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Abstract Screening experiments were carried out to investigate the effect of
bonding and bakeout thermal cycles on microstructure, mechanical properties
and electrical resistivity of the oxide dispersion strengthened (GlidCop, CuAI-
25) and the precipitation hardened (CuCrZr, CuNiBe) copper alloys. Tensile
specimens of CuCrZr and CuNiBe alloys were given various heat treatments
corresponding to solution anneal, prime-ageing, and bonding thermal treatment
followed by re-ageing and the reactor bakeout treatment at 35O°C for 100 h.
Tensile specimens of CuAl-25 were given the heat treatment corresponding to
the bonding thermal cycle. A number of heat treated specimens were neutron ir-
radiated at 35O°C to a dose level of - 0.3 dpa in the DR-3 reactor at Ris0. Both
unirradiated and irradiated specimens with various heat treatments were tensile
tested at 350°C. The microstructure and electrical resistivity of these specimens
were determined in the unirradiated as well as irradiated conditions. The post-
deformation microstructure of the irradiated specimens was also investigated.
The fracture surfaces of both unirradiated and irradiated specimens were exa-
mined. Results of these investigations are described in the present report.

The main effect of the bonding thermal cycle heat treatment was a slight de-
crease in strength of CuCrZr and CuNiBe alloys. The strength of CuAI-25, on
the other hand, remained almost unaltered. The post irradiation tests at 350°C
showed a greater loss of ductility in the case of CuNiBe alloy than was obser-
ved in similar specimens irradiated at 250°C. The irradiated CuAI-25 and
CuCrZr specimens, on the other hand, exhibited a reasonable amount of uni-
form elongation with the CuCrZr exhibiting more ductility and work hardening
ability than CuAI-25.. However, both of the latter alloys exhibit low strength,
which may pose a problem for applications in the divertor structure where
strength is more of an issue given the proposed high heat flux (5 MW/m2). The
results are briefly discussed in terms of thermal and irradiation stability of pre-
cipitates and particles and irradiation-induced segregation, precipitation and re-
covery of dislocation microstructure.
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1 Introduction

Copper alloys are being considered as heat sink materials in the first wall and
divertor assemblies of ITER (International Thermonuclear Experimental Reac-
tor) because of their good thermal conductivity [1,2]. The oxide dispersion
strengthened (ODS) copper alloys (e.g. GlidCop® CuAI-25) have long been
considered the primary candidate class of alloys due to their superior micro-
structural stability and swelling resistance during irradiation when compared to
precipitation strengthened alloys such as CuCrZr and CuNiBe. Recently,
however, it has become increasingly clear that each of the alloys have advanta-
ges over the other alloys depending on the operating parameters/requirements,
irradiation dose levels and the initial starting state. Implicit in this statement is
the effect of the bonding treatment used to join the copper alloy to both the ar-
mour (Be, W, or C) and the stainless steel structure that will handle the structu-
ral loading.

Low dose screening experiments were initiated on all three of the candidate
alloys. The goal of the experiments was two-fold: first, to help understand
what effect the joining treatment might have on the performance of these alloys
after irradiation at various temperatures, and secondly, to narrow the number of
alloys to two alloys, one main alloy and its backup. A series of heat treatments
were given to CuCrZr, CuNiBe, and CuAI-25 to simulate the effect of possible
joining treatments such as hot isostatic pressing. The first set of irradiation ex-
periments on these specimens was recently completed and the results were re-
ported on the effect of various heat treatments on the mechanical properties,
electrical resistivity and microstructure of CuCrZr, CuNiBe and CuAI-25 both
before and after irradiation at 250°C to 0.3 dpa [3].

The present report summarises the results of a second set of experiments on
the same materials irradiated to the same dose of 0.3 dpa, but at 350°C instead.
The effect of the various heat treatments described herein on the unirradiated
microstructure have already been reported previously [3], and will not be pre-
sented in this report in detail. Tensile properties of unirradiated and irradiated
specimens with various heat treatments tested at 35O°C are described. The re-
sults of electrical resistivity measurements at 23°C are also presented. The ef-
fect of irradiation on the microstructure of the various alloys is illustrated with
representative micrographs. The implications of these results are briefly di-
scussed.

2 Materials and Experimental Pro-
cedure

The materials used in the present investigations were CuCrZr, CuNiBe and Cu-
AI2O3 alloys. The CuCrZr and CuNiBe alloys were supplied by Trefimetaux
(France) in the form of 20 mm thick plates. In addition, Hycon 3HP™ (heat
number 33667), a CuNiBe alloy produced by Brush Wellman Inc. (USA), was
also included in these experiments. The tensile specimens were supplied by Dr.
S. Zinkle of Oak Ridge National Laboratory. The ODS copper alloy GlidCop™
CuAI-25 was supplied by OGM Americas (formerly SCM Metals Inc.) in the
form of rods in the as-extruded (i.e. wrought) condition. Henceforth, the ODS
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copper (Cu-AliO.O will be referred to as CuAl-25. The chemical composition
of these alloys is listed in Table 1. The exact composition of the Hycon alloy is
held as proprietary information by Brush Wellman, but the alloy is similar in
overall composition to the Trefimetaux CuNiBe.

Table 1. Chemical Composition (Fractional Weight)

OFHC-Cu:

CuCrZr:

CuNiBe:

CuAI25

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

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

Cu- 1.75% Ni, 0.45% Be

Cu - 0.25% Al as oxide particles (0.46% AI2O3)

Table 2. Summary of bonding and bakeoiit heat treatments for CuCrZr, CuNiBe
and CuAl-25 alloys

Type

Hycon

A

E

B

C

C

D

D'

Heat Treatment

Proprietary, but essentially solution annealed, quenched, cold wor-
ked, and aged to produce an HT temper condition.

