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Abstract

The stress—strain curves corresponding to single crystals of Cu irradiated and measured at 77 K revealed the onset of
an upper and a lower yield point at fluences higher than 0.5 x 102! n m=2 (E > 0.5 MeV), which will be referred to as
the critical fluence, (¢¢).. The lower yield point is associated to the channeling dislocation phenomenon. The upper
yield point is taken as the actual yield stress. The isochronal recovery of the critical resolved shear stress (CRSS) around
Stage V (T > 450 K) in crystals irradiated at 300 K at fluences higher than (¢¢)., and at 77 K at fluences close to (¢?)c,
was studied in the present work. For both conditions, the presence of a broad recovery stage between 500 and 650 K
(Stage V) was determined. In the second case, the presence of three inflections in the isochronal recovery of the CRSS
(measured at 77 K), in the temperature sub-ranges: ~490-520; ~520-560 and ~560-620 K was observed. © 2001

Elsevier Science B.V. All rights reserved.
PACS: 61.80.Hg; 61.82.Bg

1. Introduction

Neutron irradiation in metals produces vacancy and
interstitial clusters. These defect clusters act as barriers
to dislocation movement, giving rise to a substantial
increase in the yield stress [1-3]. The value of the critical
resolved shear stress (CRSS) is representative of the
clusters present in the lattice [4-10]. This value in single
crystals of Zn increases about 5000% when irradiated
with fast neutrons at 77 K and 0.5 x 10* n m™2[11,12].
However, electrical resistivity increases only about 60%
[13].

At low irradiation temperatures, the vacancy loops
originated at the end of the atomic displacement cas-
cades (ADCs) are the dominant type of defects present
[14-25]. At 77 K, only the self-interstitial atoms are
considered to be able to migrate, while the vacancies
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remain immobile [26]. The defect cluster size is nearly
independent of fluence in Cu irradiated near room
temperature [27-29].

For higher irradiation temperatures, the migration of
point defects favors the growth of interstitial loops and
the total point defect concentration is thus lower [27,28].

The isochronal annealing of metals irradiated by
neutrons at low temperature (4.2 K) usually shows five
recovery stages. Each one is associated to the annealing
of different defects [30-34]. The recovery of the CRSS
takes place mostly in the last stage, or Stage V [35]. It
should be emphasized that Stage V in Zn irradiated at
low fluences (~0.5 x 10*! n m~2) at 77 K, was resolved
by the isochronal recovery of hardening [36] but not by
resistivity measurements [37]. In Cu, as opposed to
Stages I and III [30-34,38,39], Stage V (T > 450 K) has
been scarcely studied [25,40-42]. This stage is associated
with the dissolution of vacancy loops, which were orig-
inated in the depleted zones at the end of the cascades
produced during neutron irradiation [2,20,32]. From
isothermal and isochronal annealing studies of the
CRSS in irradiated copper with fission reactor neutrons,
an activation energy similar to that for vacancies

0022-3115/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0022-3115(01)00559-1



158 H.C. Gonzalez, M.T. Miralles | Journal of Nuclear Materials 295 (2001) 157-166

self-diffusion (2-2.5 eV) is usually associated with the
middle part of Stage V, the activation energy being an
increasing function of temperature in the involved range
[1,26,34,43-46].

In studies by TEM the accumulation of defect at
elevated temperatures [25], a lower activation energy
value (~0.84 eV) was obtained for the vacancy binding
energy of the stacking fault tetrahedron (SFT), in ir-
radiations with fission neutrons at 220-450°C, at high
damage rate 2 x 1077 dpa s™' and at a high fluence
~1.2 dpa. SFTs are the dominant vacancy cluster
morphologies in Cu irradiated at 25°C and 200°C. This
is quite different from fission neutron irradiation. In
these cases, dislocation loops are prevalent at room
temperature and SFT are observed mainly at elevated
temperatures [18].

The isochronal recovery of the CRSS around Stage V
(T > 450 K) in crystals irradiated at 300 K and at 77 K
was studied in the present work. At low fluences, lower
than 0.5 x 102 nm™2 the CRSS is well defined
[11,12,47], but at higher fluences an upper and a lower
yield point was observed in the tensile tests [2].

