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Abstract

Specimens of oxygen-free high conductivity (OFHC) copper were irradiated in the DR-3 reactor at Risg at 100 °C to
doses in the range 0.01-0.3 dpa (NRT). Some of the specimens were tensile tested in the as-irradiated condition at 100
°C whereas others were given a post-irradiation annealing treatment at 300 °C for 50 h and subsequently tested at 100
°C. The microstructure of specimens was characterized in the as-irradiated as well as irradiated and annealed conditions
both before and after tensile deformation. While the interstitial loop microstructure coarsens with irradiation dose, no
significant changes were observed in the population of stacking fault tetrahedra (SFT). The post-irradiation annealing
leads to only a partial recovery and the level of recovery depends on the irradiation dose level. However, the post-
irradiation annealing eliminates the yield drop and reinstates enough uniform elongation to render the material useful
again. These results are discussed in terms of the cascade-induced source hardening (CISH) model. © 2001 Elsevier

Science B.V. All rights reserved.

1. Introduction

It is well established that neutron irradiation at
temperatures below the recovery stage V (i.e. <0.47,
where T, is the melting temperature) causes a substan-
tial amount of hardening and a severe reduction in the
ductility of metals and alloys. Furthermore, the irradi-
ated materials generally lose their ability to deform ho-
mogeneously and to work-harden and suffer from plastic
instability (i.e. yield drop and flow localization). This
behaviour has been observed in fce, bee and hep metals
and alloys (see [1,2] for recent reviews). The irradiation-
induced loss of ductility as well as plastic instability are
matters of serious concern from the point of view of
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performance and lifetime of materials used in the
structural components of fission or fusion reactors.
Traditionally, the magnitude of irradiation-induced
hardening has been treated within the framework of the
‘Zone Theory’ of radiation hardening originally pro-
posed by Seeger [3]. Seeger assumed that vacancy-rich
zones created by displacement cascade events created
impenetrable obstacles that were by-passed by the
bowing of dislocation segments around them, in essence
proposing a modified form of the Orowan model [4].
This approach has been further modified over the years
to become the more commonly known dispersed barrier
hardening (DBH) model, where the increase in yield
strength is proportional to the square root of the
product of the average size and density of obstacles such
as dislocation loops, stacking fault tetrahedra (SFT),
cavities, and other features formed during irradiation.
However, in the case of irradiated materials containing
weak, shearable obstacles in the form of small loops and
SFT the applicability of the DBH model has been
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Fig. 1. Loop and SFT microstructures of copper irradiated at 100 °C to 0.01 dpa: (a) loops; (b) SFT in the as-irradiated condition and
(c) loops and dislocations; (d) SFT after post-irradiation annealing at 300 °C for 50 h.

questioned recently [1]. As described by Singh et al. [1],
the DBH model is unable to predict the experimental
observations of yield drop and the subsequent flow lo-
calization that often occurs in these materials tested at
temperatures below the recovery stage V.

To overcome these problems, Singh et al. [1] pro-
posed the ‘cascade-induced source hardening’ (CISH)
model which can rationalize not only the increase in the
yield stress but also the observations of yield drop and
plastic flow localization. The main thesis of this model is
that during irradiation under cascade damage condi-
tions, the grown-in dislocations get decorated by
one-dimensionally migrating clusters of self-interstitial
atoms (SIAs). The experimental evidence for such dis-

location decoration and the formation of rafts of SIA
clusters during neutron irradiation has been reviewed by
Trinkaus et al. [5,6]. Furthermore, it has been estab-
lished by detailed analytical calculations that the phe-
nomena of dislocation decoration as well as raft
formation can be understood only in terms of one-di-
mensional glide of SIA clusters [5,6]. These phenomena
have been further investigated using three-dimensional
dislocation dynamics [7,8] and molecular dynamics
[9,10] simulations. The results of these computer simu-
lations fully corroborate the results of the analytical
calculations [5,6]. In analogy with Cottrell atmosphere
[11], the decoration effectively pins the dislocations and
prevents them from acting as dislocation sources until
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Fig. 2. Loop and SFT microstructures of copper irradiated at 100 °C to 0.1 dpa: (a) loops and raft-like agglomerates of loops; (b) SET
in the as-irradiated condition and (c) large loops and dislocation segments; (d) SFT after post-irradiation annealing at 300 °C for 50 h.

the applied stress reaches a high enough level to ‘free’
the dislocations from the atmosphere of clusters and
loops decorating them. In the CISH model this stress
level refers to the upper yield stress. At this high stress
level, dislocations are likely to be released from the
moderately decorated dislocations and points of stress/
strain singularities (e.g. surfaces, interfaces, grain
boundaries, inclusions, etc.). These sites of dislocation
generation are most likely to be the sites where the
formation of ‘cleared channels’ begins.

