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Abstract

Results have been obtained on the post-irradiation properties of various

oxide dispersion strengthened copper alloys irradiated from 34 to 150 dpa at

415°C in the Fast Flux Test Facility. The GlidCop TM alloys strengthened by

AI203 continue to outperform other alloys with respect to swelling resistance,

and retention of both electrical conductivity and yield strength. Several

castable ODS alloys and a Cr20:_-strengthened alloy show increasingly poor

resistance to radiation, especially in their swelling behavior. A HfO2-

strengthened alloy retains most of its strength and its electrical

conductivity reaches a constant level after 50 dpa, but it exhibits a higher

residual radioactivity.



Introduction

Pure copper, which has a high thermal conductivity, is being considered

for use as a high-heat flux structural material in fusion reactors, in

particular for divertor plate assemblies [I-4]. Pure copper is a poor

candidate as a structural material, however, because of its low strength and

low softening temperature. Fu,-thermore, under irradiation pure copper has

little resistance to void swelling, which rapidly degrades both mechanical

properties and thermal conductivity. One approach to overcoming these

limitations involves strengthening copper by oxide dispersion strengthening

(ODS) and/or precipitation hardening (PH). To understand the possible effect

of neutron irradiation on the properties of pure copper and various ODS and PH

copper alloys, an exploratory experiment was conducted in the Materials Open

Test Assembly (MOTA) at the Fast Flux Test Facility (FFTF). The results

revealed that the internally oxidized G!idCop T_ alloys exhibited the best

overall radiation response [5-7]. Two follow-up experiments, designated

Generation 1.5 and 2.0, incorporated a wider variety of ODS and PH alloys

irradiated to exposures of 34, 50, 104, and 150 dpa. Some results for the

specimens irradiated to 34 and 50 dpa have been reported [8-10]. In this

report tlle results oF tensile tests, density measurements, and electrical

conductivity (used to estimate thermal conductivity) are presented for ODS

specimens irradiated to 104 and ]50 dpa at 415°C. The results on the PH

alloys are presented elsewhere [11].

Experimental Details

The GlidCop TM alloys employed were CuAl25 (50% cold worked [CW), 0.25 wt%

Al as A1203), CuAl20 (20% CW), and CuAl15 (900°C/1/2 hr/aiY cooled (AC))



containing 200 ppm boron as a deoxidant. The GlidCop _M alloys were prepared

by SCM Metal Products. Also used were Cu-Cr203 (3.5% Cr as Cr203, 20% CW,

450°C/0.5 hr/AC), _nd Cu-HfO_ (1.1% Hf as HfO2, 20% CW, 450°C/0.5 br/AC).

Both were obtained from Dr. N. Grant at the Massachusetts Institute of

Technology. In addition there were four "castable" ODS alloys supplied by

Technical Research Associates, INC., all in the 40% CW condition: ODS-I and

ODS-2, both with 0.25% Mg, I% A1203; ODS-3 with 0.5% Mg and I% Zr02; and ODS-4

with 0.5% Mg and I% AI203. Both TEM disks and tensile specimens were punched

from sheet stock of the various materials; TEM specimens only were punched

frr_m the ODS-2 stock. Additional tensile specimens of CuAI25 and ODS-I were

prepared from strips of 0.01" thick sheet that had been cut and then joined

together by laser welding. The specimens were punched from the welded sheet

such that the weld was centered in tile gage length. TEM disks were also

punched from the welded regions.

Density measurements were obtained at room temperature from TEM disks

using an immersion density technique known to have an accuracy of +0.16%

density change. Electrical conductivity measurements were made at room

temperature on both miniature tensile specimens and TEM disks using a 4-point

probe DC potential drop method described by Ande_'son and coworkers [81. The

miniature tensile specimens were flat specimens measuring ]2.7 mm in length,

0.25 mill in thickness, 5.i mm in gage length, and 1.0 mm in gage width.

Conductivity measurements on both types of specimens were in good agreement

with each other. Tensile tests were performed after the conductivity

measurements were completed using a miniature tensile testing apparatus

developed specifically for this specimen geometry [12]. Tensile tests were



performed at room temperature with a free-running crosshead speed of 0.0025 mm

s-I which yields an initial strain rate of 4 8 x 10.4 s-i

Resul ts

Figure ]a shows the swelling data for the four "castable" ODS alloys and

Cu-Cr203. As a group, the swelling resistance of the four ODS alloys is very

poor and parallels that of pure copper, with the ODS-4 alloy exhibiting the

best overall swelling resistance. While the Cu-Cr203 exhibits roughly the

same behavior, its overall swelling resistance is better than the four

"castable" ODS alloys. In Fig_ire ]b, the two GlidCop TM alloys, CuAI25 and

CuAI20> and the Cu-HfO_ alloy display the least swelling of all the ODS

alloys. The CuAI25 and CuAI20 actually densify at the higher dpa levels,

whereas the CuAI]5 alloy begins to swell. Swelling data for the laser-welded

CuAI25 are quite variable, ranging from 8% to 43% at ]04 and 150 dpa.