Solution annealing at 950°C for 1 h followed by water quench

Prime ageing: heat treatment A + ageing at 475°C for 30 min. fol-
lowed by water quench

Bonding thermal cycle: heat treatments A + E + annealing at 950°C
for 30 min. followed by furnace cooling + re-ageing at 475°C for 30
min. followed by furnace cooling

Bakeout thermal cycle: heat treatment B + annealing at 350°C for
100 h followed by furnace cooling

Bakeout thermal cycle: heat treatment E + annealing at 35O°C for
100 h followed by furnace cooling

Annealing at 950°C for 30 min. (only for CuAl-25)

CuAl-25 in the as-wrought condition, i.e. without any heat treat-
ment

Flat tensile specimens (gauge length = 7.0 mm) were cut from cold-rolled
(-80%) sheets (-0.3 mm thick) of the Trefimetaux CuCrZr and CuNiBe alloys,
and from the as-received block of Hycon 3HP™. Round tensile specimens of
CuAl-25 (of gauge diameter 3 mm) were machined from the as-supplied rod,
which was is in the as-wrought condition (i.e. no additional cold-work after ex-
trusion). The geometry and dimensions of the tensile specimens are provided
in Figure I.

For the screening experiments, the tensile specimens of Trefimetaux CuCrZr
and CuNiBe were given the five different heat treatments (A, B, E, C and C )
listed in Table 2. The bonding thermal heat treatment for CuAl-25 specimens
consisted of annealing at 950()C for 30 min. (referred to as heat treatment D).
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The bakeout treatment was not given to the CuAl-25 since it is well known that
this temperature has little effect on microstructure and properties of the alloy.
All heat treatments were carried out in vacuum (<IO~5 torr). The details of the
proprietary heat treatment of the Hycon alloy are not known, but the alloy is
essentially in a fully hardened condition (HT temper designation). It was irra-
diated in the as-received condition.

The effect of the various heat treatments on the overall grain structure for
both the Trefimetaux CuNiBe and CuCrZr was presented in the previous report
[3]. In short, the average grain size ranged from 16-22 f̂ m in the CuNiBe, whe-
reas for the CuCrZr the average grain size was approximately 27 \lm for the
HTE and HTB conditions, and 45 |im for the HTC condition. The grain struc-
ture in the CuCrZr was fairly equiaxed with a narrow range of grain sizes. The
CuNiBe, on the other hand, was characterised by a much broader size distribu-
tion of equiaxed grain, and many of the grains in all three conditions examined
possessed annealing twins. The grain size of the CuAl-25 was too small (< 1
u.m) to reliably measure using optical metallography.

Tensile specimens of CuCrZr, CuNiBe, Hycon, and CuAl-25 alloys with the
different heat treatments were irradiated at 350°C in the DR-3 reactor at Ris0 in
the High Temperature Rig. During irradiation, temperature was measured,
controlled (within ± 2°C) and recorded continuously. All specimens were irra-
diated at the same time to a fluence level of 1.5 x 102"1 n/m2 (E > I MeV),
which corresponds to a displacement dose level of -0.3 dpa (NRT). The neu-
tron flux during irradiation was approximately 2.5 x 1017 n/m2s (E > 1 MeV)
which corresponds to a displacement damage rate of ~5 x 10"8 dpa (NRT)/s.

Both unirradiated and irradiated tensile specimens (2 specimens from each
condition) were tested in an Instron machine at a strain rate of 1.2 x I0"3 s'1.
Tensile tests were carried out at 350°C in vacuum (<10~4 torr). The test tempe-
rature of 350°C was reached within 30 minutes. The cross-head displacement
was measured and used to determine the stress-strain behaviour of the speci-
mens.

For transmission electron microscopy (TEM) investigations, 3 mm discs were
punched from the unirradiated and irradiated sheet tensile specimens and thin-
ned mechanically to -0.1 mm thickness. The TEM specimens from the as-
wrought CuAI-25 tensile specimens were cut from the gage sections perpendi-
cular to the tensile axis, and thinned mechanically to -0.1 mm. These discs
were then twin-jet electropolished in a solution of 25% perchloric acid, 25%
ethanol and 50% water at 11 V for about 15 seconds at ~20°C. Specimens were
examined in a JEOL 2000 FX transmission electron microscope. The fracture
surfaces of the irradiated as well as unirradiated specimens were examined in
JEOL 840 scanning electron microscope.

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

The analysis of the oxide particles in CuAl-25 was performed concurrently
with the stacking fault tetrahedra analysis from the same images. All particles
are visible in a g=[200] condition (WBDF) because of the cube-on-cube orien-
tation relationship between the alumina particles and the copper matrix. The
analysis of precipitates in CuNiBe was also obtained using a g = [200] DF dif-
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fracting condition or by directly imaging the precipitates using the precipitate
streaks or reflections present along the g = [200]o, direction. All measurements
for the precipitate density were multiplied by a factor of 3 to account for the 3
distinct [100] habit planes that the precipitates lie on. Measurements were ma-
de at magnifications of 600,000 or higher because of the small size of the G.P.
zone type precipitates. These precipitates were imaged in the two-beam or
precipitate dark field conditions because of the strong strain field contrast,
which made weak beam dark field imaging impractical. Defect cluster density
could not be measured reliably in any of the CuNiBe alloys due to the high
density of precipitates.

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

All resistivity measurements were made at room temperature (23°C), using
one of the modules in the A193la Temperature Controller developed by the
Engineering and Computer Department at Ris0. The module is designed to me-
asure low resistances, in the present version up to 50mQ with an accuracy of a
[iQ. or less, by passing a 100 mA current through the specimen and measuring
the voltage across it. The module uses a four point technique. It switches the
current direction during the measurement and averages the two voltages obtai-
ned to eliminate the influence of thermo voltages on the resulting resistance.
The control of the module is done from a PC with the program TASCOM. Two
identical modules are available in the system. Measurements were made with
both of them to check the reproducibility.

In order to secure good electrical contacts, specimens were etched prior to
resistivity measurements. The specimens were screwed tightly to the current
connectors at each end. The voltage connectors were either two sharply-
pointed stainless steel pins which were pressed against the specimen, or (in a
new specimen holder) spring loaded voltage probes, which gave a more well-
defined and reproducible contact. The positions of the pins were defined by a
Plexiglas fixation that secured the pins in identical positions for all the measu-
rements. The new specimen holder was also provided with steering pins that
secured the specimen in a more well-defined position. The total uncertainty on
each measurement was estimated to be less than 3%.