Thus, according to the CISH model, the occurrence
of the yield drop and plastic flow localization can be
prevented by removing the atmosphere of loops deco-

rating the grown-in dislocations. This can, at least in
principle, be achieved by post-irradiation annealing at or
above the recovery stage V. The population of intersti-
tial loops decorating the dislocations may anneal out by
the flux of vacancies, may get absorbed into the dislo-
cations or may coalesce by glide or conservative climb
during the annealing. Since small SFT formed during
irradiation are expected to emit vacancies during an-
nealing at temperature above the recovery stage V, it is
reasonable to speculate that the dense population of
SFT will become the main source of the vacancy flux
reaching the loops decorating the grown-in dislocations.
Furthermore, the glide and climb of the small SIA
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Fig. 3. Loop and SFT microstructures of copper irradiated at 100 °C to 0.3 dpa: (a) loops and raft-like agglomerates of loops; (b) SFT
in the as-irradiated condition or (c) loops, dislocation segments and loose network; (d) SFT after post-irradiation annealing at 300 °C

for 50 h.

clusters during annealing are likely to coarsen the SIA
clusters/loops in the matrix and to contribute to the
shrinkage of the SFT population. Consequently, a de-
crease in the hardening level and an increase in the
ductility can be expected. This raises the possibility that
in-service annealings during reactor shutdowns might
alleviate the problem of yield drop and flow localization
and may increase the service lifetime of the respective
components.

It should be pointed out that the effects of post-ir-
radiation annealing on the yield stress of copper were
studied already in the 1960s (e.g. see [12,13]). However,
most of these experiments were limited to only low doses

and did not address the problem of yield drop and
plastic flow localization. Furthermore, in microstruc-
tural characterization, no distinctions were made be-
tween the interstitial (loop) and vacancy (SFT)
components of the microstructure. In addition, in these
earlier investigations no attempts were made to deter-
mine the correlation between the as-irradiated and post-
irradiation annealed microstructures before and after
mechanical testing.

In the present investigations of the effect of post-ir-
radiation annealing, this correlation has been studied
systematically. In addition, the dose dependence of the
evolution of both interstitial and vacancy components of
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the microstructure has been determined. The results of
transmission electron microscopy (TEM) on the as-ir-
radiated and irradiated and annealed oxygen-free high
conductivity (OFHC) copper specimens irradiated to
different doses are described in Section 3.1 and the
corresponding tensile properties are presented in Section
3.2. The post-deformation microstructures of both as-
irradiated and post-irradiation annealed OFHC-copper
specimens are illustrated in Section 3.3. The results are
discussed in Section 4. The main conclusions emerging
from the present results and their analysis are briefly
summarized in Section 5.

It is relevant to mention here that the corresponding
effects of post-irradiation annealing on the electrical
resistivity (conductivity) of the specimens studied in the
present investigations are described in [14].

2. Materials and experimental procedure

The material used in the present investigation was
thin (0.3 mm) sheet of OFHC-copper containing 10, 3,
<1 and <1 ppm, respectively, of Ag, Si, Fe and Mg. The
oxygen content of this copper was found to be 34 appm.

Tensile samples of OFHC-copper were irradiated in
the DR-3 reactor at Rise National Laboratory. Prior to
irradiation, the OHFC copper samples were annealed at
550 °C for 2 h in a vacuum of 10~° bar. The resulting
grain size and dislocation density were about 30 um and
<10"> m~2, respectively. The tensile specimens were ir-
radiated at 100 °C to different dose levels in the range
0.01-0.3 dpa (NRT). All specimens were irradiated with
a displacement damage rate of ~5 x 10~% dpa (NRT)/s.
A subset of the irradiated specimens were given a post-
irradiation annealing treatment of 300 °C for 50 h under
vacuum (<10~° bar). Unirradiated, as-irradiated and
post-irradiation annealed specimens were tensile tested
in an Instron machine at a strain rate of 1.2 x 1073 s7!,
Tensile tests were carried out at 100 °C in vacuum
(<1077 bar). The test temperature of 100 °C was reached
within 30 min.

Characterization of the microstructure of the various
samples was performed using a JEOL 2000FX trans-
mission electron microscope (TEM). Both unirradiated
and irradiated specimens were twin-jet electropolished in
a solution of 25% perchloric acid, 25% ethanol and 50%
water at 11 V for about 15 s at ~20 °C. The post-de-
formation microstructure of the as-irradiated and post-
irradiation annealed samples were also investigated. For
these investigations, 3 mm discs were punched out of the
gauge length of tensile specimens after they had frac-
tured during tensile tests. These discs were taken from
the portion of the gauge length closest to the fracture
surface and electropolished for TEM investigations. A
JEOL 840 scanning electron microscope was used to
characterize the fracture surfaces.

3. Experimental results

3.1. As-irradiated and irradiated and annealed micro-
structures

The microstructure of the as-irradiated specimens
irradiated to all four displacement doses was found to be
dominated by the presence of a high density of small
SFTs homogeneously distributed throughout the grains.
However, the microstructure also contained a much
lower density of small dislocation loops. Furthermore,
raft-like agglomerates of loops were observed at lower
magnifications in thicker areas. These loops and their
agglomerates are found to respond strongly both to ir-
radiation dose and post-irradiation annealing at 300 °C
for 50 h. Although we have not determined the character
of these small loops, we surmise that they are of inter-
stitial-type (see later). The evolution of loop, dislocation
and SFT microstructures as a function of displacement
dose and post-irradiation annealing is illustrated in Figs.
1-3.

Fig. 1(a) and (b) shows the as-irradiated micro-
structure for the specimens irradiated to a dose level of
0.01 dpa. The low magnification micrograph (Fig. 1(a))
clearly illustrates that the specimen irradiated to 0.01
dpa contains a modest density (~5 x 10> m™3) of small
resolvable loops of about 10 nm in diameter and are
homogeneously distributed. The density of these loops,
however, is likely to be an underestimate since some of
the interstitial loops and SIA clusters are likely to glide
to the surface of the thin foil due to image forces. Fig.
1(b) shows the high magnification micrograph demon-
strating the presence of small SFTs, as well as some of
the small resolvable loops (marked by arrows). The size
distribution of these SFTs is presented in Fig. 4 whereas
their mean size is quoted in Table 1.

