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Abstract The final irradiation experiment in a series of screening experiments
aimed at investigating the effects of bonding and bakeout thermal cycles on ir-
radiated copper alloys is described herein. Tensile specimens of CuCrZr and
CuNiBe alloys were given various heat treatments corresponding to solution
anneal, prime-ageing and bonding thermal treatment. Additional specimens
were re-aged and given a reactor bakeout treatment at 350°C for 100 h. Glid-
Cop™ CuAl-25 (previously referred to as CuAl-25) was given a heat treatment
corresponding to a bonding thermal cycle only. Specimens were neutron irradi-
ated at 100°C to a dose level of -0.3 dpa in the DR-3 reactor at Ris0 National
Laboratory. Post-irradiation tensile tests at (100°C), electrical resistivity meas-
urements (at 23°C), and microstructural examinations were performed. Testing
and analysis of the unirradiated specimens have been reported earlier, and will
only be referred to when necessary.

The post-irradiation tests at 100°C revealed that the greatest loss of ductility
occurred in the CuCrZr alloys irradiated at 100°C, irrespective of the pre-
irradiation heat treatment, with the uniform elongation dropping to levels of
less than 1.5%. The yield and ultimate strengths for all of the individual heat
treated samples increased substantially after irradiation. The same trend was
observed for the CuNiBe alloys, which exhibited much higher uniform elonga-
tion and strength after irradiation than that observed in the case of CuCrZr al-
loys. In both alloys irradiation-induced precipitation lead to a large increase in
the strength of the solution annealed specimens with a noticeable decrease in
uniform elongation. The CuAl-25 alloy also experienced an increase in the
overall strength of the alloy after irradiation, accompanied by approximately a
50% decrease in the uniform and total elongation. The additional bakeout
treatments given to the CuCrZr and CuNiBe before irradiation served to in-
crease the strength, but in terms of the ductility no improvement or degradation
resulted from the additional thermal exposure. The results of these experiments
confirm that the CuAl-25 possesses the most resistant microstructure to thermal
and irradiation-induced changes, while the competing effects of ballistic disso-
lution and reprecipitation lead to important changes in the two precipitation
strengthened alloys.
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1 Introduction

Precipitation and dispersion strengthened copper alloys (CuCrZr, CuNiBe, and
CuAI-25) are being considered as heat sink materials in the first wall and di-
vertor assemblies of ITER (International Thermonuclear Experimental Reactor)
because of their high thermal conductivity and high strength [1,2]. Current de-
signs utilise these materials at temperatures below 200°C, with possible thermal
excursions due to plasma disruptions that may lead to higher temperatures for
short periods of time. Several irradiation experiments conducted by different
groups [3-14] have shown that each of the current alloys will impose severe
restrictions upon the designers due to their susceptibility to radiation hardening
and concomitant decrease in ductility, work hardening, and fracture toughness.
More recently it has been recognised that the joining procedures used to fabri-
cate the structures will also affect the performance of the materials during irra-
diation since the optimal processing needed to achieve the desired thermal con-
ductivity and strength may not be realised.

As a part of a broad experimental study on the effects of heat treatments and
subsequent irradiation on the properties of the various candidate alloys, a series
of heat treatments were given to tensile specimens of CuCrZr, CuNiBe, and
CuAI-25. These heat treatments were chosen in order to simulate the effect of
bakeout treatments and possible joining treatments such as hot isostatic press-
ing. These specimens were then irradiated in the DR-3 reactor at Ris0 National
Laboratory in Denmark at 100°C to a dose of 0.3 dpa. Previous reports have
already presented the results of the irradiation experiments conducted in this
series of screening experiments at 250 and 35O°C [9-11],

The present report summarises the results of the third and final set of experi-
ments on the same materials irradiated to 0.3 dpa, but at 100°C instead. The
effect of the various heat treatments described herein on the unirradiated micro-
structure have already been reported previously [9-11], and will not be pre-
sented in this report in detail. Tensile properties of unirradiated and irradiated
specimens with various heat treatments tested at 100°C are described. The re-
sults of electrical resistivity measurements on both unirradiated and irradiated
specimens at 23°C are also presented. Microstructural details are presented
briefly and related to the observed changes in mechanical properties.