The purpose of the first part of the present work was
then to determine the neutron fluence (¢¢). for which an
upper and a lower yield point appear in Cu single
crystals irradiated at 77 K, when tested at 77 K in a
standard tensile test (hard machine).

Three specimens were irradiated at increasing flu-
ences, starting with 0.5 x 10*' n m~2. The choice of this
value is due to the fact that in the microtensile machine
(soft machine) [47,48] a sudden increase in the defor-
mation rate was observed when neutron fluence was
higher than 0.5 x 10*! n m~2 [49]. This increase was at-
tributed to the presence of a lower yield point in a hard
machine [47].

In Section 4.1 the following points are discussed:

o the choice of the upper yield point as the actual yield
stress in the stress—strain curves when ¢t > (¢t), and
e the relation of the lower yield point with the forma-
tion of defect-free channels by sweeping of defect clus-
ters by dislocations, i.e., dislocation channeling

[7,50,51].

The purpose of the second part of the present work was
the determination of the Stage V temperature range.
Two series of experiments were performed in neutron

irradiated Cu single crystals by isochronal recovery of
the CRSS, measured at the reference temperature of 77
K. In the first series the conditions were irradiation
temperature 300 K, and a fluence two orders of mag-
nitude higher than (¢¢).. These experimental conditions
reproduce those used in the few published papers in
which similar techniques were used [1,43]. In the second
series the conditions were 77 K and a fluence ~(¢t).

To the authors’ knowledge, isochronal recovery of
radiation hardening has not been studied before under
experimental conditions similar to those of the present
work [1,35,43]. Some isothermal recovery determina-
tions of neutron radiation hardening were performed in
Cu in the temperature range 275-385°C by Makin
[43,46,52] and by Blewitt et al. [1]. Both authors irradi-
ated their specimens at ~30°C and high fluences
(>102 n m™?) and the tests were performed at 77 and
300 K.

The presence of inflections in the experimental
curves, at 77 K and a fluence ~(¢1), will be discussed in
Section 4.2.

2. Experimental details
2.1. Production and preparation of specimens

Single crystal rods of 3 mm x 3 mm square cross-
section, a gauge length of 30 mm and spherical heads
6.35 mm in diameter, were obtained for this study, by a
modified Bridgman technique of gradual solidification
from the melt [11,12], in vacuum. Specimens Cu-1, Cu-2
and Cu-3 were used for the determination of the critical
fluence at which dislocation channeling is observed in
Cu (see Table 1), and specimens Cu-4, 5, 6, 7, 8,9 and 10
for the study of Stage V, respectively (see Table 2).

The specimens were prepared using 99.999% high
purity copper rods supplied by Johnson—Matthey as
starting material [18,53]. Three crystals of identical ori-
entation were produced by solidification from a com-
mon seed. The back-reflection Laue method was used
for determining crystal orientations (¢ & 1°) (see Tables
1 and 2). These orientations were chosen in order to
assure single slip when testing during isochronal an-
nealing. ‘As grown’ single crystals, were strained about

Table 1
Pre- and post-annealing data of Cu specimens used for the determination of critical (¢f)
Specimen oo %o 2o Fluence ¢t Tierad oo (MPa)
(MPa) (degree) (degree) (10 m~?) (K) (upper yield point)
Cu-1 1.97 63 36 4.7 77 18.75
Cu-2 4.43 48 42 10 77 21.70
Cu-3 3.13 58 33 50 77 35.38

%o and Zy are the angles, in the standard triangle, between the specimen axis and the pole (1 11) and (101), respectively.
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Table 2

159

Pre- and post-annealing data of Cu specimens used for the determination of Stage V (runs 1-7)

Specimen Runs ) %o 2o Fluence ¢t Tirraa aoo (MPa) (upper
(MPa) (degree) (degree) (10 m—2) (K) yield point)

Cu-4 1 2.00 50 42 130 300 31.4

Cu-5 2 2.00 58 32 630 300 49.00

Cu-6 3 3.00 42 53 5.3 77 13.58

Cu-7 4 2.40 42 53 5.3 77 12.95

Cu-8 5 4.40 42 53 53 77 14.98

Cu-9 6 7.40 (%) 58 33 6.5 77 18.86

Cu-10 7 7.80 (*) 48 42 6.5 77 19.96

%o and J are the angles, in the standard triangle, between the specimen axis and the pole (1 11) and (101) respectively. (*) Value of

CRSS after doping of interstitial and vacancy loops.