The low and high magnification micrographs of the
specimen irradiated to 0.01 dpa and then annealed at
300 °C for 50 h are shown in Fig. 1(c) and (d), re-
spectively. The fact that the annealing has a dramatic
effect on the as-irradiated microstructure is demon-
stratably clear. The microstructure shown in Fig. 1(c)
clearly suggests that a considerable amount of migra-
tion and coalescence of the small loops (Fig. 1(a)) must
have taken place during annealing at 300 °C. This
transformation of the microstructure also supports our
assumption that the small loops are of interstitial-type.
A comparison of Fig. 1(b) and (d) clearly demonstrates
that a very large fraction of SFTs formed during irra-
diation have annealed out during annealing at 300 °C.
The size distribution of the SFTs after annealing is
shown in Fig. 4 and their mean size is presented in
Table 1.

Fig. 2 shows the low and high magnification micro-
graphs of specimens irradiated to 0.1 dpa (Fig. 2(a) and
(b)) and subsequently annealed at 300 °C for 50 h
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Fig. 4. Size distributions of SFT in copper irradiated at 100 °C
to different doses in the (a) as-irradiated condition and (b) after
post-irradiation annealing at 300 °C for 50 h. Note that the
broadening of the size distribution due to annealing is sensitive
to the irradiation dose (i.e. the microstructure prior to anneal-
ing).

(Fig. 2(c) and (d)). A comparison of Fig. 1(a) and Fig.
2(a) shows that the continued irradiation from 0.01 to
0.1 dpa causes significant changes in the resulting mi-
crostructure. The increase in the dose from 0.01 to 0.1

Table 1

dpa leads to agglomeration and coarsening of the small
loops. Furthermore, already at this dose level, the ag-
glomerates of loops begin to form a kind of a network
(Fig. 2(a)). These agglomerates of loops are, in many
ways, akin to rafts of loops observed in bcc metals (e.g.
[15]). As can be seen in Table 1, the SFT density in-
creases noticeably with increasing dose but the mean
SFT size remains almost unaltered. Fig. 2(c) and (d)
shows low and high magnification micrographs of
specimens irradiated (to 0.1 dpa) and subsequently an-
nealed at 300 °C for 50 h. As can be seen in Fig. 2(c), this
annealing treatment leads to further coarsening of the
loop microstructure. Furthermore, in some local areas a
few dislocation segments and a loose network of dislo-
cation segments are formed (Fig. 2(c)). The SFT mi-
crostructures for the as-irradiated as well as for the
irradiated and annealed specimens are shown in Fig.
2(b) and (d), respectively. The corresponding size dis-
tributions of SFTs are shown in Fig. 4 and the density
and size are quoted in Table 1.

Fig. 3 shows both the low and the high magnification
micrographs of specimens irradiated to 0.3 dpa in the as-
irradiated and irradiated and annealed conditions. As
can be seen in Fig. 3(a), the agglomerates of loops (i.e.
raft-like structure) have, in general, become somewhat
thicker compared to the ones at 0.1 dpa (Fig. 2(a)). After
annealing at 300 °C for 50 h, the microstructure contains
a relatively high density of dislocation segments
(~3x 10" m2?) and a very few interstitial loops and
their agglomerates. A similar density of dislocation
segments was found in specimens irradiated to 0.2 dpa at
100 °C and then annealed at 300 °C for 50 h. Some of
these segments are in the form of loose networks (Fig.
3(c)). It should be pointed out that some of the dislo-
cation segments still (i.e. even after annealing) appear to
be decorated with small loops. The SFT microstructures
for both as-irradiated and irradiated and annealed
specimens are shown in Fig. 3(b) and (d), respectively.
The SFT size distributions are presented in Fig. 4 and
the mean size and density of SFTs are quoted in Table 1.

Average size (ds) and number density (cs) of SFTs and number of vacancies (Ny) contained in the SFTs in the as-irradiated and post-

irradiation annealed OFHC-copper

Dose (dpa) Average size (nm) Density (102 m~3) Ny (10% m™3) Vesds (107 m™1)
As-irradiated (at 100 °C)

0.01 2.3 2.4 1.7 2.4
0.1 2.4 4.5 34 33
0.2 2.6 4.5 3.9 34
0.3 2.4 4.3 3.2 3.2
Irradiated and annealed (300 °C/50 h)

0.01 3.0 0.45 0.5 1.2
0.1 4.5 1.4 3.7 2.5
0.2 4.5 1.7 4.5 2.7
0.3 4.0 2.5 52 3.1
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TEM results on cluster (SFT) density for the as-ir-
radiated as well as irradiated and annealed specimens
are summarized in Fig. 5 as a function of irradiation
dose. Fig. 5 also shows the dose dependence of the
number of vacancies contained in the SFT population
present in the as-irradiated as well as irradiated and
annealed conditions. The number of vacancies in SFTs,
Ny, can be obtained from the relationship [16]