2 Materials and Experimental
Procedure

The materials used in these experiments were CuCrZr, CuNiBe and GlidCop™
CuAI-25 alloys. The CuCrZr and CuNiBe alloys were supplied by Trefimetaux
(France) in the form of 20 mm thick plates. The A12O3 dispersion strengthened
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) condi-
tion. The chemical composition of these alloys is listed in Table 1. In addition,
Hycon 3HP™ (heat number 33667), a CuNiBe alloy produced by Brush Well-
man Inc. (USA), was also included in these experiments as a part of a round
robin experiment with Dr. S. Zinkle at Oak Ridge National Laboratory

Ris0-R-1OO8(EN)



Table 1. Chemical Composition

OFHC-Cu:

CuCrZr:

CuNiBe:

CuA125

Cu - 10, 3, < 1 and < 1 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% A12O3)

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

Type

A

E

B

C

C

D

Hycon

Heat Treatment

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)

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

(ORNL), who supplied the alloy. 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.

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 bakeout treatment was not given to the CuAl-25 since it
is well known that this temperature has little effect on microstructure and prop-
erties of the alloy. All heat treatments were carried out in vacuum (<10" torr).
Details of the various heat treatments are summarised in Table 2.

Details regarding the geometry and size of the tensile specimens have been
reported in previous reports [9]. Tensile specimens of CuCrZr, CuNiBe and
CuAl-25 alloys with the different heat treatments were irradiated at 100°C in
the DR-3 reactor at Ris0. All specimens were irradiated at the same time to a
fluence level of 1.5 x 1024 n/m2 (E > 1 MeV), which corresponds to a displace-
ment dose level of -0.3 dpa (NRT). The neutron flux during irradiation was
approximately 2.5 x 1017 n/(m2 s) (E > 1 MeV) which corresponds to a dis-
placement 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 10° s"1.
Tensile tests were carried out at 100°C in vacuum (<10'4 torr). The test tem-
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perature of 100°C was reached within 30 minutes. The cross-head displacement
was measured and used to determine the stress-strain behaviour of the speci-
mens.

All resistivity measurements were made at room temperature (23°C), using a
4-point probe module developed by the Electronics Department at Ris0. The
average resistivity of OFHC-copper (annealed at 550°C for 2 h) was found to
be 1.682(J.Q cm, which is in good agreement with the nominal resistivity of
copper at room temperature of 1.698|0.Q cm. The relative resistivity (RR) of the
alloys was calculated from the following relationship: RR = R x t x w/ (Rcu x
tCu x wCu), where R is the electrical resistance measured for the specimen of
thickness t and width w. The index Cu refers to the values for the reference
OFHC-Cu sample. The total uncertainty on each measurement was estimated to
be less than 3%. The resistivity was normalised to that pure copper and con-
verted to electrical conductivity to demonstrate the effect of irradiation more
effectively.

For transmission electron microscopy (TEM), 3 mm discs were punched from
the unirradiated and irradiated sheet tensile specimens and thinned mechani-
cally to -0.1 mm thickness. TEM examination of the 100°C irradiated CuAl-25
specimens were not performed in this analysis as it was deemed sufficient to
measure the tensile and electrical resistivity. These discs were twin-jet electro-
polished 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 techniques used to analyse the de-
fect cluster density and precipitate characteristics are provided in earlier reports
[9-11].

3 Experimental Results

The microstructure of the irradiated alloys will be presented briefly in the fol-
lowing sections and comparisons will be made made with the unirradiated mi-
crostructure presented earlier [9-11]. The mechanical properties and electrical
resistivity of the irradiated specimens will be presented in the subsequent sec-
tions. A discussion of the results will be given that relates the microstructural
details to the changes observed in the properties of the materials.

3.1 Microstructural Analysis
The density of defect clusters and precipitates are listed in Table 3 for all of the
unirradiated and irradiated conditions. The values reported previously for the
250 and 350°C irradiation experiments are also listed for comparison.