The average resistivity of OFHC-copper (annealed at 55O°C for 2 h) was
found to be 1.682uQ cm, which is in good agreement with the nominal resi-
stivity of copper at room temperature of 1.698|afi cm. The relative resistivity
(RR) of the alloys was calculated from the following relationship: RR = R x t x
w/ (RCu x tCu x Wc,i)> where R is the electrical resistance measured for the spe-
cimen of thickness t and width w. The index Cu refers to the values for the re-
ference OFHC-Cu sample. Results are presented as relative conductivity (=
I00/RR).
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3 Experimental Results

3.1 Microstructure of Unirradiated Hycon 3HP™
The unirradiated Hycon alloy appears to possess a microstructure similar to that
of the Trefimetaux CuNiBe in the HTE condition. Both alloys contain a num-
ber of large Ni-rich beryllide particles [3-5], and there are a few unidentified
smaller particles located at the grain boundaries. However, the Hycon alloy
does not show any evidence of the precipitate denuded zones along the grain
boundaries observed in the Trefimetaux CuNiBe (HTE) [3]. In addition, the
large primary Ni-rich beryllide particles shown in Figures 2a-c have recrystalli-
zed regions around the primary particles. This is thought to be the result of a
high dislocation density around the particles as a result of the cold working,
leading to recrystallization during the ageing treatment. Figure 2b shows that
the recrystallized region contains a low density of round or oblong precipitates
much different from the /'-precipitates present in the interiors of the grains.
These precipitates have not been identified.

The interiors of the grains contain a high density of y" precipitates, examples
of which are shown in Figures 2d & e. These precipitates have also been ob-
served in Trefimetaux CuNiBe alloys, along with GP zones. GP zones do not
appear to be present in the Hycon alloy, since the diffraction patterns do not
show evidence of the streaking commonly visible along the [200]Cu directions
in the diffraction patterns when a high density of GP zones are present. In the
diffraction pattern shown in Figure 2d, discrete reflections at 1/3 and 2/3[200]Cu

are present, which are attributed to the y" phase according to the work of Guha
[4]. The average precipitate size is given in Table 3 as -10 nm with a density
of 2.4 x 10"Vnr\ The size distribution for the y" precipitates in the unirradiated
Hycon are provided in Figure 3a, showing that the precipitate size ranges from
less than 3 nm to larger than 20 nm. The average size in the Hycon alloy is
therefore much larger than that reported in the unirradiated Trefimetaux CuNi-
Be in either the HTE or the HTB condition, and the density is less by a factor of
7 or more. Note that even in Hycon with its coarser microstructure the precipi-
tate density is much higher than that measured for the unirradiated CuCrZr and
CuAl-25 (Table 3).

3.2 Post-Irradiation Microstructure
None of the copper alloys examined show any evidence of void swelling.
However, each alloy responds differently to the effects of neutron irradiation at
350°C. The details of the microstructural analysis are presented in the fol-
lowing sections, and where appropriate, comparisons are made with the micro-
structures of the unirradiated and 250°C irradiated materials reported in refe-
rence 3. The cluster density was found to be ~ I x 1022 m' for the CuCrZr al-
loys, and -0.08 x 1O22 for the CuAl-25. The cluster density could not be mea-
sured for the CuNiBe alloys due to the high precipitate density.

3.2.1 Hycon 3HP™

An example of the microslructure is shown in Figure 4. No precipitate denuded
zones along the grain boundaries or in the vicinity of the primary beryllides
were observed. More of the small precipitates were observed at the boundaries
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as shown in Figure 4a, but whether this is due to irradiation or simply specimen
variability remains uncertain. The recrystallized regions surrounding many of
the primary beryllides and the small precipitates within those regions showed
no difference after irradiation either. The y" precipitates in the grain interiors
shown in Figure 4b and 4c changed little in their appearance and distribution.
The average size and density as quoted in Table 3, and the size distribution
shown in Figure 3b, reveal that in fact the microstructure appears to be resistant
to any significant changes in the precipitate microstructure to a dose level of
0.3 dpa. The diffraction pattern in Figure 4b also reveals no substantial change
since the discrete precipitate reflections are still present at the 1/3 and
2/3[200]a, positions, and streaking occurs due to the presence of GP zones.
Despite the lack of any noticeable changes in the microstructure due to irradia-
tion, the irradiation at 350°C does have a strong effect on the mechanical pro-
perties of the alloy, as will be shown in later sections.

3.2.2 Trefimetaux CuNiBe

This CuNiBe alloy was not as resistant to changes in the microstructure due to
irradiation as the Hycon alloy, regardless of the pre-irradiation heat treatment.
The microstructuie of the solution annealed CuNiBe (HTA) specimen shown in
Figure 5 reveals that radiation-induced precipitation leads to a high density of
small Y" precipitates. The diffraction pattern shown in Figure 5c (compare to
Figure 4b) demonstrates that the precipitates are clearly y" platelets. Their
density and average size are listed in Table 3, and the size distribution is given
in Figure 6a. Irradiation at 35O°C of solution annealed specimen (HTA) produ-
ced a density of precipitates comparable to that measured in the prime aged
(HTE) and irradiated specimens, although with a slightly smaller mean size.
Compared to that measured in the solution annealed specimens irradiated at
250°C, the higher irradiation temperature produced a higher density of precipi-
tates. In the solution annealed (HTA) specimens irradiated at 250°C, it was
reported [3] that the precipitates were difficult to measure, even when imaged
in precipitate dark field using the faint streaks in the diffraction patterns. In the
case of the solution annealed specimens irradiated at 35O°C the precipitates
were easily visible, and the size and number density could be measured more
accurately. Note that compared to the Hycon alloy (Figures 2 & 4), irradiation
produced a much narrower size distribution, smaller size, and significantly hig-
her number density. A few SFT's can be seen among the precipitates, but not
well enough to confidently measure their size and number density. Narrow
denuded zones along grain boundaries were present in the solution annealed
specimens (Figure 5), and small precipitates at the boundaries were present as
well. The primary beryllides are present also, but experience has shown that
these particles are very resistant to dissolution during the high temperature an-
neal, and given their size they are not expected to change significantly.