Ny = csndib/5.2Q, (1)

where cg is the concentration of SFTs, ds is the mean
equivalent diameter of SFTs, 5 (0.256 nm for Cu) is the
Burgers vector and @ is the atomic volume
(1.18 x 107 m? for Cu). The values of Ny are given in
Table 1. It is interesting to note here that although the
post-irradiation annealing at 300 °C causes a significant
decrease in the concentration of SFTs at all doses, the
total number of vacancies contained in the SFTs does
not seem to decrease except for the specimens irradiated
to 0.01 dpa. On the contrary, in specimens irradiated to
doses higher than 0.01 dpa (i.e. 0.1-0.3 dpa) and then
annealed at 300 °C for 50 h, the number of vacancies
contained in the SFTs has a tendency to increase with
increasing dose level (Table 1, Fig. 5(b)). The increase in
Ny is particularly marked in the specimen irradiated to
0.3 dpa (see Section 4.1 for discussion).
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Fig. 5. Dose dependence of SFT density and the number of
vacancies contained in the SFTs.

Finally, it should be mentioned that some examples
of migration of grain boundaries as well as twin
boundaries were found in specimens irradiated to doses
>0.1 dpa and then annealed at 300 °C for 50 h. As
boundaries migrate, they sweep all the irradiation-in-
duced defects, leaving behind regions free of loops and
SFTs.

3.2. Tensile properties

Both as-irradiated and post-irradiation annealed
specimens were tensile tested at the irradiation tem-
perature (i.e. 100 °C). The resulting stress—strain curves
are shown in Fig. 6. For comparison, the stress—strain
curve for the unirradiated copper is also shown in Fig.
6. Clearly, in the as-irradiated samples the yield
strength increases very sharply with increasing dis-
placement dose (see Fig. 6(a)). Already at a dose level
of 0.01 dpa, the yield strength increases by a factor of
5. At the dose level of 0.3 dpa, the upper yield strength
is almost a factor 9 higher than the 0.2% yield strength
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Fig. 6. Stress—strain curves for OFHC-copper (a) in the as-ir-
radiated condition and (b) after post-irradiation annealing at
300 °C for 50 h. Note that the annealing eliminates the occur-
rence of sharp yield point and subsequent yield drops.
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of the unirradiated copper. The increase in strength is
accompanied by a severe decrease in the uniform
elongation, work hardening ability, and total elonga-
tion. Despite this, the failure mode was found to be
ductile indicating that the material is not embrittled in
a classical sense.

The most interesting features of the results presented
in Fig. 6(a) are: (a) the appearance of upper yield point
and (b) almost a complete loss of the material’s ability to
work-harden at doses higher than 0.01 dpa. In fact, the
occurrence of an yield point begins already at the dose
level of as low as 0.01 dpa (compare the 0.01 dpa curve
and the unirradiated curve in Fig. 6(a)). Note that the
presence of a distinct yield point, as opposed to the
gradual transition to plastic flow in the unirradiated
sample, precludes the use of the offset yield strength
since the material begins to yield at a clearly defined
yield stress. The significance of the yield point and the
yield drop is discussed later (Section 4).

The tensile properties of the as-irradiated and irra-
diated and annealed specimens are given in Table 2.
The 0.2% offset yield strength cannot be taken to rep-
resent the yield strength of the as-irradiated specimens
at dose levels higher than 0.01 dpa because of the yield
drop. Hence, the upper yield strength is given for these
doses in Table 2. It is interesting to note that the in-
crease in the yield strength due to irradiation begins to
saturate above 0.1 dpa, which coincides with the satu-
ration in changes in the microstructure (see Section
3.1).

The effect of post-irradiation annealing (at 300 °C for
50 h) on the tensile behaviour of OFHC-Cu irradiated at
100 °C to different doses is presented in Fig. 6(b).
Clearly, the specimens irradiated to 0.01 dpa soften very
substantially and become considerably more ductile af-
ter annealing. The specimens irradiated to 0.1 dpa and
above are less influenced by the post-irradiation an-
nealing. The decrease in the yield strength due to an-
nealing is less than a factor of two for specimens
irradiated to 0.1, 0.2 and 0.3 dpa. However, it is signif-
icant that in all three cases, the problem of yield drop is
eliminated by annealing at 300 °C. Furthermore, the

post-irradiation annealed specimens exhibit some rea-
sonable amount of work hardening as well as uniform
elongation. It is interesting to note that no yield point is
present in the annealed 0.3 dpa specimen (Fig. 6(b)) even
though the cluster density is the same as that in the as-
irradiated 0.01 dpa specimen and the average cluster size
is larger.

In order to facilitate the discussion of irradiation-
induced hardening, the dose dependence of the upper
yield stress (o}) and 0.2% offset yield stress (g92) is
presented in Fig. 7 for the as-irradiated and irradiated
and annealed OFHC-Cu. In both cases, the yield stress
increases rapidly up to a dose level of 0.1 dpa. Beyond
this dose level, there is a very small increase in the yield
stress with increasing dose level.

3.3. Post-deformation microstructure

The post-deformation microstructures described in
this section refer to the microstructures present in the
tensile specimens after they had fractured during tensile
tests. Specimens irradiated to only the lowest (0.01 dpa)
and the highest (0.3 dpa) dose levels were investigated
for the deformed microstructures in the as-irradiated
and post-irradiation annealed conditions. Fig. 8 shows
micrographs of specimens irradiated to 0.01 dpa and
then tensile tested in the as-irradiated condition at 100
°C. Although the plastic deformation in the 0.01 dpa
specimen occurs mainly in a homogeneous fashion (Fig.
8(a)), the presence of cleared channels were frequently
observed (e.g. Fig. 8(b)). Some of the cleared channels
were found to be completely free of defect clusters but
there were others that still contained a sizeable popula-
tion of defect clusters. Furthermore, deformation-in-
duced dislocations were found to be present in the
volume of materials between the channels. The width
of the cleared channels varied between about 100 and
250 nm.