3.1.1 CuCrZr

The microstructure of the irradiated specimens given the prime ageing (E) and
bonding thermal cycle treatments (B) contained a high density of small defect
clusters and a low density of precipitates. Examples of the microstructure are
shown in Figures 1 and 2, with a high density of small triangular stacking fault
tetrahedra being the dominant feature. The cluster density was found to be ~6 x
10" m" for the CuCrZr alloys, independent of the heat treatment given prior to
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irradiation. This value is identical to that measured in a separate DR-3 irradia-
tion experiment at 47°C and 0.2 dpa, and is only slightly lower than that meas-
ured for pure copper included in that experiment [3, 4]. The size distributions
of the stacking fault tetrahedra (SFT) are virtually the same in specimens with
heat treatments E and B, yielding an average size of 2.3 nm for the clusters,
again similar to the value reported previously [3, 4]. A comparison of the size
distributions is shown in Figure 3 for the CuCrZr specimens with the pre-
irradiation heat treatments E and B. The size of the precipitates measured in
weak beam images ranges from 4.5-5.6 nm, roughly double that found in the
unirradiated specimens. The estimate of the precipitate density after irradiation
places the density at around 0.3 x 10" m~", slightly lower than the values of
-0.4-0.6 x 1023 m"3 measured in the unirradiated specimens. There were many
features not recognisable as either defects or precipitates in the post-irradiated
specimens. Those that were clearly visible and easy to distinguish were pre-
dominantly the fringed precipitates similar to those reported in the 250 and
35O°C irradiation experiments [10,11]. However, the fraction of these precipi-
tates compared to the unirradiated specimens was rather low. As has been re-
ported in the 250 and 350°C experiments, a dislocation structure also formed in
the irradiated specimens consisting of a low density of dislocation loops and
line segments. No denuded zones along the grain boundaries were present in
either the unirradiated or the irradiated specimens.

3.1.2 CuNiBe

The Trefimetaux CuNiBe alloys exhibited less resistance to irradiation-induced
changes than the CuCrZr alloys, whereas the visible microstructure of the Hy-
con was relatively unchanged.

Examples of the microstructure for the two alloys are provided in Figures 4-6.
After irradiation the average precipitate size (Table 3) in the prime aged and
bonding thermal cycled Trefimetaux CuNiBe was identical despite the initial
difference in size in the unirradiated specimens. Size distributions taken from
centered dark field images using precipitate reflections gave an average size of
3 nm for both the prime ageing and bonding thermal cycle heat treatments. A
comparison of the size distributions between the two different heat treatments
and the irradiated Hycon alloy (Figure 7) clearly demonstrates that the precipi-
tates in the Hycon alloy have a much larger average size and broader size dis-
tribution than in the Trefimetaux CuNiBe alloys. Similar results were also ob-
tained for the unirradiated Hycon and the Hycon irradiated at 35O°C [11]. The
density of precipitates in Trefimetaux specimens with both heat treatments was
found to have decreased substantially after irradiation, whereas the density of
precipitates in the Hycon decreased by only a modest amount. One point to
make, however, is that in the case of the irradiated Hycon alloy, some of the
individual precipitates are not continuous and appear to be breaking up (see
Figure 6). This suggests that the precipitates are beginning to get dissolved lo-
cally and broken into smaller precipitates by the process of ballistic dissolution.
The small discrete precipitates may be the result of dissolution and reprecipita-
tion. The smaller size and lower density of precipitates in the Trefimetaux Cu-
NiBe specimens after irradiation are consistent with the idea of the ballistic
dissolution of the beryllides.
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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 100, 250 and
350"C to a dose level of -0.3 dpa. All numbers quoted in parenthesis refer to
the average size of the precipitates or particles

Heat Treat-
ments

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 - 100°C, 0.3 dpa (1O23 m'"1)

E

B

0.27 (5.6 nm)3

0.25 (4.5 nm)3

4.0 (3 nm)5

5.5 (3 nm)5

1.3(10nm)

Post-Irradiation Microstructure - 250°C, 0.3 dpa (1O23 m"3)

A

E

B

D

0.62

0.4 (5.5 nm)3

0.55 (4.0 nm)3

4.5

13 (4.0 nm)5

6.9 (5.0 nm)5

0.18

Post-Irradiation Microstructure - 35O°C, 0.3 dpa (1O23 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)

0.18 (9.4 nm)

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 con-
trast.

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.

There are visible SFT's in the Hycon alloy, and they can also be found in re-
gions in the Trefimetaux specimens where the precipitate density is not as high,
such as near the edge of the foil or in the vicinity of the large primary Ni-rich
beryllides. Whether a high density of defect clusters exists in the grain interiors
is subject to speculation since the precipitates and their strain fields dominate
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the microstructure, making it impossible to measure the cluster density and
size. The complexity of the microstructure also raises the question of whether
smaller precipitates are formed during irradiation that may simply be too small
to clearly identify.