1% during cooling from melting to room temperature,
due to the lower expansion coefficient of graphite with
respect to Cu. In order to get a lower pre-irradiation
CRSS (0y) all the specimens were annealed during 3 h at
1170 K and 1073 Torr [54]. The average value of ¢, for
the unirradiated specimens was consistent with values
obtained by similar techniques in crystals of the same
purity [55].

2.2. Neutron irradiation

The irradiation of the samples was performed in a
cryostat [48], installed inside the core of the experi-
mental reactor RA-1 at Comisiéon Nacional de Energia
Atomica (CNEA). The reactor is a modified Argonaut
type reactor, fueled with 20% enriched 23U, light water
moderated, used for basic research. The neutron spec-
trum in the irradiation chamber of the cryostat is
typical of a research reactor: a thermal region of
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Maxwellian shape and a fast region of nearly fission
shape (E > 0.5 MeV). The ratio of fast to thermal flux
(¢¢/bwm) 1s 1.3 [12,48,56]. Since the mean free path for
fast neutron collisions with the lattice is about 20 mm
in Cu, the ADCs are homogeneously distributed in the
volume.

2.3. Annealing device

A device described elsewhere [36], was suitably
modified in order to get temperature pulses between 77
and 800 K, in an inert pressurized atmosphere. The
temperature pulses had thus a shorter rise time and they
were equal in shape. The latter will allow us to take into
account the specimen annealing before the final tem-
perature 7, is reached. As shown in the insert of Fig. 1,
each irradiated specimen (kept under liquid N,) was first
surrounded by a copper specimen temperature homog-
enizer, and then introduced inside a specimen chamber
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Fig. 1. Schematic diagram of the annealing device.
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at 77 K. The latter was finally introduced into the fur-
nace previously heated at the annealing temperature, 7.
The specimen temperature was measured with a
thermocouple, referred to as the specimen thermocou-
ple, which is attached to a small copper block placed on
the top and in close contact with the specimen. The
furnace consists of an electrical resistance (heater wire)
embedded in sprayed copper and surrounded by a cop-
per cylinder (copper block). A control thermocouple is
attached to the middle point of the heater. The location
of the furnace inside the Dewar vessel is also shown in
Fig. 1. The furnace is attached to the central inlet of the
Dewar vessel lid (specimen entrance) by a stainless steel
tube. The vessel lid is water cooled by a cooling coil. A
second inlet (vacuum and gas inlet) in the lid allows
evacuation and pressurizing of the chamber with inert
gas to avoid oxidation of the specimen during annealing.
Furnace cooling at the end of annealing is achieved by
introducing liquid N, via a third inlet (liquid N, inlet).
The metallic furnace has a low thermal inertia and a
stability of the order of 0.1 K is achieved using a dif-
ferential temperature controller. Heat convection is
minimal since the specimen chamber is closed at the
lower end and the gap between chamber and furnace is
0.25 mm. The specimen is therefore heated mainly by
conduction since radiation is low at the Stage V tem-
peratures. The transmission by conduction determines
then the shape of pulses in the temperature range of
Stage V. Fig. 2 shows the evolution of the specimen
temperature during annealing at 7, = 573 K. Pulses
shape could be described by the expression

T(t) = a[l —exp(—bt)] +c,
where ¢ the temperature for t=0, a+c¢=7, and

b~! = I'a characteristic rise time (5I' = 99%7,). For the
device shown in Fig. 1, 5I" is equal to 3.5 min.

600 600000000000000000)
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Fig. 2. Temperature pulse (77-573 K). Temperature falls
sharply to 77 K after injection of liquid N,.

2.4. Tensile tests

The out-of-pile tests were performed in an Instron
tensile machine, model 4465, at a crosshead speed of
1.11 x 107* s7'. The machine was fitted with an in-
verted device allowing the sample to be completely
immersed in liquid nitrogen inside the Dewar vessel. A
careful procedure allowed irradiated samples to be
mounted and tested at 77 K avoiding any intermediate
warming.

