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Abstract Tensile specimens of OFHC-copper were irradiated with fission neu-
trons in the DR-3 reactor at Ris0 National Laboratory at 100°C to different dis-
placement dose levels in the range of 0.01 to 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 at 300°C for 50 h and subse-
quently tested at 100°C. Transmission electron microscopy was used to charac-
terize the microstructure of specimens in the as-irradiation as well as irradiated
and annealed conditions both before and after tensile deformation. The results
show that while the interstitial loop microstructure coarsens with irradiation
dose, no significant changes are observed in the population of stacking fault tet-
rahedra. The results also illustrate that the post-irradiation annealing leads to
only a partial recovery and that the level of recovery depends on the irradiation
dose level. However, the post-irradiation annealing eliminates the problem of
yield drop and reinstates enough uniform elongation to render the material use-
ful again. These results are discussed in terms of the cascade induced source
hardening (CISH) and the dispersed barrier hardening (DBH) models. Both
technological and scientific implications of these results are considered.
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1 Introduction
It is well established that neutron irradiation at temperatures below the recovery
stage V (i.e. < 0.4 Tra where Tm is the melting temperature) causes a substantial
amount of hardening and a severe reduction in the ductility of metals and alloys.
Furthermore, the irradiated materials generally lose their ability to deform ho-
mogeneously and to work harden and suffer from plastic instability (i.e. yield
drop and necking). This behaviour has been observed in fee, bec and hep metals
and alloys (see References 1 and 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 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 so called "dispersed barrier hardening" (DBH)
model proposed originally by Seeger [3] as "zone theory" for radiation harden-
ing. The zone theory and hence the DBH model is a modified form of Orowan
theory [4] for the "by-passing" of impenetrable obstracles by the bowing of dis-
location segments around them. However, in the case of irradiated materials
containing soft obstracles in the form of small loops and stacking fault tetrahe-
dra (SFTS) the applicability of the DBH model is questionable. Furthermore, the
DBH model is unable to predict the experimental observations of yield drop and
plastic flow localization in these materials tested at temperatures below the re-
covery stage V.

To overcome these problems, Singh, Foreman and Trinkaus [1] proposed 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 conditions, the grown-in dislocations get decorated by
one-dimensionally migrating clusters of self-interstitial atoms (SIAS). In anal-
ogy with Cottrell atmosphere [5], the decoration "locks" the dislocations and
prevents them from acting as dislocation sources until 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 up-
per yield stress. At this high stress level, dislocations are likely to be released
from the moderately decorated dislocations and points of stress/strain singulari-
ties (e.g. surfaces, interfaces, grain boundaries). 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 plas-
tic flow localization can be prevented by removing the atmosphere of loops
decorating the grown-in dislocations. This can, at least, in principle be achieved
by post-irradiation annealing at or above the recovery stage V since the popula-
tion of interstitial loops decorating the dislocations may anneal out by the flux
of vacancies, may get absorbed into the dislocations or may coalesce by glide or
conservative climb during the annealing. Since small SFTS formed during
irradiation are expected to emit vacancies during annealing at temperature
above the recovery stage V, it is reasonable to speculate that the dense
population of SFTS 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 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 decrease 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
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downs 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-irradiation annealing on the
yield stress of copper were studied already in the 1960s (e.g. see [6,7]). How-
ever, most of these experiments were limited to only low doses and did not ad-
dress the problem of yield drop and plastic flow localization. Furthermore, in
microstructural characterization, no distinctions were made between the intersti-
tial (loop) and vacancy (SFT) components of the microstructure. In addition, in
these earlier investigations no attempts were made to determine the correlation
between the as-irradiated, and irradiated and annealed microstructures before
and after mechanical testing.

In the present investigations of the effect of post-irradiation annealing, this
correlation has been studied systematically. In addition, the dose dependence of
the evalution of both-interstitial and vacancy components of the microstructure
has been determined. The results of transmission electron microscopy (TEM) on
the as-irradiated and irradiated annealed OFHC-copper 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 irradiated and 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 Reference 8.