Denuded zones formed during the pre-irradiation heat treatments of the
Trefimetaux alloy have been reported in the earlier studies [9-11]. After irra-
diation at 100°C, and also at 250 and 35O°C, the denuded zones are no longer
completely free of precipitates. Irradiation at 100°C leads to precipitation
within the pre-irradiation denuded zone and at the grain boundary itself. The
phases appear to be the same as in the matrix, that is, y" precipitates. This pro-
vides further evidence that the precipitate microstructure in this particular class
of alloys is not stable during neutron irradiation.

3.2 Electrical Conductivity
Resistivity measurements reveal that microstructural changes induced by irra-
diation also lead to a measurable effect in the physical properties of the materi-
als. Table 4 lists the electrical conductivities (normalised to OFHC-Cu) meas-
ured before and after irradiation at 100°C for all of the materials and conditions
irradiated. Note that irradiation leads to a decrease in the conductivity of the
pure copper due to the production of defect clusters, and that the same is found
in the case of the CuAl-25, though not to quite the same extent. The two pre-
cipitation hardened alloys exhibit different responses to irradiation. The con-
ductivity of the CuNiBe alloy is actually lower after irradiation for all three of
the heat treatments listed, which agrees qualitatively with the fact that the

Table 4. Electrical Conductivity for Copper Alloys Irradiated at I00°C to a
Dose Level of 0.3 dpa.

Materials

OFHC

CuNiBe

CuNiBe

CuNiBe

CuNiBe

CuCrZr

CuCrZr

CuCrZr

CuCrZr

CuAl-25

Heat Treatment

550°C,2h

A

E

B

Hycon 3HP

A

E

B

C

D

Unirradiated

100

33.7

48.5

49.3

65.7

47.9

52.2

59.5

78.8

89.5

Irradiated

88.4

31.0

41.1

37.4

777

55.1

60.8

72.0

66.2

80.4

precipitates appear to be dissolving under irradiation. However, what is not
clear is whether the Ni and Be placed into solution is reprecipitating to form
new, perhaps smaller precipitates, or if they remain in solution. Either situation
or a combination of the two could lead to lower conductivities. The conductiv-
ity of the CuCrZr specimens, on the other hand, improves after irradiation with
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the specimens given the bonding thermal cycle treatment exhibiting the largest
increase in conductivity. The increase in conductivity can be directly related to
the coarsening of the precipitates observed in the microstructure, that is, a
lower precipitate density and a larger mean size as compared to the unirradiated
specimens. The one exception to this is that the CuCrZr specimens given the
additional bakeout exposure (HTC) exhibited a significant decrease in conduc-
tivity, comparable to the same level as that measured for the OFHC-Cu and
CuAl-25. Whether this is due to the presence of the defect clusters is not clear.

3.3 Mechanical Properties
After irradiation at 100°C to a dose level of 0.3 dpa, all alloys exhibit lower
uniform elongation and higher strengths, irrespective of the pre-irradiation heat
treatments given to each material. The values of the uniform and total elonga-
tions for the unirradiated and irradiated tensile specimens are given in Tables 5
and 6. The data quoted in the Tables 5 and 6 and the tensile curves shown in
Figures 8 and 9 illustrate that in the unirradiated condition the CuCrZr alloys
exhibit large uniform and total elongations and a large degree of work harden-
ing. The additional bakeout treatments given to the prime aged and bonding
thermal cycle heat treated specimens lead to a large increase in the strength of
the material, with only a slight decrease in ductility and work hardening ability.
The strength of the prime aged and bonding thermal cycle heat treated speci-
mens are lower than expected because no cold working was given to the speci-
mens before or after the ageing treatment. After irradiation, all of the individu-
ally heat treated specimens exhibit very low uniform elongation (Table 6) and
no ability to work harden, as illustrated in Figures 10 and 11. The pre-
irradiation bakeout heat treatments given to the CuCrZr produced a noticeable
difference in the response of the material since the HTC and HTC specimens
maintained their higher strength, though the uniform and total elongations are
the same as in the other conditions. The yield strength of the irradiated solution
annealed specimens increased by a factor of 5 to 6 after irradiation, behaving
essentially in the manner similar to the specimens that were given bonding
thermal cycle heat treatment prior to irradiation. Because of the low uniform
elongation, lack of work hardening ability, and the fact that the yield stress after
irradiation exceeded the ultimate stress in the corresponding unirradiated
specimens, the CuCrZr alloy exhibits an instability at the onset of plastic de-
formation that is not altered by any of the pre-irradiation heat treatments used
in this experiment.