Fig. 3 shows the first part of the load-elongation
curve of the as-irradiated specimen at a fluence close to
(¢t)c, Cu-1, (see Table 1). The micro-strain region is
wider (~0.54%) than the corresponding region of the
unirradiated crystals (<0.1%) [57]. An enlargement of
the macro-strain region (A-B) is shown in Fig. 4(a).

A hysteresis loop is always observed in this tensile
machine when the sample is loaded and unloaded during
the tensile test, since the crosshead speed is not a step
function during the first seconds after the direction re-
versal. However, this is not relevant for the yield stress
determination. Any possible accommodations of the
grips during the tensile test are not relevant either.

The values of the post-irradiation CRSS, when
¢t > (¢t)¢, correspond to the upper yield point, as will
be discussed in Section 4.1.

2.5. Isochronal recovery of the CRSS

The isochronal annealing programs, after irradia-
tions, were carried out using successive temperature
pulses, and were indicated as ‘runs 1-7’ (see Table 2). In
all cases the annealing time was 10 min, starting at the
moment when the specimen reached a temperature five
degrees below the annealing temperature 7, (see Fig. 2).

For each test of the runs 1-7, the yield stress value
corresponds to an average macro-strain ~0.1% (point C
in Fig. 3). Work hardening increases the yield stress and

elongation %
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Fig. 3. The first part of the load-elongation curve measured at
77 K of Cu-1 single crystal neutron irradiated at 77 K and a
fluence of 0.47 x 10! n m™2.
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Fig. 4. The initial appearance of upper and lower yield points
in Cu-1, Cu-2 and Cu-3 single crystals, irradiated and measured
at 77 K and fluences ~ (1), ~2(¢t)c and ~10(¢z).. An en-
largement of the corresponding first parts of the load-elonga-
tion curves is shown in (a)—(c).

some of the defects produced disappear in the next an-
nealing. In order to evaluate how this small perturbation
of the yield stress affects the temperature of the inflection
in the isochronal annealing curves, the yield stress at the
beginning of plastic strain (point A in Fig. 3), was also
considered. However, the temperature corresponding to
the inflection was the same.

For runs 3-5, the total strain at the end of the is-
ochronal recovery program does not exceed 3%. As-
suming homogeneous strain, the error in the value of the
CRSS is negligible, since the rotation of the slip plane is
small.

We define gy as the CRSS ‘as-irradiated’ value and
o5 as the CRSS measured after each temperature pulse
T,. A conventional method of plotting recovery rate data
was used. The CRSS (¢%) normalized to ¢, was plotted
vs. the annealing temperature 7,.

In order to show more clearly the temperatures at
which inflections are present, in some cases the
numerical derivatives are also plotted (rate curves).
All recovery rate curves were computed by the ex-
pression

Wi = i/ i = x]) + e = 3]/ i = v )

It must be emphasized that the procedure is purely
mathematical and does not include the application of
any specific annealing kinetics. This method allows also
a better comparison of the experimental data.

3. Results

3.1. The load-deformation curves near the upper and
lower yield points: the critical fluence

In the determination of the fluence dependence of the
CRSS with a soft machine, it was observed in every
tensile test that plastic hardening rates decrease in Cu,
Zn and Mg for increasing values of the fluence, reaching
the value zero at ~(¢1)c [49]. Thus, it was decided to
perform a series of irradiations at fluences higher than
(¢t)c in Cu in a hard machine.

In order to show the initial appearance of upper and
lower yield points in Cu single crystals, specimens Cu-1,
Cu-2 and Cu-3, were irradiated at 77 K and fluences
~(¢t)c, ~2(Ppt)c and ~10(pt)c, respectively, (see Table
1). An enlargement of the first part of the Resolver Shear
Stress vs elongation % curve at 77 K is shown in Figs.
4(a)—(c). In Fig. 4(a) the CRSS is well defined. Fig. 4(b)
shows the appearance of the lower yield point in the
stress—strain curve. The difference in stress between the
upper and the lower yield points is about 1%. It appears
that the difference between the upper and the lower yield
points increases with the fluence [1] and is about 5.5% in
Fig. 4(c).