2 Materials and Experimental Pro-
cedure

The material used in the present investigation was thin (0.3 mm) sheet of oxy-
gen-free high conductivity (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 (see Figure 1) of OFHC copper were irradiated in the DR-3
reactor at Ris0 National Laboratory. Prior to irradiation, the OHFC copper sam-
ples were given a solution annealing treatment of 550°C for 2 hour in a vacuum
of 10"6 toor. The resulting grain size and dislocation density were about 30 \xm
and < 1012 m'2, respectively. The tensile specimens were irradiated at 100°C to
different dose levels in the range 0.01 to 0.3 dpa (NRT). All specimens were
irradiated with a displacement damage rate of ~5 x 10"8 dpa (NRT)/s. A subset
of the irradiated specimens were given a post-irradiation annealing treatment of
300°C for 50 hours under vacuum (< 10"5 torr). Unirradiated, as-irradiated and
post-irradiation annealed specimens were tensile tested in an Instron machine at
a strain rate of 1.2 x 10"3 s"1. Tensile tests were carried out at 100°C in vacuum
(< 10"4 torr). 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 transmission electron microscope (TEM). Both unirradi-
ated and irradiated specimens were twin-jet electropolished in a solution of 25%
perchloric acid, 25% ethanol and 50% water at 1IV for about 15s at ~20°C. The
post-deformation microstructure of the as-irradiated and post-irradiation an-
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nealed 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 investiga-
tions. A JEOL 840 scanning electron microscope was used to characterize the
fracture surfaces.

3 Experimental Results

3.1 As-Irradiated and Irradiated and Annealed
Microstructures
The microstructure of the as-irradiated specimens irradiated to all four dis-
placement doses was found to be dominated by the presence of a high density of
small stacking fault tetrahedral (SFTS) homogeneously distributed throughout
the grains. Examinations of these specimens at lower magnifications demon-
strated, however, that the microstructure also contained "black dot" damage,
loops and raft-like agglomerates of loops. These loops and their agglomerates
are found to respond more strongly both to irradiation dose and post-irradiation
annealing at 300°C for 50 hours. Although we have not determined the charac-
ter of these black dots and resolvable loops, we surmise that they are of intersti-
tial type (see later). The evolution of loop, dislocation and SFT microstructures
as a function of displacement doses and post-irradiation annealing is illustrated
in Figures 2-4.

Figure 2 (a,b) shows the as-irradiated microstracture for the specimens irradi-
ated to a dose level of 0.01 dpa. The low magnification micrograph (Figure 2a)
clearly illustrates that the specimen irradiated to 0.01 dpa contains a modest
density (~ 5 x 1021 m'3) of "black dot" damage and small resolvable loops. The
clearly resolvable loops are about 10 nm in diameter and both the black dots and
loops are homogeneously distributed. Figure 2b shows the high magnification
micrograph demonstrating the presence of small SFTS. The size distribution of
these SFTS is presented in Figure 5 whereas their mean size is quoted in Table
1. It should be noted that some of the resolvable loops (Figure 2a) are clearly
visible also in Figure 2b (marked by arrows).

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 Figure 2c and Figure
2d, respectively. The fact that the annealing has a dramatic effect on the as-
irradiated microstructure is demonstratably clear. The microstructure shown in
Figure 2c clearly suggests that a considerable amount of migration and coales-
cence of the black dot damage and the loops (Figure 2a) must have taken place
during annealing at 300°C. This transformation of the microstructure also sup-
ports our assumption that the black dot damage and small loops are of intersti-
tial type. A comparison of Figures 2b and 2d clearly demonstrates that a very
large fraction SFTS formed during irradiation have annealed out during anneal-
ing at 300°C. The size distribution of the SFTS after annealing is shown in Fig-
ure 5 and their mean size is presented in Table 1.

