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Abstract The precipitation strengthened CuNiBe alloys are among the three
candidate copper alloys that are being evaluated for application in the first wall,
divertor, and limiter components of ITER. Generally, CuNiBe alloys have
higher strength but poorer conductivity compared to CuCrZr and CU-AI2O3 al-
loys. Brush-Wellman Inc. has developed an improved version of their Hycon
CuNiBe alloy that has higher conductivity while maintaining a reasonable level
of strength.

In the present work we have investigated the physical and mechanical proper-
ties of the Hycon 3HP™ alloy both before and after neutron irradiation and
have compared its microstructure and properties with the European CuNiBe
candidate alloy manufactured by Trefimetaux. Tensile specimens of both alloys
were irradiated in the DR-3 reactor at Ris0 to displacement dose levels of up to
0.3 dpa at 100, 250 and 350°C. Both alloys were tensile tested in vacuum in the
unirradiated and irradiated conditions at 100, 250 and 350°C and the micro-
structures of the alloys were investigated using transmission electron micros-
copy. Electrical resistivity measurements were made on tensile specimens be-
fore and after irradiation; all measurements were made at 23°C. Results of these
investigations are presented and discussed in terms of the sensitivity of these
alloys to test temperature, which becomes increasingly problematic when the ir-
radiation and test temperature reaches 250°C and above.

ISBN 87-550-2389-4
ISSN 0106-2840

Information Service Department, Ris0, 2000



Contents

1 Introduction 5

2 Materials and Experimental Procedure 5

3 Experimental Results 6

3.1 Microstructure 7
3.2 Electrical Conductivity of CuNiBe Alloys 9
3.3 Mechanical Properties 11

4 Discussion 12

5 Conclusions 75

Acknowledgements 16

References 16

Figurers 17

Ris0-R-1O49(EN)



1 Introduction

Precipitation strengthened CuNiBe alloys have been investigated in the past few
years as potential alloys for use as a heat sink material in the International
Thermonuclear Experimental Reactor (ITER). The first wall, divertor, and lim-
iter are three structures that need a high conductivity material, and in the case of
the divertor assemblies, which will experience very high heat fluxes (-15
MW/m2), high strength is also desirable. Other high conductivity copper alloys
such as the dispersion strengthened GlidCop™ A125 and the precipitation
strengthened CuCrZr alloys are also being considered for the same applications,
but both alloys possess a much lower yield strength at operating temperatures
around 150-200°C. Their electrical and thermal conductivity, however, are gen-
erally much higher than that of the CuNiBe alloys.

The CuNiBe alloys were initially developed as a high strength, high conduc-
tivity alternative to replace the more common Cu-Be alloys, which can be heat
treated to achieve very high strengths, but always at the expense of conductivity
(typically less than 40% IACS) [1,2]. By adding 1.4-2.2 wt% nickel/cobalt and
reducing the beryllium level from ~2 wt% to levels between 0.2 and 0.7 wt%, a
new class of alloys was developed that could achieve yield strengths of greater
than 700 MPa with an electrical conductivity of 60-70 %IACS, almost double
that of the higher strength Cu-1.9%Be alloys. In the early 1980's the CuNiBe
alloys were further developed and refined by Brush Wellman, Inc. through a
collaborative research program with researchers at the Princeton Plasma Physics
Laboratory (PPPL) who were interested in using a high strength, high conduc-
tivity copper alloy in the Burning Plasma Experiment [2]. Hycon 3HP™ was
one of the CuNiBe alloys that came out of the extensive alloy development pro-
gram. This alloy was found to possess excellent strength, ductility, conductivity,
and fracture toughness at room temperature and cryogenic temperatures. The
program also investigated the welding of the alloy and were able to develop a
welding procedure that produced acceptable joints with little loss in strength or
conductivity [3].

For the ITER program both Hycon 3HP™ and Trefimetaux CuNiBe alloys
have been used to study the effects of test temperature and irradiation over a
wide temperature range. Both of these materials have been irradiated in a series
of irradiation experiments, and the results have been reported separately for the
individual experiments [4-8]. The following report offers a comparative review
of the performance of these two alloys both before and after irradiation. Tensile
results, electrical resistivity, and microstructural observations have been com-
piled and will be presented in the following sections.

2 Materials and Experimental Pro-
cedure

The materials used for the comparison were a CuNiBe alloy supplied by
Trefimetaux (France) in the form of 20 mm thick plates, and Hycon 3HP™
(heat number 33667), the alloy produced by Brush Wellman Inc. (USA). This
alloy was fabricated as a 25 mm thick cold worked and aged plate to produce
maximum strength while providing acceptable conductivity (-65 %IACS). The
properties of this particular heat of material have recently been reported by Zin-
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kle and Eatherly [9]. The chemical compositions of these alloys are listed in
Table 1. The exact composition of the Hycon alloy is held as proprietary infor-
mation by Brush Wellman, but the nominal composition given in Table 1 is
similar in overall composition to the Trefimetaux CuNiBe. The heat treatment
given to the Trefimetaux CuNiBe has been referred to as heat treatment E
(HTE) in the earlier reports where the effect of different heat treatments was
studied [4-8].

