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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United Siates
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal lability or responsi-
bility for the accuracy, completeness, or usefulness of any i-formation, apparatus, product, or
nrocess disclosed, or represents that its use would not infringe privately owned rights. Refer-
2ncc herein 1o any specific commercial product, process, dr scrvice by trade name, trademark,
manufacturer, or otherwise does no: necessarily constitute or imply its endorsement, recom-
mendaticn, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or refiect those of the
United States Government or any agency thereof.

o

§—

[o]

r

O

Y- ©

oo

o

w

2

O O

O >

Y

[ I i |
gy S 3 VO >
+ o
G -
+ O O [43)
© [
Q@ wn [i)

T O r—
D C© [TV
- Qe o o

o e ()]

v L @ (@] +
w Y= — ol
U c © >
- O = - n e
— ao oo +
o [ad Ve R aN] O s
~ —_—r— OWwm i O
“ o QL © o o] L 0O
o — o oo e Q
[ iS4 (e)) O OO -~ )
- o [@,) Do or— T & £
Qg - — .__tm..nD» w-.
©T © @« wy
o~ -+ O C— DnE v .
. . w0 PR o I=3K:T) fon
- e Q (O X
<™ o >8P Cca T @
e - 3 ocC S-S0 o o C
[TERY < — 1D =

has  besn

suthored s contractor of the U.S.
o No. DE-

ACD5-840R21400. Accordingly, the U.S.
nonexclusive,

roysity-fres cense 10 pubksh or reproduce
the pubkshed form Of this contribuhon, OF

under  contract
®

rotoing
alow others to do 80, for U.S. Government

“Tha submitted manuscript
Gowernment

- Government

purpases.

Y

99352

Northwest Laboratory
Oak Ridge National Laborato:

under Cuntract DE-AC06-76RLO 1830
with the Pacific Northwest Laboratery
Oak Ridge, TN 37831

and under Contract DE-AC05-840R21400

with the Martin Marietta Energy

Systems, Inc.
Richland, Washington

Pacific

(a)



RADIATION RESISTANCE OF COPPER ALLOYS AT HIGH EXPOSURE LEVELS

F. A. Garner
Pacific Northwest Laboratories
Richland, Washington, USA

S. J. Zinkle
Oak Ridge National Laboratory
O0ak Ridge, Tennessee, USA

ABSTRACT

Copper alloys are currently being considered for high heat flux applica-
tions in fusion power devices. A review is presented of the results of two
separate series of experiments on the radiation response of copper and copper
alloys. One of these involved pure copper and boron-doped copper in the ORR
mixed spectrum reactor. The other series included pure copper and a wide
array of copper alloys irradiated in the FFTF fast reactor.

INTRODUCTION

A number of copper alloys have been suggested to serve as high heat flux
materials to be employed in the diverter assembly of a fusion device. Data
required for the use of these materials are mechanical properties, thermal
conductivity and dimensional stability during neutron irradiation, all i: the
range of 25 to 500°C. Although relatively pure copper has been proposed for
some high heat flux components, it also serves as a reference material in many
studies, including those described in this report.

There have been several hundred published studies on the effects of
radiation on copper over the last three to four decades.l:2 Many of these
studies employed charged particle irradiation and a smaller number involved
the use of neutron irradiation. However, few of the neutron studies have
explored the full temperature range of possible exposure during high heat flux
application in a diverter. In addition, only a small number of the neutron
studies at any temperature have explored displacement levels in excess of one



displacement per atom (dpa). Exposures greater than 1 dpa are anticipated for
various short-term and long-term fusion materials goals.