Figure 3 shows the low and high magnification micrographs of specimens ir-
radiated to 0.1 dpa (Figures 3a, b) and subsequently annealed at 300°C for 50 h
(figures 3c, d). A comparison of Figure 2a and Figure 3a shows that the contin-
ued irradiation from 0.01 to 0.1 dpa causes significant changes in the resulting
microstructure. The increase in the dose from 0.01 to 0.1 dpa leads to agglom-
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eration and coarsening of the black dot damage and the loops. Furthermore, al-
ready at this dose level, the agglomerates of loops begin to form a kind of a
network of loop agglomerates (Figure 3a). These agglomerates of loops are, in
many ways, akin to rafts of loops observed in bcc metals (e.g. [9]). As can be
seen in Table 1, the SFT density increases noticeably with increasing dose but
the mean SFT size remains almost unaltered. Figures 3c and 3d show low and
high magnification micrographs of specimens irradiated (to 0.1 dpa) and subse-
quently annealed at 300°C for 50 h. As can be seen in Figure 3c, 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 deslocation
segments are formed (Figure 3c). The SFT microstructures for the as-irradiated
as well as for the irradiated and annealed specimens are shown in Figures 3b
and 3d, respectively. The corresponding size distributions of SFTS are shown in
Figure 5 and the density and size are quoted in Table 1.

Figure 4 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 Figure 4a, the agglomerates of loops (i.e. raft-like
structure) have, in general, become somewhat thicker compared to the ones at
0.1 dpa (Figure 3a). After annealing at 300°C for 50 h, the microstructure con-
tains a relatively high density of dislocation segments (~ 3 x 1014 m"3) and a
very few interstitial loops and their agglomerates. A similar density of disloca-
tion segments was found in specimens irradiated to 0.2 dpa at 100°C and then
annealed at 300°C for 50h. Some of these segments are in the form of loose
networks (Figure 4c). It should be pointed out that some of the dislocation seg-
ments 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 Figures 4b and 4d, respectively. The SFT size distribu-
tions are presented in Figure 5 and the mean size and density of SFTS are quoted
in Table 1.

TEM results on cluster (SFT) density for the as-irradiated as well as irradiated
and annealed specimens are summarized in Figure 6 as a function of irradiation
dose. Figure 6 also shows the dose dependence of the number of vacancies con-
tained in the SFT population present in the as-irradiated as well as irradiated
and annealed condition. The number of vacancies in SFTS, Nv, can be obtained
from the relationship [10]

Nv = cs-7i d2
x-bl52Q. (1)

where Cs is the concentration of SFTS, ds is the mean equivalent diameter of
SFTS, b (2.56A for Cu) is the Burgers vector and Q. is the atomic volume (-8.45
x 1028 m"3 for Cu). The values of Nv are given in Table 1. It is interesting to
note here that although the post-irradiation annealing at 300°C causes a signifi-
cant decrease in the concentration of SFTS at all doses, the total number of va-
cancies contained in the SFTS does not decrease significantly except for the
specimens irradiated to 0.01 dpa. The decrease in Nv for the 0.2 dpa irradiated
specimen is only about 20%. At 0.3 dpa, on the other hand, Nv is found to have
increased due to annealing!

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-induced defects, leaving behind regions free of
loops and SFTS.
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3.2 Tensile Properties
Both as-irradiated and irradiated and annealed specimens were tensile tested at
the irradiation temperature (i.e. 100°C). The resulting stress-strain curves are
shown in Figure 7. For comparison, the stress-strain curve for the unirradiated
copper is also shown in Figure 7. Clearly, the yield strength increases very
sharply with increasing displacement dose (See Figure 7a). 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 srength of the unirradiated copper. Of course, an increase in the strength
causes a decrease in the uniform elongation.

The most interesting features of the results presented in Figure 7a are (a) the
appearance of upper yield point and (b) almost a complete loss of materials abil-
ity 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 10"2 dpa (compare the
0.01 dpa curve and the unirradiated curve in Figure 7a). The significance of the
yield point and the yield drop is discussed later (Section 4).

The tensile properties of the as-irradiated and irradiated and annealed speci-
mens are given in Table 2. It should be recognized that the 0.2% offset yield
strength cannot be taken to represent the yield strength of the as-irradiated
specimens at dose levels higher than 0.01 dpa because of the yield drop. It is
interesting to note that the increase in the yield strength due to irradiation begins
to saturate above 0.1 dpa, which coincides with the saturation in changes in the
microstructure (see Section 3.1).