Table 1. Chemical Composition and heat treatment of CuNiBe alloys

Alloy

Trefimetaux CuNiBe

Hycon 3HP
Brush Wellman, Inc.

Composition (wt%)

Cu - 1.75% Ni, 0.45% Be

Cu- 2.0 % Ni, 0.35% Be

Heat Treatment

Solution anneal at 950°C
for 1 hr, WQ, aged at
475°C for 30 minutes,
WQ

Proprietary, but essen-
tially a SA, CW & aged
plate

Sheet tensile specimens of both alloys were irradiated in the DR-3 reactor at
Ris0 to 0.3 dpa at 100, 250, and 35O°C, with an additional dose of 0.1 dpa in-
cluded at 250°C for the Hycon alloy. The full details of the experimental condi-
tions are provided in earlier reports [4-8]. The neutron flux during these ex-
periments was approximately 2.5 x 1017 n/m2#s (E>1 MeV) which corresponds
to a displacement damage rate of ~5 x 10"8 dpa (NRT)/s. The temperature was
controlled to within ±2°C during the entire irradiation period. Tensile tests were
conducted at a strain rate of 1.2 x 10"3 s"1 in vacuum (<10"4 torr) at the irradia-
tion temperatures. Additional tests at 47°C were conducted for the unirradiated
Hycon and Trefimetaux alloys.

Transmission electron microscopy was performed on selected specimens to
study the changes in microstructure that occurred after irradiation. The analysis
was done using a JEOL 2000FX transmission electron microscope. Fracture
surfaces of the unirradiated as well as the irradiated specimens were also ex-
amined in a scanning electron microscope. The full details of the microstruc-
tural analysis are provided in references [6] and [7].

Electrical resistivity was measured using a specially designed 4-point probe
that can measure small resistances. All tests were performed at room tempera-
ture (23°C) on etched surfaces of untested tensile specimens. The total uncer-
tainty on each measurement was estimated to be less than 3%.

3 Experimental Results

A comparison of the microstructures of the unirradiated and irradiated alloys
will be given in section 3.1, followed by a summary of the available electrical
resistivity data in section 3.2. The last section will present the mechanical prop-
erties measured for all of the unirradiated and irradiated specimens. A discus-
sion and comparison of the results with that of other researchers will be given
afterwards.
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3.1 Microstructure

3.1.1 Unirradiated Microstructure

The unirradiated Trefimetaux CuNiBe alloy contains a low density of large cu-
boidal beryllides (0.5 |im average diameter) that form during solution anneal-
ing. The particles were found to be an ordered B2, Ni-rich phase, similar to the
equilibrium y phase observed in binary Cu-Be alloys [1,10]. This phase is very
resistant to thermal dissolution or coarsening during thermal anneals even at
temperatures near the melting point of the alloy. The Trefimetaux CuNiBe also
contains a high density of very small precipitates that appear to be predomi-
nantly Guinier-Preston (G-P) zones, which are shown in Figure 1. Guha [10]
reported that the normal precipitation sequence consists of G-P zones followed
by a y" phase, and also stated that the G-P zones were smaller than the y" pre-
cipitates (~5 nm vs. 10-15 nm for the y" phase). The average size and density of
the G-P zones/y" precipitates are given in Table 2 for both the unirradiated and
irradiated conditions. Both phases possess a (100) habit plane and appear as thin
disks when imaged near an <001> or <011> zone axis in the copper matrix. The
thin platelet nature of the G-P zones leads to pronounced streaking along the
[002]Cu directions in the diffraction patterns, which is illustrated in the inset in
Figure lc. Imaging the streaks in centred dark field away from matrix reflec-
tions allows for a quantitative determination of the size and density of the G-P
zones. If the precipitate microstructure has coarsened enough to eliminate the
streaking and allow the intensity maxima for y" phase at the g =1/3 and 2/3(200)
positions to be clearly seen, then these spots can be used to image the y" phase.
However, in the case when both phases are present, distinguishing between
them can be difficult if not impossible, and for the purposes of this study no
effort is made to separate the two when reporting densities and average sizes.

In addition to the precipitates, another feature of interest are denuded zones
present along the grain boundaries of the CuNiBe alloy and that surround the
primary Ni-rich beryllide particles. An average width of 20-30 nm was meas-
ured at several different grain boundaries. The denuded zones were character-
ised by a sharp transition in the precipitate density that delineates the edge of
the denuded zone, as illustrated in the micrographs shown in Figure 1.