This paper presents an overview of two separate series of experiments.
The first series was designed to define at ~1 dpa the full temperature range
of swelling in pure copper, as well as the temperature dependence of micro-
structural evolution. The dependerice of swelling and microstructure on helium
was also studied. The second r.perimental series was designed to explore over
a more limited temperature range the radiation respbnse of pure copper and a
wide variety of copper alloys. In this series the evolution of both micro-
structure and various design-relevant macroscopic properties were investigated
to exposure levels ranging from 16 to 100 dpa. Each of these experiments has
been documented in detail in recent publications. Only the highlights of each
experiment will be presented in this paper. ‘

Irradiation in the Oak Ridge Research Reactor (ORR)

In a recent series of studies Zinkle and Farrell irradiated both zone
refined copper and copper containing ~116 appm boron resulting from dissolved
B4C powder.3'4 The boron was isotopically enriched to 92% 108, Fach of the
two metals were irradiated in the form of standard microscopy disks after
annealing for one hour at 550°C. Nine irradiation temperatures were employed
between 182 and 500°C (= 5°C), with the specimens contained in helium-filled
subcapsules. The specimens reached exposures of 1.2 to 1.5 dpa at a dis-
placement rate of ~2 x 10-7 dpa/sec. In the ORR spectrum the ratio of thermal
to fast (E > 0.1 MeV) neutrons is on the order of 1:1 and 99% of the displace-
ment damage arises from the E > 0.1 MeV neutrons. The 10g isotope was quickly
converted to helium and lithium (~100 appm of each) at an initial rate of
~500 appm/dpa.

As shown in Figure 1 swelling of pure copper peaked in the range of 300-
350°C. No voids were observed at 182 and 500°C at 1.3 and 1.2 dpa, respec-
tively. At 182°C vacancies were found to produce stacking fault tetrahedra
instead of voids. Figure 2 shows that early generation of ~100 appm each of
helium and lithium enhanced void swelling at temperatures below that of the
peak swelling temperature in pure copper. A bimodal size distribution of
cavities was observed at all nine irradiation temperatures, along with
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FIGURE 1. Swelling of Pure Copper in the ORR Mixed Spectrum Reactor
as Determined from Density Measurements of Irradiated
Microscopy Disks.
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FIGURE 2. Comparison of Swelling Produced in ORR Irradiation of
Pure Copper and Copper with ~100 appm of 108.4



dislocation loops and stacking fault tetrahedra. Figure 3 shows the enhance-
ment of cavity formation (voids and bubbles) observed in the copper-boron

alloy.

Irradiation in the Fast Flux Test Facility (FFTF)

The irradiation program conducted in this sodium-cooled fast reactor con-
sisted of several generations of irradiation experiments with active tempera-
ture control to = 5°C. An overview of these experiments has been presented
elsewhere.” The first generation experiment was exploratory in nature and was
completed after reaching 1.6 x 1023 n cm™2 (E > 0.1 MeV), which for pure cop-
per in the FFTF spectrum correﬁpondé to ~88 dpa. Earlier publications have
described the results of this experiment at damage levels of 16, 47, 63 and
98 dpa;6'g

Figure 4 shows those alloys exhibiting the largest amounts of swelling in
the first generation experiment. Pure zone refined copper reaches 56% at
98 dpa, exhibiting a very small incubation period for swelling and no indi-
cation of saturation of swellings. Cu-0.1 wt% Ag initially swells at a rate
of ~1%/dpa but then decreases to the 0.5% dpa exhibited by pure copper and
Cu-5 wt% Ni. Cu-5 wt% Al appears to swell in a manner very much like
Cu-0.1 wt% Ag.

The Cu-1.8 wt% Ni-0.3 wt% Be alloys in the cold worked and aged, and in
the annealed and aged conditions swell less than pure copper and exhibit more
pronounced transient regimes of swelling. While it appears that this alloy is
ihitia]]y approaching the 0.5%/dpa swelling rate, there is some indication
that a lower swelling rate may be developing above 47 dpa. |

Two other precipitation strengthened alloys, MZC and Cu-2.0 wt% Be, are
shown in Figure 5. Note that cold working before aging accelerates swelling
in both CuBeNi and CuBe, due to radiation-enhanced recrystallization and sol-
ute redistribution. Radiation-induced redistribution of solutes can also lead
to changes in alloy density, sometimes manifested as a densification (see
annealed CuBe in Figure 5) and sometimes masquerading as void swelling. MZC
is an example of the latter case and has been shown to have insufficient
voidage at 16 and 63 dpa to account for the apparent swelling observed.’
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FIGURE 3. Comparison of Cavity Densities in Copper and Copper-Boron
‘ Irradiated in the ORR Reactor
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FIGURE 4. Swelling Observed in a Variety of Copper Alloys Irradiated in the
FFTF Generation 1.0 Experiment at 430°C.” In this spectrum
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FIGURE 5. Swelling of Cu-2.0Be and MZC Irradiated at 430°C in .the
Generation 1.0 Experiment. Both of these alloys exhibit
changes. in density which result not only from void
formation but alse precipitation-related processes.
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FIGURE 6. Comparison of Swelling Behavior at 385-430°C of Pure Copper and
‘ Cu-5 wt% Ni in Various Irradiation Exper‘iments.9 Both alloys
swell at a rate of -0.5%/dpa.