The effect of post-irradiation annealing (at 300°C for 50 h) on the tensile be-
haviour of OFHC-Cu irradiated at 100°C to different doses is presented in Fig-
ure 7b. Clearly, the specimens irradiated to 0.01 dpa soften very substantially
and become considerably more ductile after annealing. The specimens irradiated
to 0.1 dpa and above are less influenced by the post-irradiation annealing. The
decrease in the yield strength due to annealing is less then a factor of two for
specimens irradiated to 0.1, 0.2 and 0.3 dpa. However, it is significant that in all
three cases, the problem of yield drop is eliminated by annealing at 300°C. Fur-
thermore, the post-irradiation annealed specimens exhibit some reasonable
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 (Figure 7b)
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 (<x" ) and 0.2% offset yield stress (a 0.2) is

presented in Figure 8 for the as-irradiated and irradiated and annealed OFHC-
Cu. In both cases, the yield stress increases rapidly upto 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. This tendency is further supported by the results pre-
sented in Figure 9 showing the dose dependence of the irradiation induced in-
crease in the upper yield stress, ACT" , and the 0.2% offset yield stress, AGO.2 for
the as-irradiated as well as irradiated and annealed specimens.
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3.3 Post-Deformation Microstructure
In post-deformation microstructures described in this section refer to the micro-
structures 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 irradiated and annealed contitions. Figure 10 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 (Figure 10a), the presence of cleared
channels were frequently observed (e.g. Figure 10b). Some of the cleared chan-
nels were found to be completely free of defect clusters but there were others
that still contained a sizeable population of defect clusters. Furthermore, defor-
mation induced 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 microstructure in the
as-irradiated condition was dominated by the presence of cleared channels and
dislocation activity in the regions between the cleared channels was found to be
almost nonexistent (see Figures 1 la and lib). TEM observations suggest that at
least some of the cleared channels might have originated at the inclusion-matria
interfaces (Figures 10b and lib). The frequency of the cleared channel forma-
tion 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 to 250 nm (similar to that in the 0.01 dpa specimens).

Figure 12 shows the deformation microstructure of 0.01 dpa specimen which
was tensile tested after post-irradiation annealing at 300°C for 50 h. The an-
nealed sample deforms in a homogeneous fashion and exhibits a deformed mi-
crostructure similar to the un-irradiated copper in that a strong cell structure has
developed during deformation (see Figure 12). There was no clear evidence for
the formation of cleared channels in the 0.01 dpa annealed specimen tensile
tested at 100°C. However, in some local areas there were indications of the ini-
tiation of cleared channels.

Figures 13a and 13b illustrate the deformed microstructures of the irradiated
and annealed sample which was irradiated to 0.3 dpa. The specimen deforms
predominantly in a homogeneous fashion (Figure 13a). However, in some re-
gions evidence of localized deformation and cleared channel formation were
also observed (Figure 13b).

4 Discussion

The results described in the preceeding section suggest that in order to under-
stand the mechanical response of irradiated materials, it is important to under-
stand the evolution not only of vacancy but also of interestial component of the
microstructure as a function of irradiation dose. The results also demonstrate
that the annealing kinetics of both vacancy and interstitial type of defect clusters
during post-irradiation annealing are affected by the as-irradiated microstruc-
ture. The experimental results points to two specific features of the microstruc-
tural evolution that should be taken into account while treating the kinetics of
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annealing of defect clusters and the mechanisms of irradiation hardening and
these are:

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

(ii) althouth 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 only in the specimens irradiated to 0.01 dpa (see Figure 6).