Table 2. Precipitate sizes and densities in CuNiBe alloys irradiated in DR-3.

Irradiation
Condition

Unirradiated

100°C, 0.3 dpa

Trefimetaux CuNiBe

Density
(1023m-3)

18

4.0

Average size
(nm)

3.8

3.0

250°C, O.ldpa

250°C, 0.3 dpa

350°C, 0.3 dpa

13

6.3

4.0

4.9

Hycon 3HP™

Density
(1023m"3)

2.4

1.3

1.2

1.1

1.8

Average
size (nm)

10

10

13

13

11

Average precipitate diameter assuming round platelets.
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Although the composition of the Hycon 3HP™ is similar to that of the
Trefimetaux CuNiBe, the different thermomechanical processing used for the
Hycon 3HP™ alloy produces a much coarser precipitate microstructure. An ex-
ample of the microstructure of the Hycon 3HP alloy is presented in Figure 2,
clearly showing that the precipitates are much larger and of a lower density than
that measured in the Trefimetaux alloy (Figure lc). The average size and den-
sity are listed in Table 2, and a comparison of the size distributions between the
two alloys are given in Figure 3. The size distributions show that in addition to
a larger average size, the precipitates in the Hycon alloy also possess a much
broader size distribution with the largest precipitates ranging up to 20-25 nm in
diameter. The diffraction pattern shown in Figure 2 clearly shows that the
streaks observed in the diffraction pattern of the unirradiated Trefimetaux alloy
are no longer continuous, but have in fact coalesced into discrete reflections at
the 1/3 and 2/3(002) positions, meaning that the precipitates in the Hycon alloy
are predominantly /'-phase. The Hycon alloy also contained a lower density of
the large beryllides and no denuded zones were present at the grain boundaries.
One interesting difference between the two alloys is the presence of recrystal-
lized regions surrounding many of the large primary beryllides (Figure 2). This
is thought to be due to the cold working step which may have introduced a high
dislocation density or residual stresses that lead to enhanced ageing and recys-
tallization in the regions surrounding the particles. These regions contain
spherical or oblong precipitates that are much different than the y" precipitates
found in the bulk of the material, but no identification was made of these pre-
cipitates.

The G-P zones and the y" precipitates are the primary sources of strength in
this age-hardenable material, and their growth or dissolution is considered to be
of primary importance with regard to the mechanical and physical properties.
The presence of denuded zones along the grain boundaries and around the pri-
mary particles may be important since the denuded zones represent regions of
different strength and properties than the matrix. In the following section the
microstructural changes that occur after irradiation will be presented in detail to
help illustrate its impact on the mechanical and physical properties.

3.1.2 Irradiated Microstructure

The results of the microstructural analysis of the irradiated specimens are sum-
marised in Table 2. The precipitates in the Trefimetaux CuNiBe do not appear
to change much in their overall size after irradiation, irrespective of the irradia-
tion temperature. However, the density of the G-P zones decreases after irradia-
tion, and may in fact be changing to y" phase. Examples of the microstructure of
the irradiated Trefimetaux CuNiBe alloy are presented in Figures 4 and 5, along
with an example of the diffraction pattern after irradiation. The diffraction pat-
terns show that the streaking is not as strong and that the discrete reflections
associated with the y" phase are more prominent, particularly at higher irradia-
tion temperatures. The measured precipitate size distributions for the Trefime-
taux CuNiBe are shown in Figure 6 for different irradiation temperatures. The
most noticeable change compared to the unirradiated condition occurs after ir-
radiation at 350°C, where there is a noticeable broadening of the size distribu-
tion. Note that the peak sizes appear to shift from ~3 nm in the unirradiated
condition to -4-5 nm as the irradiation temperature is increased, but this is a
rather minor shift. Given the lower density, broadening of the size distributions
and transformation from G-P zones to y"-phase, it is clear that changes are oc-
curring in the Trefimetaux alloy even at irradiation temperatures and doses as
low as 100°C and 0.3 dpa. Stacking fault tetrahedra were observed in regions
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with low precipitate density, but the details of the size distributions and density
of clusters cannot be determined because of the overwhelming density of pre-
cipitates and the strain fields associated with them.

The denuded zones present along the grain boundaries of the CuNiBe provide
further evidence that changes are occurring in the microstructure. The denuded
zones are no longer clearly defined after irradiation at 100°C, as can be seen in
Figure 5. The formation of precipitates within the denuded zones present before
irradiation points to redistribution and reprecipitation of the solute elements,
with Be and possibly Ni diffusing into the grain boundaries and the denuded
zones during irradiation. Grain boundary precipitation occurs throughout the
range of irradiation temperatures, the degree of which increases qualitatively
with increasing irradiation temperature. Examples of grain boundary migration
were also found after irradiation at 350°C. The degree to which radiation-
induced dissolution/ reprecipitation versus radiation-enhanced coarsening con-
trols the microstructural evolution remains unclear. However, as will be pointed
out in the later sections presenting the electrical resistivity and mechanical
properties, the changes in strength and conductivity suggest that reprecipitation
is occurring in conjunction with the dissolution of the precipitates at lower tem-
peratures.