From these experimental results a critical fluence
(¢t)c of ~0.5x 10! n m~2 was adopted, which is in
accordance with the following facts:

1. the onset of the yield point drop in Mg which was as-
sociated to the channeling phenomenon [11,47];

2. atotal loss of ductility in Zn which was associated to
channeling as well [11,12,58];

3. the departure from linearity of o; vs. (¢¢)"” in Cu, Mg
and Zn when the fluence dependence is measured in
the same single crystal, [11,12,47], (o; is the CRSS
which would be measured if the loops were the only
barriers to the movement of dislocations).

This departure in Cu irradiated with neutrons is due to

two main facts:

(a) loops swept by the passage of dislocations (dis-
location channeling) [7];

(b) a change in the defects cluster production rate
from linear to sublinear [17,35].

Zinkle results [25] show this change in Cu irradiated

with neutrons of 14 MeV at a fluence of

3x10° nm2.

The characteristics of the mechanical behavior of Cu,
as compared with Mg and Zn, are discussed in Section
4.1.2.
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3.2. Stage V

3.2.1. Specimens irradiated at 300 K and a fluence
~20(¢1),

Fig. 5 shows the isochronal recovery during runs 1
and 2. The temperature range of Stage V is 500-650 K.
For both runs, the peak is located at about 587 K and is
asymmetrical. The shape suggests the presence of a not
resolved substage, probably due to the AT chosen for
these runs (~30 K). In run 1 there was some indication
of a recovery peak. The aim of run 3 was to study this
temperature range in more detail.

3.2.2. Specimens irradiated at 77 K and a fluence ~(¢t),.

Stage V study was continued considering three tem-
perature intervals, corresponding to specimens Cu-4,
Cu-5 and Cu-6 (runs 3, 4 and 5) respectively. The
specimens were identically prepared and simultaneously
irradiated at (¢1), in the way described in Sections 2.1
and 2.2, respectively.

Fig. 6 (run 3) shows the isochronal recovery (9 ex-
perimental points) in the temperature range 490-520 K.
An inflection located at ~505 K is observed. This value
was coincident with the above-mentioned shoulder of
run 1. In the present work this peak is designated 7.

The isochronal recovery of the specimen Cu-4 of the
run 4 in the temperature range 520-560 K is shown in

1.00 |- Vi@__‘_v_‘A Run2 1 o~
— -
~v. ——Runl P
075} =
& . N
~ T Q
€ 5
o 050}F
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—v— Run2 4 o
025} 2
Q
v 2
-4
0.00 : . \ , . 0
350 400 450 500 550 600 650 700

T,®)

Fig. 5. Isochronal annealing (10 min) and recovery rate of Cu
single crystals irradiated with neutrons at 300 K. A Run 1,
09 = 2.0 MPa, ¢t = 6.3 x 102 n m~2, 6oy = 49.0 MPa. v Run
2, 00 =2.0 MPa, ¢t=1.3x 10 n m~2, gp = 31.4 MPa.
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Fig. 6. Run 3, isochronal annealing (10 min) of Cu single
crystals irradiated with neutrons at 77 K. oy =3 MPa,
¢t = 5.3 x 10° n m~2, gqp = 13.58 MPa.

Recovery Rate ( x 107)

06 Run$
{2
0.sh
(b) Vb
0.4 — . R 0
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Fig. 7. Isochronal annealing (10 min) and recovery rate of run
4 and 5 of Cu single crystals. ¢t = 5.3 x 10*° neutrons m~2,
T = 77K. (a) Run 4, 6, = 2.4 MPa, 6oy = 12.95 MPa. (b) Run
S, ap = 4.4 MPa, gy = 14.98 MPa.

Fig. 7(a). Two inflections are observed in the experi-
mental curve. The ¥, peak was not observed in this case
since only three experimental points were measured in
the temperaure subinterval 490-520 K. Both peaks of
the recovery spectrum were designated in the present
work as peaks ¥4, and V.. The ¥}, peak is placed between
~540 and 560 K and the V; peak is in the range ~560-
610 K. The ¥4, peak, located at ~550 K, is narrow (half
width ~12 K).

Fig. 7(b) shows the thermal recovery of the specimen
of run 5. The recovery started at 540 K (near of the V;
peak) and shows the inflection corresponding to ¥; peak
(~587 K).