The most swelling resistant alloy in this first (Generation 1.0) experi-
ment was the commercial dispersion strengthened Cu-Al,03 alloy, krown as
Glidcop A125. It was the resistance of this alloy to swelling that led to the
initiation of the 1.5 and 2.0 Generation series of FFTF irradiation experi-

ments, both of which focus on various typesvof‘dispersion strengthened
a]]oys.silo

Pure copper has been used as a standard reference material in‘the various
genérations of the FFTF copper irradiation program. For this purpose we have
chosen to examine the reproducibility of its swelling and electrical conducti-
vity in these and other irradiaticn eXperimentS.‘ Figure 6 shows a comparison
of swelling observed in five separate irradiation tests conducted in three 
different reactors. Pure copper exhibits a ré]ative1y‘reproducib]e behavior,
exhibiting a very small incubation period for swelling, followed by steady-
state swelling at ~0.5%/dpa‘ovef a temperature range of at least 385-430°C.

The major transmutation product in copper is nickel and its production
rate is very dependent on neutron spectra.11 Figure 6 also shows, however,
‘that Cu-5% wt Ni swells in a manner not very different from that of pure cop-
per, so transmutation to nickel is not expected to affect the bulk swelling
behavior of copper very much, although it may affect some details of the
microstructure. Nickel additions to copper do have a substantial impact on
the electrical and thermal conductivities, however. Both nickel and the
‘second major transmutant, zinc, strongly depress the conductivities of cop-
per.llv12 (In the FFTF studies only the electrical conductivity was meas-
ured.) Void swelling also decreases the conductivities.ll:12 Figure 7a shows
that fast reactor irradiations of copper at 385-430°C yield electrical con-
ductivity changes that are very consistent. Since the neutron spectra of EBR-
IT and FFTF are very similar, the consistency is not unexpected. Also shown
in Figure 7a is electrical conductivity data derived from FFTF irradiation at
529°C. Since the swelling at this temperature is only 1.8%, most of the
observed conductivity loss arises from transmutation to nickel and zinc, a
process that is independent of temperature.

In pure copper it was found that the effects of transmutation and voids
on electrical resistivity were directly additive in accordance with
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FIGURE 7. a) Neutron Induced Changes in Electrical Conductivity of Pure
Copper in Various Fast Reactor Irradiation Experiments,
b) Changes Observed in Cu-5Ni, CuAg and CuAgP.g‘



Matthiesson's rule, indicating that no interaction between the two processes
occurred.11/12 There are some kinds of non-additive behavior which can occur,
however. There were two alloys in the first generation study involving rela-
tively low levels of solute, CuAg and CuAgP. Note in Figure 7b that the addi-
tion of solutes in CuAg and CuAgP lowered the preirradiation conductivity from
the 101% IACS of pure copper to 97 and 96% IACS, respectively. This differ-
ence in conductivity was maintained relative to that of pure copper with 1it-
tle change throughout the first generation experiment, indicating that these
solutes probably stayed in solution. The initially low conductivity of Cu-5Ni
decreases further with irradiation, as is also shown in Figure 7b.

In most solute modified alloys, radiation-induced redistribution of sol-
utes also leads to modifications in conddctivity, particularly if the solute
levels are relatively large. In a previous paper it was shown that the elec-
trical conductivity of Cu-2.0Be initially dincreased slightly with irradiation,
but remained constant thereafter (see‘Figure‘B).11:13 The initial increase
might be attributed to radiation-induced acceleration of precipitation and
aging, but the constant conductivity thereafter was thought to be inconsistent
with the continued accumulation of nickel and zinc via transmutation. It now
appears that the transmutant nickel drives some of the beryllium out of solu-
tion as it forms, and the two effects‘compensate.13 The Strongly reduced
solubility of beryllium in copper containing nickel is the principle on which
the higher conducting CuBeNi (Cu-0.3Be-1.8Ni) alloy was developed to replace
Cu-2.0Be. The complexity and variety of solute-related changes in conductiv-
ity for various copper alloys is also illustrated in Figure 8.