The Hycon alloy appears to be more resistant microstructurally to the effects
of irradiation than the other alloy, presumably because it possesses a coarser
microstructure. An example of the microstructure of the irradiated alloy is
shown in Figure 7. The data in Table 2 indicate that the precipitate density and
the average size are both unchanged after irradiation, yet looking at the size
distributions in Figure 8 for different irradiation temperatures reveals that the
peak in the size distributions shifts from roughly 6 nm in the unirradiated con-
dition (and at Tirr = 100°C) to roughly 10 nm at Tirr = 250 and 350°C, evidence
that coarsening may be occurring at the higher irradiation temperatures. The
denuded zones are either non-existent or too small to see even after irradiation
at 350°C, and grain boundary precipitation is negligible in comparison to the
Trefimetaux alloy. The recrystallized areas observed around the large beryllides
in the unirradiated condition are still present. Though the appearance and den-
sity of the precipitates within these areas does not change after irradiation,
stacking fault tetrahedra are visible in these low precipitate density areas just as
in the Trefimetaux alloy. After irradiation at 100 and 250°C the y" precipitates
in the Hycon alloy appear to be breaking into smaller precipitates. This is based
on the precipitate dark field images shown in Figure 4, which clearly exhibit a
less continuous appearance compared to the unirradiated precipitates shown in
Figure 2.

In summary, the microstructural changes due to irradiation are less noticeable
in the Hycon alloy compared to those observed in the Trefimetaux alloy when
considering the microstructure as a whole (grain boundaries denuded zones,
precipitate characteristics, etc.). The changes in the precipitate density are also
within the experimental error of our measurements. However, the change in
precipitate size distributions and the changes in the streaks in the diffraction
patterns to indicate that neutron irradiation is causing some microstructural
changes also in the Hycon alloy.

3.2 Electrical Conductivity of CuNiBe Alloys
The electrical conductivity of the two alloys measured before and after irradia-
tion provides additional evidence that changes are occurring in the materials
during irradiation. The Hycon alloy has the highest starting electrical conduc-
tivity of the two alloys as shown in Table 3 and Figure 9. This was attained
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through different processing and also because the impurity content of the mate-
rial is nominally different than that of the Trefimetaux alloy. Given the much
higher precipitate density and smaller precipitate size in the Trefimetaux alloy,
the lower conductivity is thought to be due to a combination of solute still in
solution and the higher density of small scattering centers. Considering that the
composition and heat treatment of the Hycon alloy were optimised to produce
the best combination of strength and conductivity, it is not surprising that the
Trefimetaux alloy does not perform as well as the Hycon alloy.

The electrical conductivity of Trefimetaux alloy remains roughly the same
after irradiation at 100 and 250°C, but irradiation at 350°C produces a notice-
able increase. This could be due to removal of solute from solution and coars-
ening of the precipitate phase, which reduces the overall strain in the matrix as
they grow larger and change from G-P zones to /'-phase. The conductivity of
the Trefimetaux irradiated at 100 and 250°C remains similar to that of the unir-
radiated specimens, indicating that redistribution of solute atoms during irradia-
tion by dissolution and reprecipitation does not lower the matrix strain and/or
solute content enough to improve the conductivity.

The conductivity of the Hycon alloy decreases somewhat at Tirr =100 and
250°C when irradiated to 0.3 dpa. The conductivity at 0.1 dpa and Tirr = 250°C
is slightly higher, however, suggesting that there is a dose effect that may be
related to dissolution and reprecipitation of the precipitates, effectively redis-
tributing the solute in the matrix. At Tirr = 350°C the conductivity of the Hycon
alloy is approximately the same as that of the unirradiated specimen, again sug-
gesting that there is a competition between dissolution and reprecipitation of the
solute that changes the electrical conductivity depending on the irradiation tem-
perature and dose.

Table 3. Electrical Conductivity (at 23"C) of Unirradiated and Irradiated Cu-
NiBe Alloys (to 0.3 dpa)

Alloy

Trefimetaux

CuNiBe

Hycon 3HP™

CuNiBe

Irradiation Temperature
(°C)

Unirradiated

100

250

350

Unirradiated

100

250 (0.1 dpa)

250

350

Relative Conductivity
(%)

42.6

41.4

43

50.1

64.6

54.9

59.9

53.9

65.7
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3.3 Mechanical Properties
The tensile results reveal that the subtle irradiation-induced changes in the mi-
crostructure alter the mechanical response of the materials, as well as the elec-
trical conductivity as shown in the previous section. The following section will
present a summary of the tensile results, however, for further details and clarifi-
cation the reader is referred to the reports mentioned earlier [4-8].