3.2.3. Doped specimens irradiated at 77 K and a fluence
~L3()

The dependence and reproducibility of the recovery
spectrum observed in runs 3, 4 and 5 with the defect
clusters was investigated with the specimens of runs 6
and 7. They were previously irradiated at 300 K and
6.5 x 10 n m~2, deformed ~3% at 77 K and annealed
in vacuum (10~ mm Hg) during 40 min at 700 K (50%
melting temperature). In this way, thermally stable de-
fect clusters, larger than those produced by low tem-
perature irradiation, are partially retained (radiation
doping). The value of CRSS, before the second irradi-
ation was higher than the as-grown value and it is in-
dicated with (*) in Table 2.

The isochronal recovery of run 6 was measured in the
temperature range 77-620 K (31 experimental points).
Fig. 8 shows only the isochronal recovery of Stage V (16
experimental points). The stage is located in the range
480-600 K and the peak is placed at 560 K.

Run 7 shows (see Fig. 9) the Stage V (28 experimental
points); the inflections corresponding to the %, and V;
peaks are in the temperature ranges ~500-550 K (74),
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Recovery Rate (x 10 )

200 #0480 520 560 600 640
Ta (K)
Fig. 8. Run 6 isochronal annealing (10 min) and recovery rate

of the Cu single crystal with radiation doping, gy = 2.5 MPa,
T =77 K, ¢t = 6.5 x 10° n m~2, gy = 18.86 MPa.

440 460 480 500 520 540 560 580 600

Ta (K)

Fig. 9. Run 7, isochronal annealing (10 min) and recovery rate
of the Cu single crystal with radiation doping, gy = 2.5 MPa,
T = 77K, ¢t = 6.5 x 10° n m2, g = 19.96 MPa.

and 550-600 K (7;). The peaks in Fig. 9 are located at
528 and 563 K, respectively. The onset of ¥, peak (450—
500 K) is not clearly defined due to the low number of
experimental points in the range 420-480 K (3 points).

Fig. 10 shows some of the successive tensile tests of
the isochronal annealing of run 7 in the temperature
range of the V4, peak. At T =497, 500 and 503 K a yield
stress increase is observed because recovery is smaller
than work hardening. At 539, 544, 549 K, the yield stress

elongation (mm)

0.05 0.10 0.15 0.20 0.25 0.30
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000 0 000 o

T T
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Fig. 10. Tensile tests performed after different temperature
pulses, indicated on each load-elongation curve, in the tem-
perature range of substage V4, (run 7).

values are approximately equal. In the following recov-

ery at 555 K the yield stress was appreciably lower for

the same temperature increase than the last recovery at

549 K.

Comparing the different runs, it could be seen that:

e The peak of Stage V (587 K) corresponding to runs 1
and 2 irradiated at 300 K and moderate fluences is co-
incident with the 7, peak of runs 4 and 5 irradiated at
low fluences at 77 K. The final temperature of Stage V
(~640 K) for the specimens of runs 1 and 2 is extended
about 30 K towards higher temperatures, as compared
with runs 4 and 5.

e For runs 6 and 7 (with radiation doping and after ir-
radiation at low fluences 6.5 x 102 n m~2 at 77 K)
there is a shift of the peaks of about 20 K towards
lower temperatures as compared with runs 4 and 5.

e For runs 6 and 7 the value of the relationship between
the CRSS at the end of Stage V (¢%° X) and the as-
grown CRSS is ~2.3 times larger than that corre-
sponding to other runs.

4. Discussion
4.1. Critical fluence and the actual yield stress

4.1.1. At ¢t < (1)

For fluences lower than (¢17). the stress—strain curves
for single crystals of Mg, Zn and Cu irradiated and
measured at 77 K show no particular features [11,12,47];
this can be considered as the standard behavior of
plastic deformation. Then, the vacancy loops created by
fast neutron irradiation are stable during plastic defor-
mation.