The problem of the microstructural evolution under cascade damage condition
is complicated because of the one-dimensional transport of glissile interstitial
clusters (e.g. [11, 12]). Further complication arises from the possibility that the
one-dimensionally diffusing interstitial clusters may change their direction of
motion before reaching a sink (see [12, 13]). Recently, it has been shown that
these problems can be treated properly within the framework of the production
bias model (PBM) (see [15] for a review). However, these treatment (i.e. in
References 12 to 15) have been limited to the void swelling temperature regime
(i.e. above the recovery stage V). At present no detailed treatment is available
which can describe quantitatively the microstructural evolution in copper, for
example, at 100°C. The formation of the raft-like agglomerates of interstitial
loops at doses beyond 0.01 dpa is, on the other hand, at least qualitatively con-
sistent with the results of analytical calculations predicting decoration of dislo-
cations with small interstitial loops and the formation of rafts of loops during
irradiation with cascade producing projectiles [14, 15]. 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 0.1 dpa and above transform into dislocation segments and a
loose network of these segments during the post-irradiation annealing at 300°C
for 50 h. A qualitative explanation of this transformation may be that the closely
spaced loops in the raft-like agglomerates of loops interact with each other and
get linked via further glide or/and conservative climb, forming dislocation seg-
ments. These segments then may interact and form a loose network.

As regards the annealing kinetics of SFTS during the post-irradiation anneal-
ing, no clear and reliable explanation can be given at present. Detailed calcula-
tions are required to understand not only the energetics of vacancy dissociation
from the SFTS but also of interaction between glissile interstitial clusters and
SFTS. Such efforts are in progress and the results will be reported later.

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
enough 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 show
only a limited amount of recovery in strength and ductility and provide evidence
for localized deformation in the form of "cleared" channels suggest 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. This uncertainty needs to be resolved by ex-
perimental investigations using several cycles of irradiations and post-
irradiation annealings.
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The observations showing large increases in the upper yield stress and a
marked yield drop in the as-irradiated copper are consistent with the cascade
induced source hardening (CISH) model [1, 14]. In other words, during irradia-
tion most of the grown-in dislocations in copper are likely to get decorated by
small SIA clusters or loops (see [14, 15] for detailed calculations). In view of
the fact that raft-like agglomerates of loops are formed throughout the speci-
mens irradiated to 0.1 dpa and above and that the extent of agglomeration in-
creases 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 dislocation decoration
and the formation of rafts of loops in neutron irradiated single crystal molybde-
num [9] and also with the predictions of the analytical calculations of disloca-
tion decoration [14, 15] under cascade damage conditions. This means that
when dislocations get extensively decorated, they cannot act as Frank-Read
sources until the applied stress acting on the decorated dislocations reaches a
high enough value to "free" the dislocations from their decoration. This level is
determined by the spacing between the loops in the decoration and the loop size
[1, 14].

Consequently, the initiation of the plastic deformation does not occur until
this high stress value is reached and hence an increase in the upper yield stress.
The occurrence of the yield drop can be understood in terms of a sudden genera-
tion 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,
incoherent particles etc.). Recently, detailed computer simulations have been
carried out to determine the stress levels at which dislocations could be
unlocked from their atmosphere [16, 17] and the results agree well with the re-
sults of analytical calculations reported earlier [1, 15].

It is reasonable to suggest that the removal of the yield drop or sharp yield po-
int due to the post-irradiation annealing at 300°C may be linked directly to a
partial or complete annihilation or significant coarsening of the atmosphere of
SIA clusters or loops decorating the grown in dislocation. As described in Sec-
tion 3.1, both SFTs and interstitial clusters coarsen during annealing at 300°C
and the raft-like agglomerates 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 or interact with other loops in the decora-
tion. Even more potent mechanism for the coarsening of the loops in the decora-
tion and the loss of loops to the dislocation is likely to be an increase in the fre-
quency of Burgers vector changes and in the velocity of conservative climb of
sessile SIA clusters at the annealing temperature of 300°C (see [14]). The result-
ing coarsening 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 dislocation
from the decoration will decrease (see Equation 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 [14]. This is
what we observe in our experiments.