Unlike the CuCrZr alloys, the CuNiBe alloys are much more amenable to
strengthening without the aid of cold working, one of the strong advantages to
working with these alloys. As can be seen in Figures 12 and 13 and Table 5, the
solution annealed specimens are considerably weaker and more ductile than
their heat treated counterparts. Even with the much higher strength compared to
the CuCrZr alloys, it is interesting to note the large degree of uniform elonga-
tion and work hardening present in the high strength CuNiBe alloys. As in the
case of CuCrZr specimens, the bakeout thermal cycles given to the prime aged
specimens and the specimens with bonding thermal cycle heat treatment im-
prove the strength of the CuNiBe alloy with no loss of ductility. The tensile
curves presented in Figures 14 and 15 show that irradiation increases the
strength and lowers the ductility and work hardening ability, irrespective of
theheat treatments given to the material prior to irradiation. The solution an-
nealed specimens exhibit a 6-fold increase in their yield strength after irradia-
tion, providing a level of strength comparable to or higher than that present in
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Table 5. Tensile results for unirradiated pure OFHC-Cu and copper alloys with
the pre-irradiation heat treatments described in Table 2. Tests were conducted
at WO°C.

Material

OFHC-Cu

CuNiBe

CuNiBe

CuNiBe

CuNiBe

CuNiBe

CuNiBe

CuCrZr

CuCrZr

CuCrZr

CuCrZr

CuCrZr

CuAl-25

Heat Treatment

550°C/2h

A

B

C

C

E

Hycon 3HP

A

B

Ca

C

E

Db

Cfo.05

(MPa)

20

103

450

530

600

550

65

94

170

175

105

340

CT().O2

(MPa)

26

108

470

555

630

580

720

70

99

180

185

110

355

"max

(MPa)

193

340

690

760

860

820

780

205

237

315

322

246

400

(%)

60.0

55.0

28.0

25.5

27.0

24.0

7.2

43.0

34.8

23.0

34.0

13.0

^total

(%)

64.0

58.0

30.0

27.5

28.0

25.0

11.4

44.0

36.2

24.3

35.5

40.0

a)

b)
Specimen broke prematurely

Round specimens, 3 mm diameter gauge

Table 6. Tensile results for copper alloys irradiated at 100°C to a dose level of
0.3 dpa with the pre-irradiation heat treatments described in Table 2. Tests
were conducted at 100°C.

Material

CuNiBe

CuNiBe

CuNiBe

CuNiBe

CuNiBe

CuCrZr

CuCrZr

CuCrZr

CuCrZr

CuCrZr

CuAl-25

Heat Treatment

A

B

C

E

Hycon 3HP

A

B

C

C

E

Db

00.05

(MPa)

625

800

880

815

365

370

445

440

400

540

Go.02

(MPa)

663

880

960

885

810

365

370

450

440

405

544

^inax

(MPa)

683

938

990

940

840

370

373

450

445

412

546

t u

(%)

12.5

3.4

3.4

3.3

0.8

1.1

1.1

1.3

1.3

1.2

5.5

Elotal

(%)

14.5

5.9

5.4

5.9

4.5

4.0

4.1

4.0

4.0

3.8

26.0

a)

b)
Specimen broke prematurely

Round specimens, 3 mm diameter gauge
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the unirradiated prime aged CuNiBe. The irradiated solution annealed speci-
mens possess little work hardening ability, although the uniform and total elon-
gations are the highest after irradiation of any of the irradiated copper alloys.
With the exception of the solution annealed conditions, the different heat
treatments used in these experiments made little difference after irradiation.
While stronger and less ductile in the unirradiated condition, the Hycon 3HP
alloy suffers the greatest loss of uniform elongation and work hardening than
the Trefimataux CuNiBe alloy, and is actually weaker than the prime aged
Trefimetaux CuNiBe after irradiation.