The tensile results provided in Table 4 illustrate that the two unirradiated Cu-
NiBe alloys possess very high yield and ultimate strengths at room temperature,
and maintain a high level of uniform and total elongation up to 250°C. The
Trefimetaux alloy exhibits a lower yield strength, higher ductility and greater
work hardening ability than the Hycon alloy at all temperatures, which is con-
sistent with the microstructural and electrical conductivity results. From this, it
is apparent that the heat treatment given to the Trefimetaux alloy did not pro-
duce the level of precipitation necessary to achieve the combination of strength
and conductivity found in the Hycon alloy. A comparison of the behaviour of
both unirradiated alloys as a function of test temperature is provided in Figure
10 along with tensile data from Zinkle and Eatherly [9] for the Hycon alloy. The
tensile data for the two alloys show that they both begin to experience a reduc-
tion in ductility as the test temperature is increased. At 350°C the uniform elon-
gation of the Hycon is less than 1%, and the total elongation is less than 3%.
SEM examinations of the fracture surfaces of the unirradiated specimens have
shown that there is a transition in failure mode from ductile transgranular to
brittle intergranular as the test temperature increases from 250 to 350°C.

Irradiation leads to substantial changes in the tensile behaviour of the two al-
loys, as shown in Figures 11-14 and Table 4. At 100°C radiation hardening in-
creases the yield strength of the alloys by 295 MPa for the Trefimetaux alloy
and 90 MPa for the Hycon alloy. In both alloys the uniform elongation de-
creases to very low levels compared to the unirradiated conditions, and in fact it
is difficult to see the difference between the two alloys after irradiation. At Tin- ̂
250°C the materials begin to embrittle as shown by the decrease in ductility and
the brittle, premature failure that occurs (Figs. 12, 13). The 0.1 and 0.3 dpa irra-
diations at 250°C for the Hycon illustrate that the properties also are strongly
dependent on the irradiation dose. The decrease in strength going from 0.1 to
0.3 dpa is significant, and may be evidence that at lower irradiation tempera-
tures it could take higher doses to produce brittle failure. The brittle behaviour
that dominates at higher irradiation and test temperatures is perhaps best illus-
trated by the simple fact that those specimens irradiated at 350°C broke prema-
turely during either loading in the test frame or very early in the testing. Exami-
nation of the fracture surfaces of an irradiated specimen tested at 350°C (Figure
14) shows that the grains are cleanly separated in the gage surface near the
fracture. As shown in previous reports [4-8], the transition to brittle failure oc-
curs as the test and irradiation temperature is increased, and is characterised by
the presence of ductile dimples on the grain facets. As the temperature in-
creases, the ductile deformation (dimpling) at the grain boundaries disappears
and the alloys fail by the grain separation illustrated in Figure 14.
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Table 4. Tensile Results on Unirradiated and Irradiated CuNiBe Alloys at Vari-
ous Temperatures

Alloy

Trefimetaux
CuNiBe

Hycon
3HP™

Irradiation and
Test Temperature

(°Q

Unirradiated 22

Unirradiated 100

Unirradiated 250

Unirradiated 350

100, 0.3 dpa

250, 0.3 dpa

350, 0.3 dpa

Unirradiated 22

Unirradiated 100

Unirradiated 250

Unirradiated 350

100 (0.3 dpa)

250 (0.1 dpa)

250 (0.3 dpa)

350 (0.3 dpa)

<70.2

(MPa)

585

590

630

496

885

690

^max

(MPa)

826

824

825

608

940

705

(%)

23.8

21.4

15.0

8.6

3.3

0.3

Etota]

(%)