In the prime aged (HTE) and bonding thermal cycle (HTB) conditions, the ef-
fect of irradiation is less drastic, but nonetheless visible. In Figure 7 the denu-
ded zones in the prime aged specimen have increased in size and more precipi-
tation has occurred at the boundaries. Evidence of grain boundary migration is
shown in Figure 7c, and some precipitation can be seen inside the denuded zo-
nes near the migrating boundary. A similar situation exists in the bonding
thermal cycle condition (Figure 8), where the denuded zones formed during the
initial heat treatment show additional evidence of having migrated during irra-
diation. The boundary shown in Figure 8b reveals the case where very small
precipitates formed at the denuded boundary, and were left behind after the bo-

10 Ris0-R-971(EN)



undary migrated in the direction of the three particles (see arrows). The curva-
ture of the boundary gives an indication of the direction of boundary migration.
The precipitates left behind are small, unidentified precipitates that are

Table 3. Precipitate and particle densities in copper alloys with pre-irradiation
heat treatments A, E, B, C, C" and D. Alloys were irradiated at 250 and 350"C
to a dose level of-0.3 dpa.

Heat
Treatments

Trefimetaux
CuCrZr

Trefimetaux
CuNiBe Hycon 3HP CuAl-25

Pre-irradiation Precipitate Microstructure (1023 m'3)1

A
E
B
C
C
D

0.59 (2.9 nm)2

0.36 (2.3 nm)2

0.51

18 (3.8 nm)5

14 (6.6 nm)5

13
13

2.4 (10 nm)

0.19 (6.4 nm)

Post-Irradiation Microstructure - 250°C, 0.3 dpa (1023 m'3)

A
E
B
D

0.62
0.4 (5.5 nm)3

0.55 (4.0 nm)-1

4.5
13 (4.0 nm)5

6.9 (5.0 nm)5

0.18

Post-Irradiation Microstructure - 350°C, 0.3 dpa (1023 m"3)

A
E
B
D

1.3 (2.3 nm)4

1.8 (4.3 nm)3

0.29 (5.4 nm)3

6.9 (3.9 nm)5

6.3 (4.9 nm)5

4.2 (7.4 nm)5
1.8 (10.8 nm)

O.I8(9.4nm)

1) All results for the unirradiated microstructure except for the unirradiated
Hycon were reported in reference 3.

2) Average size as given is from the measurement of the line of no contrast
present for the small spherical precipitates possessing the lobe-lobe contrast.

3) Average size is measured from incoherent fringed precipitates.
4) Average size for the largest fringe on unidentified precipitates.
5) Average precipitate diameter assuming round platelets .

unlike any other precipitates present in the irradiated specimens. In addition,
the original denuded zone on the boundary contains a small fraction of precipi-
tates.

The y" platelets in the prime aged and bonding thermal cycle specimens have
also undergone changes during irradiation, as shown by the size and density
data listed in Table 3 and the size distributions given in Figures 6b and c. In
both cases irradiation at 350°C leads to an increase in precipitate diameter and
more than a factor of 3 decrease in density. Compared to both the solution an-
nealed and prime aged conditions, the 7" precipitates in the bonding thermal
cycle specimens have the broadest size distribution both before and after irra-
diation. Examples of the precipitates are shown in Figures 7d-f, and Figures 8c
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and d, clearly illustrating the differences between the prime aged and bonding
thermal cycle conditions after irradiation.

Compared to the precipitate sizes and density after irradiation at 250°C, irra-
diation at 350°C resulted in larger mean sizes and lower density. In effect the
microstructure has coarsened considerably at the higher irradiation temperature,
which is also evident in that the grain boundary migration occurs more readily
at Tirr = 350°C. In contrast, the Hycon alloy is relatively stable with respect to
the microstructure since no discernible change is observed in the precipitate
density or size distribution. Note that the average size of the y" platelets in the
Trefimetaux CuNiBe alloys are smaller than that measured in the Hycon alloy.
Only a small fraction of the precipitates measured in the Trefimetaux CuNiBe
specimens are larger than 10 nm, and the density of precipitates in the Hycon
alloy is a factor 3 or more lower when compared individually to the three
conditions of the Trefimetaux CuNiBe after irradiation. This suggests that the
larger average size of the Hycon precipitates leads to a precipitate microstructu-
re which is more stable during irradiation.

3.2.3 Trefimetaux CuCrZr

The solution annealed CuCrZr (HTA) specimen shows that radiation-induced
precipitation produced a fine dispersion of very small precipitates (Figure 9).
These precipitates possessed the "lobe-lobe" contrast (see ref. [3] for further
details) observed in the unirradiated prime aged (HTE) and bonding thermal
cycle (HTB) specimens, although the mean size is smaller. None of the small
round precipitates observed at Tirr = 250°C [3] in the solution annealed speci-
mens were observed in specimens of the same condition irradiated at 350°C. A
few SFT's are scattered among the precipitates, but no estimate was made of
their density. No denuded zones were found after irradiation either. Dislocati-
ons loops on the order of 100 nm diameter were observed in the solution annea-
led specimen. The average size of the "lobe-lobe" precipitates and their density
is given in Table 3, with the size distribution shown in Figure 10a. Note that
irradiation at 350°C yielded a higher density of precipitates than that measured
at Tin = 250°C.

Irradiation of the prime aged (HTE) and bonding thermal cycle (HTB) speci-
mens produced significant changes in the precipitate size, density and type of
precipitate. Figures 1 1 and 12 give examples of the fringed precipitates com-
mon to both types of specimens. The fringed precipitates appear to be random-
ly oriented and possess no visible coherency strain fields, suggesting that the
precipitates in both conditions are randomly oriented, incoherent particles.
Several of the precipitates in the prime aged specimen exhibit the "lobe-lobe"
contrast more common in the unirradiated specimens, and some do not have
any fringes at all, but rather are visible as round spheres or platelets. The pre-
cipitates in the bonding thermal cycle (HTB) specimens are predominantly the
incoherent fringed particles, with some of the particles visible as only round
spheres or platelets. Tilting to other orientations in both the prime aged and
bonding thermal cycle specimens did not reveal any edge-on platelets, so it is
assumed that all of the incoherent particles are round precipitates. Based on the
literature, it is likely that the precipitates are Cr-rich precipitates, however, the
composition of these particles has not been investigated.