The tensile behavior of the irradiated CuAl-25, illustrated in Figure 16, also
exhibits a significant increase in strength and loss of uniform elongation and
work hardening ability. The loss of work hardening and uniform elongation is
quite severe, though it is still better than that of the CuCrZr alloy. The as-
wrought CuAl-25 is stronger both before and after irradiation compared to any
of the heat treated CuCrZr alloy, but noticeably weaker and more ductile than
the CuNiBe alloy.

4 Discussion

The Trefimetaux CuCrZr used in the present study does not compare in strength
to the optimized properties available in other commercial products such as the
Elbrodur-G alloys produced by KM-Kabelmetal. However, the highest strength,
highest conductivity condition is produced using a solution annealing, cold
working and ageing treatment. For the ITER first wall and divertor assemblies
it is unlikely that cold-working will constitute a viable step in the processing of
the large components, so the strength and potentially the conductivity of the
CuCrZr will be closer to the material used in this study. One point to consider
is that the CuNiBe alloys are much more responsive to ageing without cold
working, so their strength can be quite high, but at the price of electrical and
thermal conductivity. The different pre-irradiation heat treatments do not alle-
viate the poor ductility of the CuCrZr alloy after irradiation, indicating that this
is a problem that has to be designed for in fusion applications. Recent experi-
ments have shown, however, that the post-irradiation annealing at 300°C for 50
hours may eliminate the problem of plastic instability and the lack of uniform
elongation in CuCrZr irradiated at 100°C [12].

The tensile behavior of these three alloys indicates that they are susceptible to
radiation-induced hardening and loss of uniform elongation and work hardening
ability. The limited number of heat treatments used in this study to simulate the
thermal treatments that may be used to fabricate the first wall or divertor com-
ponents will neither improve nor degrade their resistance to radiation hardening
effects. The CuNiBe and dispersion strengthened CuAl-25 offer marginally
better resistance to irradiation-induced loss of ductility given that they still pos-
sess a few percent uniform elongation and a finite ability to work harden.

At this point it should be stressed that despite the loss of uniform elongation
and work hardening ability, these materials still deform and fail in a ductile
manner after irradiation at 100°C. Radiation hardening and the lack of uniform
elongation are therefore more appropriate terms than embrittlement since all of
the materials exhibit a ductile fracture mode, although they deform in a very
localized fashion. Although both the CuCrZr and the CuAl-25 retain the ability
to deform in a ductile manner, the degree of uniform deformation is very sensi-
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tive to the irradiation and test temperature as well as neutron dose. The 250 and
350°C screening experiments [9-ll]have also shown that the CuNiBe alloys
exhibit a different response to neutron irradiation at elevated temperatures that
is also sensitive to the test temperature. The CuNiBe alloys do embrittle after
irradiation at 250 and 35O°C, and the degree of embrittlement increases with
the irradiation temperature. The fracture surfaces of the CuNiBe shift to a pre-
dominantly intergranular fracture mode with some dimpling on the grain facets
after irradiation at 250°C. At 350°C, these materials, regardless of heat treat-
ment or composition, suffer from severe embrittlement at the grain boundaries
that manifests itself as a separation of the grains with no ductile dimpling pres-
ent on the grain facets. In contrast to this behavior, the CuCrZr alloy and CuAl-
25 perform better at elevated temperatures with respect to their tensile ductility
and work hardening. Unfortunately other effects such as poor fracture tough-
ness in the GlidCop™ CuAI-25 [13] raise different issues that have to be con-
sidered for their use in fusion reactor applications.

While the results of these experiments indicate that the CuNiBe and CuAI-25
may be superior in this operating regime, the performance of the Trefimetaux
CuNiBe and Hycon 3HP alloys may degrade at higher doses. Irradiation ex-
periments at higher doses show that these materials continue to lose their duc-
tility and work hardening ability [14]. In addition, other experiments have
shown that Hycon 3HP irradiated at 300°C may exhibit ductile behavior during
room temperature tensile tests, but increasing the test temperature changes the
failure mode to the expected brittle transgranular failure observed by several
researchers [15]. This raises the concern that sudden thermal spikes due to dis-
ruptions could shift the material being irradiated at 150°C (supposedly still in
the ductile regime) to a higher temperature where it may become brittle.