28.3

28.8

19.0

6.1

5.9

1.5

Specimens broke prematurely during
mounting

720

720

690

640

810

670

620

405

800

780

730

680

840

705

660

7.2

7.2

3.0

0.9

0.8

1.0

1.0

10.2

11.4

5.1

2.7

4.5

3.4

3.1

Broke prematurely by grain
boundary separation

4 Discussion

The unirradiated Hycon and CuNiBe alloys in general offer great potential for
structural applications, and in fact have been used quite successfully in large
magnet structures operating at room temperature or below [2,3]. Unfortunately
both alloys studied are extremely susceptible to grain boundary embrittlement at
elevated temperatures (>200-250°C), and the situation only worsens after irra-
diation. Both materials maintain high strength and moderate ductility at 100°C,
however, it is clear that significant changes occur even between 0.1 and 0.3 dpa
at Tin- = 250°C. Therefore, irradiating to higher doses at 100°C may also lead to
further changes in the microstructure and even further degradation of the prop-
erties. Although the specimens irradiated in the solution annealed condition did
not embrittle to quite the same extent at these doses as their aged counterparts,
other heat treatments used for the Trefimetaux alloy [4-8] offered no advantages
in terms of the performance at elevated temperatures. The irradiated solution
annealed Trefimetaux alloy is worth mentioning since it shows a large increase
in strength while maintaining relatively high uniform and total elongation (12.5
and 14.5% respectively) even after irradiation to a few tenths of a dpa at 100°C.
This appears to be a consequence of radiation-induced precipitation [7,8]. How-
ever, while the strength and ductility were rather high, the conductivity was
only around 30% IACS after irradiation, and may be a limiting factor. Finally,
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the advantages of using the solution annealed material were not realised when
irradiated at 250 and 350°C as this condition also proved susceptible to the brit-
tle failure exhibited by the aged Trefimetaux alloy and the Hycon.

At this point it is interesting to consider the source of the large increases in the
strength measured in the irradiated Trefimetaux alloy, and to a lesser extent in
the Hycon alloy. One possibility is that radiation-induced redistribution of the
solute may produce fine scale precipitates that are too small to be visible. This
may also explain why the conductivity remains low in the Trefimetaux alloy
and decreases in the case of the Hycon (Table 3, Fig. 9). The strain field con-
trast from the higher density of precipitates in the alloys makes it difficult, if not
impossible to characterise any small precipitates or even defect clusters. The
"break-up" of the precipitate images observed in the irradiated Hycon serves to
illustrate that the precipitates in these materials may not be stable against neu-
tron irradiation, further contributing to the redistribution of solute during irra-
diation. As mentioned earlier, some defect clusters were visible, particularly in
regions where the precipitate density and associated strain contrast were lower.
However, the density and size of these clusters could not be determined accu-
rately enough to know whether they have a significant effect on the mechanical
properties as in other irradiated copper alloys.

The case has been made that the microstructure of both alloys is altered dur-
ing irradiation (section 3.1.1). All of the evidence - increase in strength while
the precipitate density decreases, lower electrical conductivity, changes in the
size distributions and diffraction patterns indicate that solute redistribution oc-
curs during irradiation. This is further supported by the observation that the
grain boundary denuded zones are no longer denuded after irradiation. In fact
precipitates, albeit smaller than in the matrix, are formed inside the precipitate
denuded zones. This suggests that solute atoms are diffusing into this region
from the interiors of the grains and must have been generated by precipitate dis-
solution. What is not clear is whether or not this affects the mechanical behav-
iour since both alloys perform very similarly after irradiation, particularly at 250
and 350°C. Although precipitation at the boundaries increases after irradiation
at higher temperatures, the available evidence does not support the idea that
grain boundary precipitation is the cause of embrittlement at higher tempera-
tures. Singh and co-workers [5-8] have shown that after heat treating the
Trefimetaux alloy to produce an overaged microstructure (compared to the heat
treatment used in this study) with larger denuded zones and more extensive
grain boundary precipitation, subsequent irradiation produced no significant
differences from a mechanical property standpoint. In fact the solution annealed
specimens irradiated at 250°C performed identically to that of the other heat
treatments. Therefore, while the irradiation may change the visible microstruc-
ture, the source of embrittlement in this class of alloys appears to be due to
some mechanistic interaction not yet understood.

Other studies on the alloys have generated additional information that provide
further insight into the behaviour of the CuNiBe alloys. Fabritsiev and co-
workers [11] recently presented results from a 0.2 dpa neutron irradiation study
on Hycon and other copper alloys irradiated at 150 and 300°C. They found that
irradiation at either 150 or 300°C made little difference in overall behaviour of
the Hycon samples when they were tested in tension at temperatures above
150°C. In other words, irradiation at 150°C followed by testing at 300°C pro-
duced almost identical brittle behaviour compared to the samples irradiated and
tested at 300°C. Testing at room temperature revealed that radiation hardening
produced a higher strength in the specimens irradiated at 150°C compared to
those irradiated at 300°C, but increasing the test temperature to even 150°C be-
gan to negate the differences in irradiation temperature. These experiments
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show that the CuNiBe alloys are extremely sensitive to test temperature regard-
less of their prior thermomechanical processing, slight differences in composi-
tion, or irradiation conditions.