The mean size and density of the fringed precipitates are listed in Table 3,
and the size distribution for both the prime aged and bonding thermal cycle
conditions are shown in Figures I Ob and c. Note that the precipitate size has
increased after irradiation, and is comparable to that measured for the same
specimen conditions irradiated at 250cC. The density of precipitates in the

12 Ris0-R-97I(EN)



prime aged condition is a factor of 3 higher than that measured in the unirradia-
ted state and after irradiation at 250°C. In contrast to this, the density of pre-
cipitates in the bonding thermal cycle specimens is lower than or comparable to
that measured in the unirradiated state and those specimens irradiated at 250°C.

In both the prime aged and bonding thermal cycle specimens relatively large
dislocation loops were formed during irradiation (Figures 9, 11 and 12), just as
in the solution annealed specimens. A similar observation was made in the sa-
me specimen conditions irradiated at 250°C [3]. No denuded zones where ob-
served in either condition before or after irradiation. As mentioned previously,
the cluster density was found to be ~I x JO22 m'3 for the CuCrZr alloys.

3.2.4 GlidCop™ CuAI-25

The microstructure of the DS copper alloy CuAI-25 changed very little during
irradiation, as shown in Figure 13. The grain structure looks identical to that
observed in the unirradiated specimens and in the specimens irradiated at
250°C. The oxide dispersion consists primarily of spherical or polygonal
morphologies with only a very few triangular particles present. The same ob-
servation was made in the case of the unirradiated specimens and the specimens
irradiated at 250DC [3]. The mean size and density of oxide particles are listed
in Table 3, and the size distribution is given in Figure 14. The density of defect
clusters (SFT's) was found to be -0.08 x IO22 for the CuAI-25, much lower than
that measured in the CuCrZr.

Although the density of particles is almost identical in the unirradiated and
specimens irradiated at 350°C according to the data listed in Table 3, the mean
size before and after irradiation is different. However, this particular alloy
exhibits a heterogeneous microstructure with respect to the oxide particle dis-
persion that is a result of the internal oxidation and powder metallurgy ap-
proach to making the alloy. As has been shown in previous work by the authors
[3, 8], the average size can range from 5-10 nm depending on the area exami-
ned, and the density can vary by a factor of 100, that is from 1020 to 1022 m"\
Overall this material has proven to be the most resistant microstructurally to
radiation induced changes of any of the alloys examined, a fact that is reflected
in the mechanical properties.

4 Pre- and Post-Irradiation Electri-
cal Conductivity

Irradiation of CuNiBe alloys at 350°C caused a significant increase in the elec-
trical conductivity of the specimens irrespective of the heat treatment, except
Hycon (Table 4). The electrical conductivity of the prime aged (HTE) and
bonding thermal cycle (HTB) conditions for CuCrZr also exhibited a substan-
tial increase after irradiation. In each case it appears that the overall coarse-
ning observed in the microstructure (Table 3) leads to an improvement in the
electrical conductivity. The CuCrZr alloy shows the largest improvement in
electrical conductivity, suggesting that a larger proportion of the Cr and/or Zr
remained in solution (i.e. in the as-heat treated condition) compared to the Tre-
fimetaux CuNiBe alloys. The one exception, i.e. that the electrical conductivity
of the Hycon alloy was essentially unchanged by irradiation, agrees qualitative-
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ly with the microstructural analysis revealing little change in the Hycon alloy
due to irradiation.

Table 4. Relative Electrical Conductivity for Copper Alloys Unirracliated and
Irradiated at 350°C to a Dose Level of 0.3 dpa.

Materials

OFHC

CuNiBe

CuNiBe

CuNiBe

Hycon 3HP

Cu-Cr-Zr

Cu-Cr-Zr

CuNiBe

CuNiBe

CuNiBe

Hycon 3HP

Cu-Cr-Zr

Cu-Cr-Zr

Heat Treatment

550°C,2h

A

E

B

"Prime Aged"

E

B

A

E

B

"Prime Aged"

E

B

Irradiation Dose

(dpa)

Unirr

Unirr

Unirr

Unirr

Unirr

Unirr

Unirr

0.3

0.3

0.3

0.3

0.3

0.3

Relative
Conductivity

(%)

100

32.0

42.6

42.1

64.6

61.5

71.3

48.5

50.1

52.8

65.7

77.3

84.5

5 Post-Irradiation Mechanical Pro-
perties

The influence of 35O°C irradiation temperature and test temperature is particu-
larly noticeable in the CuNiBe alloys, all of which exhibited very poor elonga-
tions both before and after irradiation. The CuCrZr, though much lower in
overall strength, maintained an acceptable level of uniform and total elongation
both before and after irradiation. The irradiated CuAI-25 exhibited a plastic
uniform elongation of 2-3%. The results of mechanical properties are briefly
presented in the following sections. Tables 5 and 6 provide a summary of the
tensile results for the unirradiated and irradiated specimens, respectively.

For comparison purposes, specimens of annealed (550°C/2 h) OFHC-Cu were
also irradiated at 350°C to a dose level of 0.3 dpa and were tensile tested at
35O°C. The tensile results are included in Tables 5 and 6 and the corresponding
stress-strain curves are shown in Figure 15. It should be noted here that the
neutron irradiation even at this relatively high temperature (0.46 Tm|)) and to a
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relatively low dose level of only 0.3 dpa causes a significant decrease in the
ductility of the OFHC-Cu.

