '
g Dose: 0.01 dpa -

i& ?S i7!1 ^ean size: 8<1 nm

•:•: Sij :•:•:: :•:•:• :•:•:•

i i i

(c) .

Tirr =47 °C
Dose: 0.2 dpa

:% _ Mean size: 6.4 nm

Itlfcv,
i i i

0 3 6 9 12 15 18 21 24 27
Particle Size (nm)

Figure 8. Effect of irradiation on particle size distribution in CuAl25. Note the reducti-
on in the mean particle size at 0.2 dpa; a similar reduction has been observed in Cu-
A125 (of a different batch than used in the present investigation) irradiated with 750
MeV protons [7].

Risø-R-839(EN) 23



50

40

^ 30
c
g

S 20

10

50

40

c
o

c
o

1

30

20

10

50

40

30

20

10

CuNiBe (a)

Unirradiated

Moan length: 3.7 nm

Tlrr =47 °C
Dose: 0.01 dpa

Mean length: 3.8 nm

( C ) .

Tirr =47 °C
Dose: 0.2 dpa .

Mean length: 9.2 nm"

0 2 4 6 8 10 12 14 16
Precipitate length (nm)

Figure 9. Size distributions of precipitate lengths in the unirradiated and irradiated
CuNiBe at ~47°C to doses of 0.01 and 0.2 dpa. Note a significant increase in the mean
precipitate length at 0.2 dpa.

24 Risø-R-839(EN)



1025

CO
c:
0
Q
CD
-*—•
£ V

:f io
a.

2 3

-n

1022t
• a

Tirr=47°C

CuNiBe

CuAI25

I I

0

-A

„ _ CuCrZr
V V

-D

0.05 0.1 0.15 0.2
Dose (dpa)

Figure 10. Dose dependence of precipitate/particle density in CuCrZr, CuNiBe and
CuAl25 irradiated to different doses at ~47°C.

Risø-R-839(EN) 25



800

600 -

- 4 0 0

200

0

1000

800 -

1 0.2

] 0.2

U—-

Unirradiated

"•"N°;°1 dpa

0.1 *
CUAI25

0.01 dpa

.

1

-

OFHC-Cu

Unirradiated

1 1 1

co

£
600 -

400

200

0

0.2

•PC-

J 0.2

tf 0.01

1 1

0.01 dpa

0.1

0.1 dpa

^

I

Unirradiated

CuNiBe

Unirradiated
/-—S

1 1

CuCrZr

i

(C) -

-

-

i

0 10 20 30 40 50 60 70
Strain (%)

Figure 11. Stress-strain curves for (a) OFHC-Cu, CuAl25and(b) CuCrZr and CuNiBe
alloys irradiated at ~47°to doses of 0.01, 0.1 and 0.2 dpa. For comparison, the stress-
strain curves for the unirradiated materials are also included.

26 Risø-R-839(EN)



1000

800

S 600

g 400

200

Tirr=47°C
uW=22C

(a).

CuNiBe

CuAI25

OFHC-Cu

O

0.05 0.1 0.15
Dose (dpa)

0.2

Figure 12. Effect of irradiation on the flow stress (ao,os and amai) of OFHC-Cu,
CuCrZr, CuNiBe and CuAl25 irradiated at ~47°and tested at ~22°C: (a) OQ.OS and (b)

Risø-R-839(EN) 27



A OFHC-CU
o CuCrZr
v CuNiBe
• CuAI25

0.05 0.1 0.15
Dose (dpa)

0.2

Figure 13. Dose dependence of uniform (EU) and total elongations (E,)for copper and
copper alloys irradiated at ~47°C: (a) Eu and (b) £,.

28 Risø-R-839(EN)



o
o

o
CN

O

LO

o

'd
pa

)
D

os
e 

I

o
ooCO

ooCN

O
O

9O'(

Figure 14. Changes in flow stress (Aao,os and Aomax) due to irradiation of OFHC-Cu,

CuCrZr, CuNiBe and CuAl25 irradiated at ~47°C to doses of 0.01, 0.1 and 0.2 dpa:

(a) A(To.o5 and (b) Aamax-

Risø-R-839(EN) 29



300

250
CO

1 200
"a
S 150
CO

•g l o o

50

0

CuNiBe

- CuAI25 -V

- CuCrZr
A-

OFHC-Cu \=A1 C

I I I I I I

0 0.05 0.1 0.15
Dose (dpa)

0.2 0.25

Figure 15. Dose dependence of Vickers Hardness for copper and copper alloys irradia-
ted at ~47°C.

30 Risø-R-839(EN)



Figure 16. Defect clusters in the (a) as-irradiated and (b) irradiated (at ~47"C) and
tensile tested (at 22 °C) OFHC-copper. The displacement dose level in both cases was
0.01 dpa. Note the low density heterogeneous distribution of defect clusters in (b).

Figure 17. Post-tensile deformation microstructure of OFHC-copper irradiated at
~47°C to dose levels of (a) 0.01 dpa and (b) 0.2 dpa. Tensile tests were carried out at
22 °C. Note the difference in dislocation microstructure between the low and the high
dose specimens, showing the lack of dislocation generation during tensile deformation
of the high-dose specimen.

Risø-R-839(EN) 31



Figure 18. Fractographs of fracture surfaces of copper and copper alloys in unirradia-
ted and irradiated (at ~47°C) conditions and tested at 22°C: (a) OFHC-Cu, unirradia-
ted, (b) OFHC-Cu, 0.2 dpa, © CuNiBe, 0.01 dpa, (d) CuNiBe, 0.2 dpa, (e) CuAl25,
unirradiated and (f) CuAl25, 0.2 dpa.
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