4.1.2. At ¢t > (dt),

For fluences higher than (¢¢)., a different mechanical
behavior is observed in Cu, Mg and Zn under plastic
deformation. During tensile testing of Cu single crystals,
the load elongation curve shows an upper and lower
yield point. We consider that the value of the upper yield
point is more representative of the actual yield stress
than the lower yield point. The lower yield point is a
consequence of the dislocation channeling. An example
which supports even more the choice of the actual yield
stress and the beginning of dislocation channeling at
fluence (¢t). was found in Mg and Zn when each
measurement of the CRSS vs ¢t was performed using
different single crystals (as opposed to the determination
of the fluence dependence where the same single crystal
was tested in a soft machine [11,47]), that is:

e in Mg, the fluence dependence of the upper yield
point, with power 0.5 of the fluence extends up to
3 x 10! n m~2 [11,59],

e in Zn single crystals there is a complete ductility loss:
the specimen fractures after a very low plastic defor-
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mation (<0.1%) [11,12]. If we consider the yield point
coincident with the fracture load, the calculated CRSS
follows a 0.5 power law with the fluence up to

1.2 x 10* n m~2 [11,49]. For ¢¢ < (¢¢)c the plastic

strain at fracture lies between 3.7% and 6.8%
[11,12,49] not depending on the fluence. Consequently
the fracture mechanism does not change for this con-
dition.
In previous papers, the different plastic behavior of Zn
and Mg was attributed to dislocation channeling for
ot = (¢t) [12,47,49].

Thus, the dislocation channeling phenomenon in Cu
begins at ¢t > (¢r). and is coincident with the onset of
the lower yield point. In a previous work [2] the upper
yield point was attributed to a local stress magnification
introduced by the advancing front of the Liiders bands,
and when homogeneous strain is achieved, a represen-
tative yield stress could then be computed. However, the
above-mentioned arguments, led us to consider that the
upper yield point should be adopted as the actual yield
point.

4.1.2.1. Comparison of mechanical properties of Cu and
Mg under irradiation. The difference in the plastic be-
havior of Cu (absence of stress drop points) and Mg
specimens (with stress drop points), which are both
ductile, could be explained as follows. In Mg each stress
drop is associated to the formation of slip packets, 0.5
mm apart, produced by sweeping of vacancy loops
[47,48]. In Cu the size of the defect clusters is larger than
in Mg [14-16,58,59]. Then, the higher stability of va-
cancy loops in Cu with respect to the dislocation
movement explains the absence of stress drops. On the
other hand, in Cu (fcc) there are four available close-
packed glide planes as compared with only one in Mg
(hep). Consequently, in the former, the sweeping process
by dislocations involves less vacancy loops than in the
latter, and thus ‘work softening’ in Cu is less pro-
nounced than in Mg.

4.1.2.2. Comparison of mechanical properties of Cu and
Zn under irradiation. Since the size of the dislocation
loops in Zn and Cu is similar [14,16,58,59], the difference
in the plastic behavior of Cu and Zn specimens could be
explained taking into account their different ductility.
The ductility of Zn (Al/ly ~ 4%) is fluence independent
for fluences lower than (¢f). [11,12,58], and is very low
when compared with that of Cu. For fluences higher
than the critical fluence, the rupture strain for Zn is
reached in the activated slip packets due to dislocation
channeling, before any other possible slip packet can be
activated, as opposite to the case of Cu.

4.2. Recovery of stage V

4.2.1. Runs 1 and 2 irradiated at 300 K and a fluence
~20(¢1),.

In order to study Stage V in Cu, our determinations
were performed in the range 450-620 K. This interval is
different from that used by Diehl et al. [35]. In these
experiments the isochronal recovery was interrupted at
450 K (Stages I, II and III), corresponding to a hard-
ening recovery of 25% of the ‘as irradiated” value in Cu
neutron irradiated at 20 K. Consequently, the remnant
hardening (75%), takes place mostly in Stage V. Flu-
ences similar to those employed in the first part of this
work (runs 1 and 2), were used by Blewitt et al. [1] and
Makin et al. [43]. They were interested in the phenom-
enological determination of the activation energy of
Stage V in copper by isothermal annealing of the yield
stress at deformation temperatures of 78 and 300 K. In
the experimental conditions of the present work
(~10> n m~2 at 300 K), both interstitial and vacancy
loops are produced [43].

Stage V dependence with the fluence is shown by the
increasing size of the recovery peak areas and their shift
towards higher temperatures.

For the same experimental conditions Shimomura
et al. [60] have observed by TEM the simultaneous dis-
appearance of vacancy and interstitial loops by evapo-
ration of vacancies from the vacancy loops and their
annihilation at the interstitial loops.