Irradiation clearly changes the precipitate size and density in the two precipi-
tation strengthened copper alloys, depending on the stability of the phases and
radiation-enhanced diffusion of the alloying elements. The large increases in
strength measured in the irradiated solution annealed specimens are evidence of
irradiation-induced precipitation at 100°C. The microstructural analysis of the
CuNiBe and Hycon alloys provides additional evidence that during irradiation
precipitation as well as ballistic dissolution are occurring in the CuNiBe alloys,
and that it has a very noticeable effect on the mechanical and physical proper-
ties. The large increase in the strength measured in the irradiated alloys do not
agree with complete dissolution of the y" precipitates. In fact, given the large
increase in the strength for the four heat treatments (B, E, C and C ) and the
lower electrical conductivity after irradiation, it is clear that ballistic dissolution
and reprecipitation must be occurring. Irradiation may be producing a combi-
nation of small defects and precipitates that are not visible in the TEM because
of the large degree of strain contrast already present from the remaining pre-
cipitates. Some of the Ni and Be may also remain in solution during irradiation,
thereby lowering the conductivity even further. While the Hycon alloy ap-
peared to be more resistant microstructurally than the Trefimetaux alloy, the
fact that the some of the images of the larger y" precipitates in the Hycon alloy
appear to be breaking up into smaller precipitates indicates otherwise. It may be
that at higher doses the size distribution of the precipitates in the Hycon alloy
will shift to smaller sizes as the competing effects of dissolution and reprecipi-
tation continue to proceed. One final point to make regarding the dissolution
and reprecipitation is that the precipitate denuded zones along the grain
boundaries in the Trefimetaux specimens show the formation of newer pre-
cipitates that were not present before irradiation, which requires dissolution of
the precipitates and enhanced diffusion of the solutes at 100°C.
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In the case of the CuCrZr alloy the improvement in the electrical conductivity
and larger precipitate size coupled with the slightly lower density suggest that
irradiation coarsened the precipitate microstructure, and possibly induced addi-
tional precipitation that removed any remaining Cr and Zr from solution. In ef-
fect the precipitates in these materials appear to be more stable and resistant to
ballistic dissolution, similar to the AI2O3 particles as shown in several studies
on the CuAI-25 alloys. In both of these alloys it is clear that the defect clusters
introduced during irradiation are the dominant source of hardening that leads to
the loss of ductility and work hardening, whereas the precipitates and oxide
particles influence the final deformation. The much higher precipitate density
in the CuNiBe alloys controls the deformation throughout the tensile tests in the
100°C irradiated specimens, and this includes the proposed "invisible" pre-
cipitates and/or defects that have not been seen in the TEM analysis.

When considered in the light of vairous studies performed on these alloys, it
is evident that radiation hardening and the subsequent effect that it may have on
the tensile properties, toughness and conductivity will pose a severe limitation
on their use for applications below ~200°C. Further development of these or
even new alloys specifically tailored for operating in neutron environments is
needed. One approach would be to increase the volume fraction and concentra-
tion of oxide particles or precipitates to levels where they interfere more effec-
tively with the movement of dislocations, that is, increasing the density of ef-
fective Orowan obstacles such that dislocation channelling can be effectively
prevented.

5 Conclusions

Heat treatments designed to explore the potential effects of joining proc-
esses and vessel bakeouts did not offer any improvement in the mechanical
and physical properties after irradiation.
Irradiation at 100°C leads to a severe loss of uniform elongation and a large
increase in strength in the CuCrZr alloys.
Both the CuNiBe alloys and the CuAI-25 exhibit radiation hardening and a
loss of ductility, but to a lesser degree than the CuCrZr.
The microstructure of the CuNiBe alloys has proven to be the least stable
under neutron irradiation, and at higher doses its performance may degrade
even further. Ballistic dissolution and reprecipitation are thought to be re-
sponsible for the increase in strength and drop in conductivity, whereas in
the other two alloys the strength is controlled primarliy by the presence of
the defect clusters and or precipitates.
This study and others have shown that these materials can only be used if
the very low uniform elongation, poor work hardening characteristics, and
potential for instability during deformation can be properly taken into ac-
count during the design.
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Figures

Figure 1. Shown is the microstructure of CuCrZr given the bonding thermal cycle "B" heat treatment
prior to irradiation at 100°C to 0.3 dpa. Dislocation loops and line dislocations are shown in (a),
while examples of the defect clusters formed during irradiation are shown in (b).