According to the commonly known dispersed barrier hardening (DBH) model
(originally proposed by Seeger [3] as "zone theory" of radiation hardening), the
increase in the shear stress due to irradiation should scale with (csds)'A (see
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Equation 2 in [1]). The increase in the yield stress due to irradiation measured in
the present experiments (Table 1) is plotted against (csds)'

/2 (Table 1) in Figure
14 for the as-irradiated as well as irradiated and annealed cases. Figure 14 ex-
hibits two interesting features. First, the irradiation-induced hardening increases
very rapidly with ((csds)'

/2 and reaches a saturation level already at the dose level
of about 0.1 dpa. This is consistent with earlier results (see Figure 2 in [6]). Sec-
ondly, except for the dose level of 0.01 dpa, the increase in the yield stress at a
given value of (csds)'

/2 is considerably higher in the case of the as-irradiated than
that in the irradiated and annealed case. This clearly shows that the increase in
the yield stress in the as-irradiated specimens is not being controlled by the
homogeneously distributed obstacles in the form of SFTS. Furthermore, the
occurrence of yield drop in the as-irradiated materials cannot be rationalized in
terms of DBH model (see ref. [1] for detailed discussion). Thus, the present
results are not in agreement with the predictions of the DBH model.

The present results showing that a significant amount of recovery takes place
due to annealing at 300°C for 50 h is qualitatively consistent with the results of
Makin [20] for copper irradiated to 4 x 10"3 dpa and annealed at 306°C for 93h
(Figure 18 in [6].

The fact that the observed recovery in tensile properties of specimens irradi-
ated to doses of >_0.1 dpa is rather limited after post-irradiation annealing 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 accumula-
tion during neutron irradiations is rather complicated even in the case of pure
copper since single defects, their clusters and the transmutational impurities are
generated continuously and concurrently. Furthermore, it should be recognized
that already during irradiation, the residual impurity atoms as well as transmuta-
tional impurities may segregate on the grown-in dislocations and SIA clusters
produced during irradiation. The segregation 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 dose since transmutational im-
purities are produced continuously. As described in Section 3.1, during irradia-
tion to doses of 0.1 dpa and above, the clusters and loops form raft-like ag-
glometates. During the post-irradiation annealing at 300°C these raft-like ag-
glomerates get transformed into dislocation segments and a network of disloca-
tion is formed in specimens irradiated to doses of 0.1 dpa and higher. 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 impurity atoms may act as
somewhat harder obstacles to dislocation motion than the "pure" loops or clus-
ters which may help retain the high strength after post-irradiation annealing.
Furthermore, the presence of SFTs is also expected to contribute to hardening,
particularly in the case of annealed specimens where deformation occurs homo-
geneously.

Finally, let us consider the question of plastic flow localization and cleared
channel formation. In this consideration it is important, first of all, to distinguish
between 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 cleaned channels 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 gen-
eration or homogeneous deformation. This is what seems to happen in the case
of 0.01 dpa specimens tested in the as-irradiated condition (see Figure 10) and
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in the case of 0.3 dpa specimens tested after post-irradiation annealing at 300°C
(see Figure 13). In contrast, when plastic deformation is overwhelmingly domi-
nated by flow localization in the form of cleared channels and no fresh disloca-
tions are generated in the volume between the channels, the stress-strain curve
exhibits a sharp yield point, a yield drop followed by zero work hardening and
in some cases, even work softening. The stress-strain curves (Figure 7) and the
post-deformation microstructure of specimens irradiated to 0.3 dpa and tested in
the as-irradiated condition (Figure 11) show the characteristics described above.

5 Conclusions

On the basis of the present results and their discussion, the following conclu-
sions can be drawn:

• In the as-irradiated specimens, formation of raft-like agglomerates of loops
is observed at doses above 0.01 dpa. The agglomerates grow with increasing
dose. Post-irradiation annealing transforms these loop agglomerates into dis-
location segments.

• The post-irradiation annealing at 300°C for 50 h (following irradiation at
100°C) causes recovery in the yield strength. However, the magnitude of the
recovery is found to be dependent on the displacement dose.

• The post-irradiation annealing eliminates the problem of yield drop in
OFHC-copper and reinstates enough of uniform elongation to render the ma-
terials potentially useful again.

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

• The post-irradiation annealing at 300°C for 50 h leads only to a partial re-
covery; neither the yield stress nor the uniform elongation recover to the
level observed in the unirradiated specimens.

• More detailed and systematic experiments are necessary to identify the ap-
propriate mechanism(s) responsible for causing recovery in OFHC-copper.