4.2.2. Runs 3, 4, and 5 irradiated at 77 K and a fluence
~(¢1)c

Our results in Cu at low fluence and temperature
reveal the presence of a broad recovery stage. Initial
results suggest the presence of three recovery substages
located in the ranges ~490-520, ~520-560 and ~560—
620 K, respectively. The substages observed in the re-
covery of the CRSS were not observed by electrical re-
sistivity measurements [1]. We consider that the
relatively low sensitivity of electrical resistivity to the
characteristics of defect clusters prevents the detection of
this sub-structure. In the specimens used in runs 3-5,
Frank vacancy dislocation loops are produced [14,17].
The dispersion of their diameters is small [27,28,61,62],
and they are thermally stable up to the beginning of
Stage V [63,64]. During irradiation there is neither
overlap nor uncorrelated interstitial atoms recombina-
tion between neighboring cascades. This is due to the
fact that the average distance between ADCs is larger
than the average range of dynamical crowdions [24,35].
A progressive disappearance of small clusters in the
temperature range ~490-520 K (¥, peak) was observed
by TEM by Shimomura et al. [60], in Cu irradiated at
2.7 x 10 n m~2 and 350 K. This peak can be associated
to the recovery of vacancy clusters of low thermal sta-
bility nucleated above Stage III. This assumption is
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consistent with the result of Schilling et al. [30], in
electron irradiated Cu. Some recovery of the electrical
resitivity was observed by these authors in the temper-
ature range ~490-520 K (¥, peak). In the temperature
range ~520-620 K (runs 4 and 5), Shimomura et al. [60]
observed the simultaneous disappearance of vacancy
and interstitial clusters. At ~620 K they observed that
only vacancies were dissolved. Diverse complementary
techniques in the same experimental conditions are re-
quired to obtain the data, which lead to an explanation
of the underlying mechanisms responsible for the re-
covery spectrum observed. The determinations of is-
ochronal recovery in Cu in the range of Stage V
employing positron annihilation [60] or perturbed yy
angular correlation technique (PAC) [40] give peaks
coincident with our results.

4.2.3. Runs 6 and 7 irradiated 77 K and a fluence
~L3(¢1)

Stage V corresponding to the specimens with ‘radia-
tion doping’ (runs 6 and 7) shows a shift of ~20 K to-
wards lower temperatures, as compared with the
corresponding peaks of the ‘as-grown’ specimens. A
small shift of Stage V was also observed by electrical
resistivity determinations [44].

The remnant hardening in the samples used in runs 6
and 7 was higher than in the ‘as-grown samples’ corre-
sponding to other runs due to the following facts.

We define ¢, which is only due to the interaction of
the moving dislocations with the vacancy dislocation
loops population modified by the temperature pulse. In
order to know ¢ for single crystals used in runs 6 and 7,
we must know the additivity law of the stress corre-
sponding to the large loops (doping) with the vacancy
dislocation loops population modified by the tempera-
ture pulse and the athermal stress of the single crystal
[11,12,47,65]. In simple cases such as ‘as-grown’ irradi-
ated Cu single crystals, Runs 1-5, the CRSS is
6" = g™ — gy. In predeformed and irradiated Cu single
crystals o/* = ™ — (gy),,,» Where (0(),,, is the athermal
component of agy.

For the single crystals used in runs 6 and 7, neither
the additivity law nor the athermal component of the
CRSS are known. If the ¢ vs T, curve could be rep-
resented, the difference in the remnant hardening would
be minimal.

5. Conclusions

From the present work on neutron-irradiated Cu
single crystals, it can be concluded that:

Defect clusters produced by neutron irradiation at 77
K and a fluence lower than 0.5 x 10?! n m~2 are stable
during plastic deformation. This value was considered to
be the critical fluence (¢?)c.

The dislocation channeling phenomenon in Cu be-
gins at ¢t > (¢t) and is coincident with the appearance
of the lower yield point. The upper yield point is
adopted as the actual yield point.

A broad recovery stage between 500 and 650 K
corresponding to stage V was determined.

The presence of inflections in the Stage V in the is-
ochronal curves at 77 K, suggests the presence of three
substages in Cu neutron irradiated at 77 K at fluences
close to the critical fluence ~(¢?)c.
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