Muthiah, Guha, and McMahon [12] have proposed that oxygen-induced dy-
namic embrittlement controls the intermediate temperature embrittlement of Cu-
0.26Be alloys with cobalt and nickel additions (0.52 and 0.05% respectively).
They postulated that oxygen diffusion into the grain boundaries ahead of an in-
tergranular crack would lead to quasi-static crack growth due to decohesion in
the diffusion zone ahead of the crack. A similar mechanism has been proposed
in the case of NiaAl alloys and also for steels, where sulfur segregating to the
grain boundaries produced the same effect. They performed notched tensile
tests in both vacuum and air to test their hypothesis, and indeed their results
seem to confirm their expectations. Adding small additions of zirconium to a
similar alloy eliminated the susceptibility of the alloy to this kind of cracking,
which Misra and co-workers [13] attributed to the zirconium segregating to the
grain boundaries and scavenging the oxygen or even impurities to prevent the
decohesion. Sulfur has also been proposed to promote intergranular cracking in
Cu-Cr alloys, and adding small amounts of zirconium improved the ductility by
strengthening the grain boundaries through the removal of the sulfur [14].

An environmental effect such as exposure to oxygen during testing has been
suggested by Zinkle and Eatherly [15], who tested several copper alloys at dif-
ferent strain rates and temperatures in vacuum. This seems to be supported by
recent work by Edwards [16], who found that testing in air above 250°C and
using slower strain rates (~104 s"1) increased the degree of embrittlement. While
it is not clear if oxygen chemisorption can completely explain the elevated tem-
perature embrittlement, the same study also showed that increasing the strain
rate to -10"1 and higher did improve the ductility and prevented the brittle fail-
ure from occurring even at temperatures as high as 450°C. This certainly sug-
gests that some type of segregation at the grain boundaries or chemisorption is
playing a role since the higher strain rates allow less time for diffusion of oxy-
gen to occur.

Zinkle and Eatherly [9,15] refer to the transition in failure mode from trans-
granular to intergranular as ductile in all cases. They base this on the observa-
tion that dimples are present on the grain boundary facets even at 250 and
350°C, which indicates that the deformation is localised in the regions next to
the grain boundary even though no visible denuded zones were observed. How-
ever, our experience suggests that brittle intergranular failure may take place to
a certain degree since it has been observed that the dimpling is less evident in
the irradiated specimens and in specimens tested at 450°C in air. Previously re-
ported work of the present authors on the Trefimetaux alloy given different heat
treatments [4-8] illustrates conclusively that the precipitate denuded zones and
grain boundary precipitation observed in the Trefimetaux alloy do not cause a
discernible difference in the deformation behaviour of the alloys. It may be that
irradiation increases the strength in the regions adjacent to the grain boundaries
through radiation-induced precipitation, thereby allowing less ductile deforma-
tion and increasing the brittle behaviour. Irradiation-induced segregation of im-
purities and alloying elements to the boundaries may also affect how the
boundaries behave during testing. Oxygen chemisoprtion, segregation and pre-
cipitation coupled with the increased strength in the matrix may lead to a situa-
tion where the weakened grain boundaries cleanly separate at sufficient stresses.

Unfortunately the mechanism to explain the embrittlement that occurs at ele-
vated temperature remains unclear, and requires a careful study of grain bound-
ary chemistry and the deformation mechanisms in the materials. In addition, it
is clear that irradiation accelerates the embrittlement and minimises the differ-
ences due to starting heat treatment, yet precisely how this occurs is not yet
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known beyond the speculated effect of solute redistribution. At this point it is
not possible to conclusively identify the mechanism(s) responsible for the frac-
ture behaviour of these alloys both before and after irradiation.

The different levels of strength that can be achieved in this alloy through heat
treatment could prove useful in trying to understand as to what role oxygen ab-
sorption or ingress might play in the fracture of the material. The high levels of
strength in the matrix that can be achieved and the possibility that oxygen ab-
sorption ahead of a crack tip or along grain boundaries could be used to tailor an
experiment that would help to understand why this material is so susceptible to
cracking. The strong grain interiors and potentially weakened grain boundaries
due to the presence of oxygen is the source of embrittlement proposed by Zinkle
and Eatherly [15], and is worth investigating since it may in fact affect the other
candidate alloys depending on testing conditions.

5 Conclusions

Irradiation clearly changes the microstructure and solute distribution within
both alloys
Irradiation increases the susceptibility to embrittlement when tested above
250°C, while the large increases in strength that occur when irradiated and
tested at 100°C suggest that radiation-induced redistribution of the solute is
occurring, possibly forming small nanoscale precipitates that have not yet
been observed.
The evidence provided in this report suggest that more than one mecha-
nisms (e.g. solute segregation to the grain boundaries and oxygen adsorp-
tion) may be responsible for the embrittlement that occurs at temperatures
above 200°C.
The effect of oxygen and possibly other elements needs to be investigated
more thoroughly through controlled experiments.
The Trefimetaux alloy may simply require different thermomechanical
processing to improve its overall behaviour, but at present the Hycon alloy
appears to be the best alloy for lower temperature applications, especially
considering its higher electrical conductivity and higher strength. Careful
evaluation of this material to determine the fracture toughness and crack
propagation characteristics at lower irradiation temperatures over a range
of doses would prove useful.
At this point it seems unlikely that CuNiBe alloys can be recommended for
applications in neutron environments where the irradiation temperature ex-
ceeds 200°C. Applications at temperatures below 200°C might be plausi-
ble, but only after careful experiments have determined the dose depend-
ence of the mechanical properties and the effect of sudden temperature ex-
cursions on the material to establish the limits on the use of the alloy.
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Figurers