The deformation microstructure in the 0.3 dpa
specimens tested in the as-irradiated condition was
substantially different from that in the 0.01 dpa speci-
mens. In the case of 0.3 dpa specimens, the deformation

Table 2

Tensile properties of OFHC-copper tested at 100 °C in the unirradiated, as-irradiated and post-irradiation annealed conditions
Dose (dpa) Post-irradiated annealing oy (MPa) 00> (MPa) Omax (MPa) &2 (%) & (%)
Unirradiated - 30 190 56 63
0.01 No post-irradiated annealing 155 155 195 24 26
0.1 245 - 245 - 23
0.2 250 - 250 - 20
0.3 265 - 265 - 22
0.01 300 °C for 50 h No distinct 68 170 39 43
0.1 yield point 135 208 25 28
0.2 145 215 24 26
0.3 150 220 23 26
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Fig. 7. Dose dependence of the upper yield stress tested in the
as-irradiated condition and 0.2% offset yield stress tested in the
irradiated and annealed condition.

Fig. 8. Post-deformation microstructure of OFHC-copper ir-
radiated at 100 °C to 0.01 dpa and tensile tested in the as-ir-
radiated condition at 100 °C. Note that the deformation occurs
both (a) in the homogeneous fashion and (b) localized fashion
in the form of ‘cleared’ channels.

microstructure in the as-irradiated condition was dom-
inated by the presence of cleared channels, with some
dislocation activities in the regions between the cleared
channels (see Fig. 9(a) and (b)). TEM observations
suggest that at least some of the cleared channels might
have originated at the inclusion—matrix interfaces (Figs.
8(b) and 9(b)). The frequency of the cleared channel
formation in the 0.3 dpa specimens was considerably
higher than that in the 0.01 dpa specimens. The width of
cleared channels also in 0.3 dpa specimens varied be-
tween about 100 and 250 nm (similar to that in the 0.01
dpa specimens).

Fig. 10 shows the deformation microstructure of 0.01
dpa specimen which was tensile tested after post-irradi-
ation annealing at 300 °C for 50 h. The annealed sample
deforms in a homogeneous fashion and exhibits a de-
formed microstructure similar to the unirradiated cop-
per in which a strong cell structure has developed during
deformation (see Fig. 10). There was no clear evidence
for the formation of cleared channels in the 0.01 dpa

Fig. 9. Same as Fig. 8 but irradiated to 0.3 dpa. Note that some
of the cleared channels seem to have originated at relatively
large inclusions.
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Fig. 10. Post-deformation microstructure of OFHC-copper ir-
radiated at 100 °C to 0.01 dpa and then tensile tested after post-
irradiation annealing at 300 °C for 50 h. No cleared channels
were observed in these specimens.

annealed specimen tensile tested at 100 °C. However, in
some local areas there were indications of the initiation
of cleared channels.

Fig. 11(a) and (b) illustrates the deformed micro-
structures of the post-irradiation annealed sample which
was irradiated to 0.3 dpa. The specimen deforms pre-
dominantly in a homogeneous fashion (Fig. 11(a)).
However, in some regions evidence of localized defor-
mation and cleared channel formation were also ob-
served (Fig. 11(b)).

4. Discussion
4.1. Microstructural evolution and recovery

The results described in the preceding section suggest
that in order to understand the mechanical response of
irradiated materials, it is important to understand the
evolution not only of vacancy but also of interstitial
component of the microstructure as a function of irra-
diation dose. The results also demonstrate that the an-
nealing kinetics of both vacancy and interstitial type of
defect clusters during post-irradiation annealing are af-
fected by the as-irradiated microstructure. The experi-
mental results point to two specific features of the
microstructural evolution that should be taken into ac-
count while treating the kinetics of annealing of defect
clusters and the mechanisms of irradiation hardening
and they are:

1. The change in the spatial distribution of interstitial
loops from homogeneous to inhomogeneous (i.e.
the formation of raft-like agglomerates of loops) with
increasing irradiation dose.

Fig. 11. Same as in Fig. 10 but irradiated to 0.3 dpa. Note that
the deformation occurs in (a) homogeneous as well as (b) lo-
calized fashion.

2. Although the density of SFTs decreases due to the
post-irradiation annealing at 300 °C for 50 h, the
number of vacancies contained in the SFTs decreases
significantly but only in the specimens irradiated to
0.01 dpa (see Fig. 5).

The problem of the microstructural evolution under
cascade damage condition is complicated because of the
one-dimensional transport of glissile interstitial clusters
(e.g. [17,18]). Further complication arises from the
possibility that the one-dimensionally diffusing intersti-
tial clusters may change their direction of motion before
reaching a sink (see [18,19]). Recently, it has been shown
that these problems can be treated properly within the
framework of the production bias model (PBM) (see
[18,19] for a review). However, these treatments (i.e. in
[5,6,18,19]) have been limited to the void swelling tem-
perature regime (i.e. above the recovery stage V). At
present no detailed treatment is available which can
describe quantitatively the microstructural evolution in
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copper, for example, at 100 °C. The formation of the
raft-like agglomerates of interstitial loops at doses be-
yond 0.01 dpa is, on the other hand, at least qualitatively
consistent with the results of analytical calculations
predicting decoration of dislocations with small inter-
stitial loops and the formation of rafts of loops during
irradiation with cascade-producing projectiles [5,6]. The
formation of raft-like agglomerates of loops at higher
(>0.01 dpa) doses implies that the grown-in dislocations
may also get decorated by small interstitial loops.