Ris0-R-1OO8(EN) 17



Figure 2. Shown is the microstructure of CuCrZr given the prime ageing "E" heat treatment prior to
irradiation at 100°C to 0.3 dpa. Dislocation loops and line dislocations are shown in (a), while
examples of the defect clusters formed during irradiation are shown in (b).
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Figure 3. A comparison of the SFT size distributions of the Trefimetaux CuCrZr given the heat
treatments "B" and "E" reveals the same size distribution for both conditions, yielding an average
size of 2.3 nm.
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^ 4. The inicrostructure of the Trefunetaux CuNiBe alloy (heat treatment B) after irradiation.
Large beryllides are present in the grain interiors and at the grain boundaries. Note that the grain
boundary in (b) is no longer denuded, but contains /'precipitates. An example of the Y' in the grain
interiors is shown in (c) along with a typical diffraction pattern in (d).
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Figure 5. The inicrostructure of the Treflinetaux CuNiBe alloy (heat treatment E) after irradiation.
The inicrostructure is similar to that of the CuNiBe given the heat treatment B, with a simlar y"
precipitate size and precipitation occuring along the grain boundaries.
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Figure 6. The microstructure of the Hycon 3HP CuNiBe alloy after irradiation, showing the general
microstructure in (a) and a grain boundary in (b). The y" precipitates are much larger in this
material, however their images in (c) appear to be breaking into smaller particles.
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Figure 7. The size distribution of y" precipitates in the irradiated Trefimetaux and Hycon 3HP
CuNiBe alloys, showing that the Hycon alloy possesses a much broader size distribution and larger
average size than the Trefimetaux alloy with two different heat treatments.
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Figure 8. Tensile curves for the unirradiated Trefimetaux CuCrZr tested at 100°C. The alloys exhibt
reasonable ductility, but rather low strength because no cold working was introduced to enhance the
precipitation during ageing.
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Figure 9. Bakeout simulation on the Trefimetaux CuCrZr showing that at Tlt.s, = 100°C, the additional
thermal exposure increases the strength beyond that provided by the prime ageing and bonding
thermal cycle treatment.
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Figure 10. Irradiation increases the strength of the solution annealed, prime aged and bonding
thermal cycle heat treated specimens, but at the cost of a severe loss of uniform and total elongation.
The strong effect of irradiation-induced precipitation produces enough precipitation in the solution
annealed samples to yield a strength equal to that of the samples given the bonding thermal cycle
treatment. Note that none of the specimens exhibit any significant work hardening ability.
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Figure 11. The differences in strength caused by the addtional bakeout treatment are not as great
after irradiation. These data show that at T,rr = 100°C the different heat treatments lead to no
significant differences in the overall tensile ductility, just slight differences in strength.
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Figure 12. A comparison of the tensile behavior of the unirradiated Trefiinetaux CuNiBe alloys tested
at 100°C. Unlike the CuCrZr alloys, this alloy can be strengthened to very high levels without the use
of cold working. Note the low level of strength in the solution annealed sample and how it compares
to that of OFHC-Cu.
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Figure 13. The simulated bakeout treatments improve the strength of the Trefimetaux CuNiBe alloys,
with little difference in the ductility.
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Figure 14, Irradiation also has a strong effect on CuNiBe alloys. The solution annealed sample show
a dramatic increase in strength, but unlike the samples aged before irradiation, it still maintains a
much higher uniform and total elongation (A). The Hycon 3HP and the aged Trefhnetaux CuNiBe
samples (B, E) have all experienced a significant loss of ductility and work hardening ability, but
their performance after irradiation is still better than that of the CuCrZr alloys.
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Figure 15. The simulated bakeout treatments did not produce any significant differences after
irradiation. All specimens with different heat treatments suffer a loss of ductility and work hardening
ability after irradiation at 100°C.
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Figure 16. The dispersion strengthened CuAl-25 behaves similarly to the other alloys in that
irradiation leads to a large increase in the strength accompanied by a loss of ductility and work
hardening ablility. The properties of the irradiated CuAl-25 are intermediate between that of the
Trefunetaux CuNiBe and CuCrZr after irradiation.
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