Figure 1. The microstructure of the Trefimetaux CuNiBe alloy showing (a) a relatively high density
of the large primary y phase that are resistant to thermal dissolution. The heat treatment also
produced wide prrecipitate denuded zones along the grain boundaries as shown in (b). The strength
of the alloy is derived from the high density (>1024 m3) ofGP zones and y" precipitates shown in (c).
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Figure 2. The micro structure of the Hycon 3HP alloy is similar to the Trefimetaux alloy, but
significant differences do exist as a result of the heat treatment and compositional differences. A lower
density of the primary beryllides are present, with transformed regions surrounding many of the
particles (a). The y" precipitates shown in (b) are much larger and of lower density than in the
Trefimetaux alloy shown in Fig. lc.
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Figure 3. The size distributions of the GP zones and y" precipitates show that the Hycon alloy
possesses a much broader size distribution than the Trefimetaux alloy. The precipitates in the
Trefimetaux are predominantly GP zones, although the presence of' Y' cannot be ruled out. The Hycon
alloy contains predominately y"precipitates.
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Figure 4. The microstructure of the Trefimetaux alloy after irradiation at (a) 100 and (b) 350°C. Note
that the streaking has coalesced into discrete reflections representing the Y' phase after irradiation,
and is more prominent the higher the irradiation temperature.
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Figure 5. The microstructure of the irradiated Trefimetaux alloy showing changes in the
microstructure due to irradiation. The primary beryllides shown in (a) are too large and stable to be
affected by irradiation. The denuded zones in the specimen irradiated at 100°C (b) contain a high
density of y" precipitates. Irradiation at 350°C produced grain boundary migration and a coarser
precipitation within the boundary and denuded zones as shown in (c) and (d), respectively.

Ris0-R-1O49(EN) 21



o
CD
3

or

30

25 -

2 0 •

15 -

10

5 -

0

Trefimetaux
CuNiBe (Prime Aged)

5 10 15 20 25

Precipitate Diameter (nm)

30

Figure 6. Precipitate size distributions for the prime aged Trefimetaux. CuNiBe alloy before and after
irradiation at 100, 150 and 350oC to 0.3 dpa. Note the broadening of the size distribution due to
irradiation at 350" C.
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Figure 7. The y" precipitates in the Hycon alloy appear to be relatively stable during irradiation at
both (a) 100 and (b) 350°C. Changes are occurring according to the size distributions shown in
Figure 8, but are not easily visible. It does appear that the precipitates are dissolving after irradiation
at 100°C (and 250 °C also) because the dark field images of the precipitates are not as continuous as
those shown in Figure 2 for the unirradiated Hycon.
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Figure 8. The size distribution of the Y' precipitates in the Hycon 3HP™ alloy before and after
irradiation at 100, 250 and 350"C to 0.3 dpa. Note precipitate coarsening with increasing irradiation
temperature.
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Figure 9. Although the changes in the microstructure of Hycon are as evident as in the Trefimetaux,
the electrical conductivity is more sensitive. At the intermediate irradiation temperatures of 100 and
250 °C, the decrease in conductivity in the Hycon alloy suggests that solute is being redistributed in
the matrix. Both alloys show a noticeable improvement in their conductivity when irradiated at 350 °C.
In addition, the changes in Hycon alloy are also dose dependent as show at 250°C, where the
conductivity decreases substantially from 0.1 to 0.3 dpa.
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Figure 10a. A comparison of yield strength and ultimate strength of the unirradiated Trefimetaux and
Hycon alloys reveals the sensitivity of both alloys to the test temperature above 250°C. Note the
Hycon alloy possess the highest yield strength of the two alloys, but their ultimate strength is similar.
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Figure 10b. Variation of the uniform plastic (£[],) and total (£max) elongations with test temperature for

the unirradiated Hycon and Trefimetaux CuNiBe alloys. The ductility of the two materials decreases
to very low levels when tested at 250"C and above.
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Figure 13. Stress-strain curves for the Hycon alloy irradiated and tested at different
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Figure 14. An example of the brittle intergranular failure mode of the Trefimetaux alloy. A clean
separation of the grain boundaries with little ductile dimpling occurs during testing at 350°C, leading
to premature failure. This type of failure occurs in both of the CuNiBe alloys irrespective of the heat
treatment used.
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