Internally oxidized alumina alloys exhibited the best overall performance
in the Generation 1.5 and 2.0 experiments, retaining the largest fractions of
their electrical conductivity (Figure 9), strength10 and swelling resistance
(Figure 10). Swelling of this class of alloys was found to be dependent on
oxide content as shown in Figure 11, and possibiy dependent on cold work
level. These alloys are designated by their aluminum content. A125 contains
0.25 wt% of aluminum in the form of the Al,03 (~10um in size) and A115+B con-
tains 0.15 wt% aluminum and ~100 appm boron. Microstructural examination of
these alloys after irradiation yielded some evidence of ballistic dissolution
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of the alumina particles but this possibility requires further study. This
possibility was originally thought to account for the densification of 0.3%
observed in the A125 alloy at 50 dpa. At 100 dpa the densification was
recently measured to be 1.1% in this same alloy, however, which led to a
reevaluation of this conclusion. The densification may also result from the
accumulation of nickel and zinc transmutants. There is no dependence of the
electrical conductivity of these internally oxidized alloys on irradiation
temperature since swelling is very low and transmutation alone accounts for
the decrease.

Several other types of oxide-dispersion strengthened ODS alloys tested in
these experiments were found to range from relatively good (Culf) to very
poor, depending on the a1]oy.10 In particular, a series of "castable-
weldable" ODS alloys were found to contain too much oxygen and behaved very
similarly to pure copper, as also shown in Figure 10. Two mechanically
alloyed coppers based on chromium or hafnium oxides exhibited lTow to moderate
swelling and were also observed to develop redistribution and refinement of
the oxide particles. The swelling behavior of these alloys is shown in Fig-
ure 13 and can be compared with the behavior of other precipitation strength-
ened alloys irradiated in the Generation 2.0 experiment. The strength and
conductivity behavior of the other alloys shown in Figure 13 are described in
references 13 and 14. The tensile and fracture behavior of pure copper are
detailed in reference 16. Those of other alloys are listed in references 6,
10, and 14.

Laser welding was found to completely destroy the swelling resistance of
both the Glidcop and ODS alloys, as shown in Figure 12 for Al125, yielding
swelling, resistivity and fracture behavior typical of pure copper.

14
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CONCLUSIONS

Copper and its alloys exhibit a wide range of response to neutron irra-
diation that varies with alloy composition and starting state, irradiation
temperature and neutron spectra. The latter is expressed primarily via its
strong influence on the rates of formation of solid transmutants which can
both directly or indirectly affect electrical and thermal conductivity. The
influence of transmutation is not always reflected in other property measure-
ments, however, as illustrated by nickel's lack of influence on the swelling
- of copper. It must be cautioned that the use of the conductivity data from
FFTF will underestimate the changes expected in a fusion spectrum. These data
should therefore be corrected for Spectral influence before applying to a
fusion device.

If we assume that pure copper exhibiis the greatest tendency toward swel-
1ing, then the combined results of the ORR and FFTF experiments leads us to
expect the possibility of swelling for a given 21loy anywhere in the range
180-530°C and perhaps at even higher temperatures at sufficiently large dis-
placement levels. The largest swelling rate observed at high fluence is
~0.5%/dpa but it is uncertain whether this value is valid at the peak swelling
temperature of 300-350°C or at tempefatures >430°C. Swelling appears to he
slightly sensitive to helium content below the peak swelling temperature but

the presence of relatively large amounts of oxygen may lead to a much more
pronounced response.

Alloys of copper-aluminum which are strengthened by internal oxidation
offer the best performance, judging by their swelling resistance, their small
conductivity change and the retention of their mechanical properties. Further
research is required on methods for joining these alloys that will withstand
the effects of radiation.
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