As described in Section 3.1, the raft-like agglomerates
of loops formed during irradiation to doses of 0.1 dpa
and above transform into dislocation segments and a
loose network of these segments during the post-irradi-
ation annealing at 300 °C for 50 h. A qualitative ex-
planation of this transformation may be that the closely
spaced loops in the raft-like agglomerates of loops in-
teract with each other and get linked via further glide or/
and conservative climb, forming dislocation segments.
These segments then may interact and form a network.

The results shown in Table 1 and Fig. 4 provide
sufficient evidence to conclude that the level of irradia-
tion dose itself has a noticeable impact on the annealing
kinetics of SFTs. It can be seen, for example, that only in
the case of specimens irradiated to 0.01 dpa a substantial
amount (~70%) of vacancies anneal out during post-
irradiation heat treatment at 300 °C for 50 h. This
happens primarily via annealing out of about 80% of the
SFT population (Table 1) without any significant
amount of coarsening of SFTs. In specimens irradiated
to higher doses (0.1-0.3 dpa), on the other hand, the
decrease in the concentration of SFTs due to annealing
seems to be related to some kind of coarsening process
with the result that the net number of vacancies con-
tained in the surviving SFTs does not seem to decrease
during the post-irradiation heat treatment at 300 °C. If
anything, the indication is that the SFTs, for instance, in
the 0.3 dpa irradiated specimens collect even more va-
cancies during annealing.

At present, there is no clear and obvious explanation
for this complicated annealing kinetics of SFTs. It is
worth pointing out, however, that during irradiation of
pure copper in a fission reactor such as DR-3 at Risg, a
considerable amount of Ni and Zn atoms will be gen-
erated via transmutational reactions (e.g. 0.28% Ni/dpa
and 0.26% Zn/dpa) during irradiation [20]. This means
that even at the low dose level of 0.01 dpa, a total of 54
ppm of Ni and Zn atoms will accumulate in copper. This
impurity level can be taken to be of the same order of
magnitude as the residual impurity content of the copper
specimens used in the present investigations (~15 ppm,
see Section 2). In other words, neither the accumulation
nor the thermal annealing of the vacancy and interstitial
clusters may be seriously affected by these impurities
produced during irradiation. At the dose levels of 0.1-
0.3 dpa, on the other hand, the accumulated amount of

impurities will be 540-1620 ppm, respectively. It is quite
possible then that these considerably higher levels of
impurity atoms may have significant effects on the mi-
crostructural evolution process during irradiation and
the recovery kinetics during post-irradiation annealing
of both vacancy and interstitial type of defect clusters.
Clearly, further investigations are necessary to identify
and quantify the role of transmutational as well as re-
sidual impurity atoms in controlling the microstructural
evolution during irradiation and thermal recovery of
defect clusters during post-irradiation annealing.

4.2. Hardening and yield drop

The observations showing large increase in the upper
yield stress and a marked yield drop in the as-irradiated
copper are consistent with the CISH model [1,5]. In
other words, during irradiation most of the grown-in
dislocations in copper are likely to get decorated by
small SIA clusters or loops (see [5,6] for detailed calcu-
lations). In view of the fact that raft-like agglomerates of
loops are formed throughout the specimens irradiated to
0.1 dpa and above and that the extent of agglomeration
increases with increasing dose levels (see Section 3.1), it
is distinctly possible that the grown-in dislocations get
decorated with an atmosphere of small interstitial loops.
This would be consistent with the observations of dis-
location decoration and the formation of rafts of loops
in neutron irradiated single crystal molybdenum [15] and
also with the predictions of the analytical calculations of
dislocation decoration [5,6] under cascade damage con-
ditions. This means that when dislocations get exten-
sively decorated, they cannot act as Frank—Read sources
until the applied stress acting on the decorated disloca-
tions reaches a high enough value to ‘free’ the disloca-
tions from their decoration. This level is determined by
the spacing between the loops in the decoration, the loop
size and the stand off distance between the row of loops
(forming the decoration) and the dislocation core [1,5].