5.1 CuNiBe
The solution annealed (HTA) Trefimetaux CuNiBe has a very low yield
strength and high elongation, with a work hardening ability comparable to that
of pure copper. The bonding thermal cycle (HTB) and bakeout simulation
(HTC and HTC') treatments produce an alloy that still possesses reasonable
ductility and work hardening even when tested at 350°C. However, the Hycon
3HP surprisingly exhibits very low ductility and work hardening when tested at
350°C. Figure 16 provides a comparison between the Hycon and the Trefime-
taux CuNiBe given the bonding thermal cycle treatment and the solution an-
nealing treatment. Clearly the Hycon 3HP alloy does not exhibit the same be-
haviour as the Trefimetaux CuNiBe specimens, despite a similar level of
strength. In addition, Figure 17 shows the effect that the bakeout treatment has
on the properties of the Trefimetaux CuNiBe. Although well below the 475°C
ageing temperature used for this alloy, holding the specimens at 350°C for 100
hours obviously produces a change in the microstructure that leads to a notice-
able increase in yield strength and a slight increase in the ultimate strength.

Irradiation at 35O°C of the various CuNiBe specimens leads to severe embritt-
Iement of both the Trefimetaux CuNiBe alloy and the Hycon 3HP. The data in
Table 6 show that the only condition exhibiting measurable ductility was the
irradiated solution annealed specimen. The irradiation induced precipitation
lead to a microstructure with a high precipitate density, but yet allowed a uni-
form elongation of 0.7%. The tensile curve shown in Figure 18 for the solution
annealed specimen illustrates the point that although possessing sufficient
strength, this condition still allows very little work hardening to occur. As in-
dicated in Figure 18, three of the specimens given the bonding thermal cycle
treatment (HTB) broke prematurely at an average stress of 225 MPa, almost
half of the unirradiated yield strength. The prime aged specimens broke during
removal from the irradiation capsule, further illustrating the extreme embrittle-
ment of these materials. The Hycon alloy, although breaking at a much higher
load, also failed prematurely before reaching the point where the 0.2% offset
yield stress could be measured. The fracture surfaces of the irradiated CuNiBe
(HTA) and CuNiBe (HTB) specimens are shown in Figure 19, demonstrating
that the failure occurred along the grain boundaries. The gauge surface of the
CuNiBe (HTB) specimen is shown in Figure 19c, revealing that a crack is cle-
anly following the path along the grain boundaries.

5.2 CuCrZr
The CuCrZr exhibits reasonable work hardening and uniform elongation re-
gardless of the initial state of the material, as shown in Figure 20. Despite the
great difference in microstructures between the specimens given the solution
annealing, prime ageing or bonding thermal cycle , the CuCrZr alloys do not
exhibit the same degree of strengthening from the precipitates as do the CuNi-
Be alloys. This is due to the fact that there is an order of magnitude higher pre-
cipitate density in the CuNiBe alloys, as well as large coherency strains that
further enhance the strengthening effect of the y" precipitates and GP zones.
The bakeout simulation produces some change in the strength of the specimens
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initially given the bonding thermal cycle treatment, but had no effect on the
prime aged CuCrZr (Figure 21).

Irradiation and testing at 350°C produced only minor changes in the strength
and ductility of the CuCrZr. As can be seen in Figure 22, the irradiation indu-
ced precipitation in the solution annealed material produces comparable
strength to that measured in the prime aged and bonding thermal cycled speci-
mens. The higher ductility may be due to the fact that the tested specimens we-
re cylindrical in form as opposed to the sheet form used for the other speci-
mens. A fracture surface from the CuCrZr (HTE) specimen is shown in Figure
23, revealing that large reductions in cross-sectional area take place and that the
failure mode is a ductile, knife edge failure.

5.3 GlidCop™ CuAl-25
The CuAI-25 proved to be resistant to any significant changes in the overall
strength and ductility during irradiation. Tensile curves are provided in Figure
24 illustrating the effect of the annealing treatment (HTD) on the properties of
the unirradiated CuAl-25. Although the curves seem to suggest that the mate-
rial is stronger after annealing, the data tabulated in Table 5 shows in fact the
only difference is that the annealed specimen has a higher total elongation.

Table 5. Tensile results for unirradiated OFHC-Cu and copper alloys with the
pre-irradiation heat treatments described in Table 2. Tests were conducted at
350°C.

Material

OFHC-Cu

CuNiBe

CuNiBe

CuNiBe

CuNiBe

CuNiBe

CuNiBe

CuCrZr

CuCrZr

CuCrZr

CuCrZr

CuCrZr

CuAl-25

CuAl-25

Heat Treatment

550°C/2 h

A;1)

A

B

C

C

Hycon h )

A

B

C

C

E

D' ; "

(MPa)

18

90

118

430

475

518

495

69

123

169

184

178

235

233

CTo.2

(MPa)

23

100

125

468

525

560

550

76

138

178

183

185

250

241

Oman

(MPa)

95

363

375

615

635

638

583

165

214

243

244

245

255

245

(%)

37.8

45.9

50.9

8.2

5.1

10.0

1.3

21.3

17.2

15.2

12.5

14.7

1.5

1.8

Elotal

(%)

48.0

55.3

53.0

10.5

5.8

II.1

2.6

26.5

19.0

18.3

14.5

17.5

28.0

15.3
:1) Round specimens, 3 mm diameter gage
bl Longitudinal direction, heat number 33667
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Table 6. Tensile results for OFHC-Cu and copper alloys irradiated at 350°C to
0.3 dpa with the pre-irradiation heat treatments described in Table 2. Tests
were conducted at 350°C.

Material

OFHC-Cu

CuNiBe

CuNiBe

CuNiBe

CuNiBe

CuCrZr

CuCrZr

CuCrZr

CuAI-25

CuAI-25

Heat Treatment

55O°C/2h

A;|>

B

Ec)

Hycond>

A

B

E

D' a )

(MPa)

27

510

225b )

405b )

183

161

172

225

196

(MPa)

37

556

190

174

186

245

203

(MPa)

86

580

267

234

242

255

208

(%)

12.0

0.7

15.4

12.4

12.2

3.4

2.0

£lotal

(%)

17.0

4.2

44.0

14.5

14.5

17.5

12.3
a) Round spec imen, 3 m m diameter gage
b) Broke prematurely
c) Specimen broke during mount ing in test machine .
d) Brush Wel lman , heat 33667

Note that except for the Hycon alloy, the uniform elongation and work har-
dening ability for the dispersion strengthened alloy is very low compared to that
of the other unirradiated alloys.