• The presence of yield drop in the as-irradiated specimens and the subsequent
disappearance of the yield drop after post-irradiation annealing strongly in-
dicates that the Frank-Read sources were pinned in the as-irradiated samples.
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Table 1. Average size (ds) and number density (cs) of SFTS and number of va-
cancies, Nv, contained in the SFTS in the as-irradiated and post-irradiation an-
nealed OFHC Copper.

Dose

(dpa)

0.01
0.1
0.2
0.3

0.01
0.1
0.2
0.3

Average Size

(nm)

Density

(1023 m"3)

As-Irradiated (at

2.3
2.4
2.6
2.4

Irradiated

3.0
4.5
4.5
4.0

2.4
4.5
6.5
4.3

and annealed

0.45
1.4
1.7
2.5

Nv

(1025m"3)

100°C)

1.7
3.4
5.7
3.2

(300°C/50h)

0.5
3.7
4.5
5.2

(108 rn1)

2.4
3.3
4.0
3.2

1.2
2.5
2.7
3.1

Table 2. Tensile properties of OFHC-copper tested at 100"C in the unirradi-
ated, as-irradiated and post-irradiation annealed conditions.

Dose

(dpa)

Unirr
0.01
0.1 1
0.2 J
0.3

0.01
0.1
0.2
0.3

Post irr.

annealing

No Post-Irrad
Annealing

300°C for 50 h
300°C for 50 h
300°C for 50 h
300°C for 50 h •

a;
(MPa)

-

155
245
250
265

j No distinct
f yield point

J

a02

(MPa)

30
155
-
-
-

68
135
145
150

CW
(MPa)

190
195
245
250
265

170
208
215
220

el
(%)
56
24
-
-
-

39
25
24
23

e,
(%)
63
26
23
20
22

43
28
26
26
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Figure 1. Dimensions and geometry of tensile specimens.
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Figure 2. Loop and SFT microstructures of copper irradiated at 100"C to 0.01
dpa: (a) loops (b) SFTS in the as-irradiated condition and (c) loops and disloca-
tions (d) SFTS after post-irradiation annealing at 300'C for 50 h.
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Figure 3. Loop and SFT microstructures of copper irradiated at 100"C to 0.1
dpa: (a) loops and raft-like agglomerates of loops (b) SFTS in the as-irradiated
condition and (c) large loops and dislocation segments (d) SFTS after post-
irradiation annealing at 300"Cfor 50 h.
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4. Loop and SFT microstructures of copper irradiated at lOff'C to 0.3
dpa: (a) loops and raft-like agglomerates of loops (b) SFTS in the as-irradiated
condition or (c) loops, dislocation segments and loose network (d) SFTS after
post-irradiation annealing at 300"C for 50 h.
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Figure 5. Size distributions of SFTS 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 an-
nealing is sensitive to the irradiation dose (i.e. the microstructure prior to an-
nealing).
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Figure 7. Stress-strain curves for OFHC-copper (a) in the as-irradiated condi-
tion and (b) after post-irradiation annealing at 300"C for 50 h. Note that the
annealing eliminates the occurrence of sharp yield point and subsequent yield
drops.
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Figure 8. 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 con-
dition.
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Figure 9. Variation of the increase in the yield stress due to irradiation as a
function of irradiation dose.
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Figure 10. Post-deformation microstructure of OFHC-copper irradiated at
100"C to 0.01 dpa and tensile tested in the as-irradiated 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.
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Figure 11. Same as Figure 10 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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Figure 12. Post-diformation microstructure of OFHC-copper irradiated 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.
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73. 5ame a^ m Figure 72 &M/ irradiated to 0.3 dpa. Note that the defor-
mation occurs in (a) homogeneous as well as (b) localized fashion.

28 Ris0-R-1213(EN)



0-

300

250

200

150

< 100

50

0

OFHC-Cu

O As-irradiated
• Annealed (300°C/50h)

0 1.0 2.0

TIr=Ttest=100°C

3.0
(108m~1)

4.0

300

250

200 "(5s

150 |

100 5

50

0

Figure 14. Variation of irradiation hardening with (csdJA.
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