Consequently, the initiation of the plastic deforma-
tion does not occur until this high stress value is reached
and hence an increase in the upper yield stress. Unlike
the unirradiated material, the presence of a sharp yield
point or yield drop indicates that no significant genera-
tion or movement of dislocations occurs until the yield
point is reached. The occurrence of the yield drop can
therefore be understood in terms of a sudden generation
of a large number of dislocations either from some of the
weakly locked dislocations or/and at the points of stress
singularities where the local stress is considerably higher
than the applied stress (e.g. at grain boundary triple
points, inclusions etc.). Recently, detailed computer
simulations have been carried out to determine the stress
levels at which dislocations could be unlocked from their
atmosphere [8,21] and the results agree well with the
results of analytical calculations reported earlier [1,6].
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It is reasonable to suggest that the removal of the
yield drop or sharp yield point due to the post-irradi-
ation annealing at 300 °C may be linked directly to a
partial or complete annihilation or significant coars-
ening of the atmosphere of SIA clusters or loops dec-
orating the grown-in dislocation. As described in
Section 3.1, both SFTs and interstitial clusters coarsen
during annealing at 300 °C and the raft-like agglom-
erates of loops get transformed into dislocation seg-
ments and their loose network. Since SFTs are sessile,
their coarsening can only occur via evaporation and
growth mechanism (i.e. Oswald ripening). This means
that at least some of the vacancies evaporating from
SFTs are likely to interact with the interstitial clusters
in the decoration, making them shrink to the extent
that they may become glissile. Once glissile, these SIA
clusters either will be absorbed into the dislocation core
or will interact with other loops in the decoration. An
even more potent mechanism for the coarsening of the
loops in the decoration and the loss of loops to the
dislocation is likely to be an increase in the frequency
of Burgers vector changes and in the velocity of con-
servative climb of sessile SIA clusters at the annealing
temperature of 300 °C (see [5]). The resulting coars-
ening of the loops and their loss to the dislocations
would cause an increase in the ‘stand off’ distance [1]
and in the spacing between the loops in the decoration.
Consequently, the stress necessary to unlock the dis-
location from the decoration will decrease (see Eq. (8)
in [1]) to such a low level that most of the dislocations
in the annealed copper will be operating as dislocation
sources leading to global dislocation generation. Under
these conditions, the source hardening will be masked
by barrier and work hardening [5]. This is what we
observe in our experiments.

According to the DBH model, the increase in the
shear stress due to irradiation should scale with (csds)l/ 2
(see Eq. (1) for the definition of these parameters). The
experimentally observed change in the yield stress due to
irradiation (Table 1) is plotted against (csafs)l/2 in Fig.
12 for the as-irradiated as well as post-irradiation an-
nealed cases. The defects included in the calculation of
(csds)l/ 2 are limited to the SFT given that the loops and
dislocations are present in much lower densities, and
therefore do not contribute significantly to the yield
strength. Fig. 12 exhibits two interesting features. First,
the irradiation-induced hardening in the as-irradiated
samples increases very rapidly with (csds)'/ 2. This is
consistent with earlier results (see Fig. 2 in [12]). Sec-
ondly, except for the dose level of 0.01 dpa, the increase
in the yield stress at a given value of (csds)"? is con-
siderably higher in the case of the as-irradiated than that
in the post-irradiation annealed case. Note that the
(csds)l/ * values for the post-irradiation annealed sam-
ples are nearly as high as that measured in the as-irra-
diated sample irradiated to doses greater than 0.01dpa,
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Fig. 12. Variation of irradiation hardening with (Csds)l/ 2,
yet there are clear differences in the tensile behaviour
(see the tensile curves in Fig. 6).

The presence of the yield drop and the large dis-
crepancy in yield strength between the as-irradiated and
post-irradiation annealed conditions for a given (csds)'"/
value clearly show that the yielding behaviour in the as-
irradiated materials cannot be rationalized in terms of
DBH model (see [1] for detailed discussion). These dif-
ferences illustrate that the increase in the yield stress in
the as-irradiated specimens is not controlled by the ho-
mogeneously distributed SFTs, but rather by some type
of pinning of the Frank-Read sources as proposed in the
CISH model. In contrast, the yielding behaviour in
the post-irradiation annealed samples seems to follow
the DBH model where the SFTs and other defects
formed after annealing provide resistance to the motion
of gliding dislocations. Pinning of the dislocations may
still occur in the post-irradiation annealed samples, but
does not control the yielding behaviour in a global sense.

The significant amount of recovery that takes place in
the specimen irradiated to 0.01 dpa due to annealing at
300 °C for 50 h is qualitatively consistent with the results
of Makin [12] for copper irradiated to 4 x 10~* dpa and
annealed at 306 °C for 93 h (Fig. 18 in [12]). However,
the rather limited recovery in tensile properties of
specimens irradiated to doses of >0.1 dpa and given a
post-irradiation annealing treatment at 300 °C for 50 h
cannot be explained at present with a high degree of
certainty. This limitation arises from the fact that the
damage production and accumulation during neutron
irradiations are rather complicated even in the case of
pure copper since single defects, their clusters and the
transmutational impurities (see Section 4.1) are gener-
ated continuously and concurrently. Furthermore, the
residual impurity atoms as well as transmutational im-
purities may segregate on the grown-in dislocations and
SIA clusters produced during irradiation. The segrega-
tion of impurity atoms on SIA clusters may alter their
mobility as well as thermal stability. Consequently, the
density of accumulated SIA clusters may increase with
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dose since transmutational impurities are produced
continuously. As described in Section 3.1, during irra-
diation to doses of 0.1 dpa and above, the clusters and
loops form raft-like agglomerates. During the post-ir-
radiation annealing at 300 °C these raft-like agglomer-
ates get transformed into dislocation segments and a
network of dislocation is formed in specimens irradiated
to doses of 0.1 dpa and above. Naturally, the presence of
these dislocations would contribute to the yield strength
as well as work hardening.

It could be that the SIA clusters decorated with im-
purity atoms may act as somewhat harder obstacles to
dislocation motion than the ‘pure’ loops or clusters
which may help retain the high strength after post-ir-
radiation annealing (compared to the unirradiated con-
dition). Furthermore, the presence of SFTs is also
expected to contribute to hardening, particularly in the
case of annealed specimens where deformation occurs
homogeneously.