Irradiation at 35O°C leads to irradiation induced softening in the highly cold
worked (HTD') CuAI25, whereas the strength of the annealed CuAI-25 (HTD)
is relatively stable (Figure 24, Table 6). Both the HTD and HTD' conditions
show a slight improvement in the uniform elongation, but the overall work har-
dening ability has not improved significantly.

6 Discussion

Irradiation at 35O°C does lead to noticeable changes in the microstructure of all
of the alloys except the GlidCop™. Irradiation also produced quite significant
changes in the electrical conductivity of both the Trefimetaux CuNiBe and
CuCrZr alloys. The Hycon alloy, however, was resistant to any measurable
changes in the microstructure, which was reflected also in the electrical con-
ductivity results. Large dislocation loops were produced in the CuCrZr alloys
due to the presence of the alloying elements. Their effect was also evident in
the defect cluster density, which was much higher than that measured in the
CuAI-25 and previously in the OFHC-Cu [8]. This effect of alloying elements
points to fundamental interaction between the alloying elements and radiation
produced defects. The presence of such loops or defect clusters could not be
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confirmed in CuNiBe due to the high precipitate density. Although stable mi-
crostructurally, the tensile results confirm that the CuAI-25 should not be irra-
diated in a cold worked condition since a significant loss of strength occurs due
to irradiation enhanced recovery.

This study has illustrated clearly that the irradiated CuNiBe alloys are very
susceptible to embrittlement that occurs when tested at temperatures above
250°C, as previously reported by Singh et al. [3] and by Zinkle and Eatherly
[9]. Irradiation serves to exacerbate the problem at elevated test temperatures
compared to the unirradiated state, but the reason remains unclear at present.
The observation (Figure 7b) that the grain boundaries migrated and left behind
small unidentified precipitates may provide part of the answer, i.e., the formati-
on of precipitates at the boundary and in the denuded zones by radiation-
induced dissolution and re-precipitation of the Be and Ni. This redistribution
of the Be and/or Ni to the grain boundaries may be a source of the embrittle-
ment exhibited in the irradiated CuNiBe alloys, however, at this time segregati-
on of other impurities cannot be ruled out. In addition to the segregation to
grain boundaries, Singh and coworkers [3] have suggested that the occurrence
of irradiation induced changes in the grain interiors may make the them signifi-
cantly stronger than the grain boundaries and the adjacent denuded zone. Con-
sequently, this leads to a situation where the initiation and localisation of the
plastic flow in the grain boundary region may cause separation of grains wit-
hout any significant amount of deformation in the grain interiors.

Singh and coworkers [3] reported that irradiation at 250°C of the same alloys
under the same conditions lead to only minor changes in the electrical conduc-
tivity. They also reported that giving CuNiBe a bakeout simulation (350°C for
100 hours) produced an improvement in the electrical conductivity.

Taking into account the results presented previously for the alloys irradiated
at 250°C [3,9], it is clear that in terms of response to irradiation above 250°C ,
GlidCop™ and CuCrZr perform better than any of the CuNiBe alloys. Howe-
ver, both of these alloys are lacking when strength is considered. The electrical
conductivity of the GlidCop™ and CuCrZr are generally superior to that of the
CuNiBe alloys, although there is some overlap between the two precipitation
strengthened alloys depending on the initial starting state. Based strictly on
electrical conductivity and ductility considerations, the CuNiBe alloy has pro-
ven to be an unlikely candidate for fusion applications where the irradiation
temperature exceeds ~250°C. To put this in perspective, one must also consi-
der that the neutron spectrum of the ITER reactor will encompass a predomi-
nantly 14 MeV neutron spectrum, with higher recoil energies and transmutati-
on rates. This more severe environment may impose additional uncertainties on
the use of CuNiBe alloys.
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7 Conclusions

On the basis of the changes measured in the microstructure, mechanical pro-
perties, and electrical conductivity of the precipitation hardened and dispersion
strengthened copper alloys, the following conclusions can be drawn:

• The dispersion strengthened copper alloy CuAl-25 exhibits the greatest re-
sistance to radiation-induced changes in microstructure and mechanical pro-
perties at the irradiation temperatures of 250 and 350"C.

• The different heat treatments given to the CuNiBe and CuCrZr alloys make
little difference in their mechanical properties after irradiation at 350°C to
0.3 dpa.

• Irradiation at 350°C leads to greater changes in the precipitate microstructu-
re in the grain interiors and at or near the grain boundaries than observed at
250°C.

• Irradiation of solution annealed CuNiBe and CuCrZr leads to radiation-
induced precipitation that can produce strength levels near to that of the
unirradiated specimens with heat treatments HTB and HTE.

• Radiation-induced dissolution and re-precipitation change the precipitate
characteristics in both CuNiBe and CuCrZr alloys. In addition the radiation-
induced precipitate dissolution may be responsible for promoting segregati-
on of alloying and impurity elements in the CuNiBe, particularly at and near
the grain boundaries. This may be responsible for the observed grain boun-
dary embrittlement in the CuNiBe.

• CuCrZr appears to offer advantages over the CuNiBe because there remains
a reasonable level of ductility and work hardening even after irradiation,
however, the low strength is a limitation that has to be considered.

• The severe loss of ductility in the CuNiBe alloy due to neutron irradiation,
regardless of the initial starting state or composition, poses a serious con-
cern for this alloy at 250 and 350°C.

• The strong sensitivity of the microstructure and mechanical properties of
CuNiBe alloys to irradiation with fission neutrons may present serious pro-
blems regarding their application in an intense flux of 14 MeV neutrons.
The situation is made worse since the actual mechanism(s) responsible for
the observed decrease in ductility in the post-irradiation CuNiBe alloys has
not been firmly identified. It seems very likely, however, that the ballistic
resolution and irradiation enhanced diffusion and segregation may play an
important role.
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Figure 1. Geometry of sheet and cylindrical tensile specimens used in the pre-
sent experiments.
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Figure 2. The microstructure of the unirradiated Hycon 3HP (heat number
33667) is presented, showing (a) a large beryllide particle surrounded by a
recrystaliized region. Figure 2b shows a closeup of the reaystallized region
and the smaller particles, (c) gives another example of a recrystallized region.
The Y' precipitates shown in (d, e) were imaged in bright field and precipitate
dark field contrast, respectively
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Hycon 3HP, Unirradiated
Mean Size: 10 nm

Hycon 3HP. Irradiated
Mean Size: 10.8 nm

5 10 15 20

Precipitate Length (nm)

Figure 3. Size distributions of j " precipitates in Hycon 3HP in the unirradia-
ted and irradiated condition. Note that the distribution is relatively unchanged
after irradiation.
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Figure 4. The microstructure of the irradiated Hycon 3HP showing (a) small
precipitates at the grain boundaries but no denuded zones, and in (b, c) / '
precipitates imaged in 2-beam bright field and precipitate dark field, respecti-
vely.
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Figure 5. TEM micrographs of the microstructure of the irradiated solution
annealed CuNiBe (HTA), showing in (a, b) denuded zones along the boundaries
and around the primary beryllides, and y" precipitates imaged in (c) 2-beam
bright field and (d, e) precipitate dark field.
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Figure 6. Size distributions of precipitates in Trefimetaux CuNiBe alloys after
irradiation showing the differences between the three different heat treatments
after irradiation.
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Figure 7. The microstructure of the irradiated prime aged CuNiBe (HTE) is
shown. The micrographs in (a-c) provide three examples of the denuded zones
and migration of the grain boundaries. A bright field image of the / ' precipita-
tes is given in (d), and precipitate dark field images of the f precipitates are
shown in (e, f).
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Figure 8. Microstmcture of the irradiated CuNiBe (HTB) showing (a) wide
denuded zones and extensive precipitation along the grain boundaries. The
micrograph in (b) shows an example of a boundary that has migrated and left
behind small unidentified precipitates. The y" precipitates imaged in bright
field and precipitate dark field are shown in (c) and (d), respectively.
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Figure 9. An example of the microstnicture of the solution annealed CuCrZr
(HTA) after irradiation, showing (a, b) large dislocation loops present in the
grain interiors. The small precipitates imaged in weak beam dark field are
shown in (c, d).
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Figure 10. Size distributions of the irradiated Trefimetaux CuCrZr alloys com-
paring the different heat treatments. Clarification on the types of precipitates
measured is given in the text (Section 3.2.3).
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Figure 11. Large dislocation loops (a) formed in the CuCrZr (HTE) during
irradiation at 350'C, , The weak beam dark field images shown in (b,c,d) are of
the fringed precipitates that dominate the microstructure.
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Figure 12. The microstnicture of the CuCrZr given the HTB treatment is very
similar in appearance to that of the irradiated HTE specimens. The micro-
graphs in (a) and (b) give examples of the loop structure, while the micro-
graphs in (c & d) show the fringed precipitates imaged in weak beam dark
field.
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Figure 13. Example of the fine grain size in the irradiated CuAl-25 (HTD) are
given in (a and b), and (c) provides a closer look at the oxide particles imaged
using weak beam dark field on the [200]Cu reflection.
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Figure 14. The size distribution of oxide particles for the irradiated CuAI-25
shows that the oxide particles range in size from 2 to 20 nm in diameter.
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Figure 15. Stress-strain curves for the unirradiated and irradiated OFHC-Cu.
Note that irradiation with neutrons, even at a relatively high temperature, cau-
ses a significant decrease in ductility.
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Unirradiated CuNiBe
Ttest=350°C

a) Round (3 mm did.) specimen
b) Brush-Wellman, heat 33667

10 20 30 40
Strain (%)
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Figure 16. A comparison of the tensile behaviour of the CuNiBe alloys tested at
350°C. The Hycon and Trefimetaux CuNiBe (HTB) exhibit high strength, but
the ductility of the Hycon alloy is significantly less. Note also that the solution
annealed specimens still maintain high ductility and work hardening capabili-
ty-

Unirradiated CuNiBe

Ttest=350°C

10 20 30 40
Strain (%)

50 60

Figure 17. Stress-strain curves for the Trefimetaux CuNiBe alloys given the
simulated bakeout treatment. The high temperature exposure had little effect
on the properties of the alloys.
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a) Round (3 mm dia.) specimen
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c) Broke prematurely, Brush-Wellman, heat 33667
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Figure 18. A comparison of the tensile curves for the various CuNiBe alloys
after irradiation and testing at 350°C. All the alloys experience significant le-
vels of embrittlement. Note that the HTE specimens broke during unloading
from the irradiation assembly, while the Hycon and CuNiBe HTB specimens
broke prematurely during testing. Although the solution annealed specimens
possessed the highest strength, they also exhibit little uniform or total elongati-

on.
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Figure 19. Fracture surfaces from the irradiated Trefimetaux CuNiBe alloy
with heat treatment (a) HTA, and (b) HTB demonstrate the intergranular failu-
re mode. The surface of the specimen CuNiBe (HTB), (c) provides further evi-
dence in the form of a grain being pulled apart from its neighbouring grains.
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Figure 20. The tensile behaviour of Trefimetaux CuCrZr tested at 350°C. The
alloys exhibit reasonable ductility and work hardening ability, but possesses
low strength compared to the CuNiBe alloys. The curves show that the increa-
se in strength due to the HTE and HTB treatments is not as high as in the case
of the CuNiBe alloys.
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Figure 21. Bakeout simulation on the Trefimetaux CuCrZr. Only the HTB
condition experiences any change in strength by bakeout. The ductility and
work hardening were essentially the same for all conditions.
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Figure 22. Unlike the CuNiBe alloys irradiated and tested at 350°C, the
CuCrZr alloys still exhibits acceptable ductility and work hardening. Their
strength is comparable to that of the some of the CuNiBe alloys that failed in a
brittle manner.
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Figure 23. Fracture surfaces of Trefimetaux CuCrZr (HTE) irradiated at
350 C. This specimen failed in a ductile manner yielding a "knife-edge" frac-
ture appearance.
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Figure 24. Tensile properties for the unirradiated and irradiated CuAl-25 te-
sted at 350°C. Note, that all specimens exhibit very little uniform elongation, a
consequence of the poor work hardening ability. All specimens tested were of
the round geometry (3 mm diameter gauge).
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