4.3. Plastic flow localization

Finally, let us consider the question of plastic flow
localization and cleared channel formation. In this con-
sideration it is important, first of all, to distinguish be-
tween the local events such as formation of cleared
channels observed in the TEM and the global response of
the material reflected in the stress—strain curves obtained
during tensile tests. If, for example, during a tensile test
the plastic flow localization in the form of cleared chan-
nels was to occur only in a small fraction of the total
volume of the specimen and concurrently dislocations
were generated in the rest of the volume (including the
volume between the cleared channels), the stress-strain
curve would not be expected to reflect the effect of flow
localization since the materials response is dominated by
dislocation generation and homogeneous deformation.
This is what seems to happen in the case of 0.01 dpa
specimens tested in the as-irradiated condition (see Fig. 8)
and in the case of 0.3 dpa specimens tested after post-ir-
radiation annealing at 300 °C (see Fig. 11). In contrast,
when plastic deformation is overwhelmingly dominated
by flow localization in the form of cleared channels and
no fresh dislocations are generated in the volume between
the channels, the stress—strain curve exhibits a sharp yield
point and a yield drop followed by very little or no work
hardening. This has been shown to be the case, for ex-
ample, in copper irradiated at 47 °C to a dose level of 0.2
dpa and deformed at ~22 °C [22]. In the present experi-
ment, copper specimens irradiated at 100 °C to 0.3 dpa
and tested in the as-irradiated condition at 100 °C exhibit
a mixed behaviour. The stress—strain curves (Fig. 6)
clearly show, for instance, the occurrence of yield drop
and the post-deformation microstructure (Fig. 9) illus-
trates the formation of cleared channels. However, Fig. 6
also shows that the yield drop is followed by a reasonable

amount of work hardening which must be caused by
homogeneous generation and interactions of disloca-
tions. This is consistent with the post-deformation mi-
crostructure shown in Fig. 9 which provides the evidence
for some limited amount of dislocation activities in the
volume between the cleared channels. In other words, in
copper specimens irradiated (to 0.3 dpa) and tested at
100 °C, the plastic deformation is initiated in a localized
fashion, but after the yield drop the deformation con-
tinues in a mixed mode such that dislocation activities
both in the cleard channels as well as in the volume be-
tween the channels contribute to the plastic strain.

From the practical application point of view, it is, of
course, important that the post-irradiation annealing
eliminates the problem of yield drop and reinstates en-
ough uniform elongation to render the material useful
again. This points to the possibility that in-service
annealings during reactor shut downs might be useful in
containing the problem of loss of ductility and may help
increase the service lifetime of copper-based components
in a fusion reactor. However, the fact that the annealing
of specimens irradiated to dose levels of >0.1 dpa shows
only a limited amount of recovery in strength and duc-
tility and provides evidence for localized deformation in
the form of ‘cleared’ channels suggesting that caution
should be exercised in drawing optimistic conclusions
from the present results. It could be, for example, that
the re-irradiation of the partly recovered materials may
once again induce an increase in the yield stress leading
to yield drop and decrease in uniform elongation, but
the dose dependence of this behaviour is unknown. This
uncertainty needs to be resolved by experimental inves-
tigations using several cycles of irradiations and post-
irradiation annealings.

5. Conclusions

On the basis of the present results and their discus-
sion, the following conclusions can be drawn:

o In the as-irradiated specimens, formation of raft-like
agglomerates of loops is observed at doses above 0.01
dpa, and these agglomerates grow with increasing
dose. Post-irradiation annealing transforms these ag-
glomerates into dislocation segments.

o Almost 80% of the SFT population in the specimen ir-
radiated to 0.01 dpa is annealed out during post-irradi-
ation annealing at 300 °C for 50 h. However, in
specimens irradiated to higher doses (0.1-0.3 dpa),
the post-irradiation heat treatment does not cause
any net reduction in the number of vacancies con-
tained in the SFTs. On the contrary, the SFTs exhibit
a tendency to acquire additional vacancies during an-
nealing.

e The post-irradiation annealing at 300 °C for 50 h
(following irradiation at 100 °C) causes only a partial
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recovery in the yield strength. Neither the yield stress
nor the uniform elongation recover to the level ob-
served in the unirradiated specimens. The magnitude
of the recovery is found to be dependent on the dis-
placement dose level.

e The post-irradiation annealing eliminates the prob-
lem of yield drop in OFHC-copper and reinstates en-
ough of uniform elongation to render the materials
potentially useful again.

e During deformation cleared channels are formed in
all specimens both in the as-irradiated and post-irra-
diation annealed conditions except for the specimen
irradiated to 0.01 dpa and then annealed at 300 °C.
The frequency of cleared channel formation increases
with increasing yield stress.

e More detailed and systematic experiments are neces-
sary to identify the appropriate mechanism(s) re-
sponsible for causing recovery in OFHC-copper.

e The presence of the yield drop in the as-irradiated
specimens and the subsequent disappearance of the
yield drop after post-irradiation annealing strongly
indicate that the Frank-Read sources were pinned
in the as-irradiated samples.

e [tis pointed out that the effect of transmutatinal impu-
rities (e.g. Niand Zn) on the microstructural evolution
duringirradiation and the recovery kinetics of both va-
cancy and interstitial type clusters during post-irradia-
tion annealing need to be carefully evaluated.
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