Figure 2a demonstrates that the electrinal conductivities of the various

GlidCop TM alloys exhibit essentially the same behavior, decreasing with

increasing radiation exposure. Laser welding decreases the conductivity both

before and after irradiation. Figure 2b reveals that the conductivity of the

Cu-HfO 2 levels off at-80% IACS. The Cu-Ci_203 alloy, on the other hand,

steadily decreases in conductivity throughout the irradiation. In Figure 2c,

the "castable" ODS alloys exhibit behavior similar to that of the GlidCop TM

alloys in that the conductivity decrease for each alloy lies within a common

band, though the rate of decrease is more pronounced.



Figure 3 shows tile ultimate tensile strengths and yield strengths for the

GlidCop TM alloys, as well as Cu-Cr_O 3 and Cu-HfO 2. The ultimate tensile

strengths closely mirror the yield strength behavior. Tile decrease in yield

strength of both CuAl25 and CuAl20, as well as Cu-HfO 2, levels off after -50

dpa, whereas the strength of the Cu-Cr203 continues to decrease. Data for

CuAl15 are available only to 34.] dpa, and suggest that the yield strength may

be increasing with irradiation. The deleterious effect of laser welding is

reflected in the poor strength of the welded CuAl25 alloy. Overall, the

CuAl25 alloy exhibits the best strength retention of the five alloys shown,

with CuAl20 and Cu-HfO 2 exhibiting the next best behaviors.

Figure 4 shows the strength data of the four "castable" ODS alloys. The

yield strengths of tile ODS-I and ODS-4 alloys decrease 50% or more after

irradiation to 50 dpa, and then appear to level out. No ODS-3 specimens were

placed in the 34 and 50 dpa experiments, but specimens were placed in the 104

and 150 dpa experiments. The limited data for the ODS-3 alloy matches the

behavior of the ODS-I alloy very closely. The ODS-I welded specimens

irradiated to 104 and i50 dpa failed before reaching the 0.2% offset yield

strength. The welded ODS-] specimen irradiated to ]50 dpa failed in the weld.

Discussion

Of the various alloys studied, the GlidCop TM alloys continue to exhibit

the best strength retention, swelling resistanca, and electrical conductivity

after irradiation to 150 dpa. The difference in cold work between the CuAl25

(50% CW) and the CuAl20 (20% CW) appears to have little effect on the

conductivity and swelling resistance, but does appear to be responsible for



the difference in strength shown in Figure 3. After irradiation to 50 dpa,

the CuAI20 _'as fully recrystallized, whereas the CuAI25 still retained some of

its cold worked dislocation structure [13,14]. The higher AI_O3 content in

CuAI25 is assumed to be responsible for the retention of cold work since the

higher cold worked structure would normally recrystallize faster due to the

greater stored energy. The leveling off of the yield strength indicates that

the AI_O3 particles are probably still present, though the morphology and

distribution of the particles remains to be determined by microscopy. The

unexpectedly high swelling values noted for CuAII5 at 104 dpa are probably due

to a breakdown in the swelling resistance, perhaps dc_e to an inhomogeneous

distribution of either the Al203 or the boron [13,14]. The steady decrease in

conductivity in these alloys results from increasing concentrations of

transmutation products, primarily nickel and zinc [15].

Laser welding has a pronounced effect on the mechanical properties,

electrical conductivity, and swelling resistance of the CuAI25 alloy, lt is

likely that the AI203 particles dissolved during the welding process, allowing

the aluminum and oxygen to enter into solution. Butterworth [16] reports

that aluminum in solution increases the resistivity by 2.88 _-cm/wt% AI.

Based on the assumption that the AI203 particles were completely dissolved, a

preirradiation conductivity of 71% IACS was calculated for CuAI25 alloy

compared to the measured value of 75.8%. Similar calculations indicated that

placing the oxygen in solution would be expected to reduce the conductivity by

an additional 3% IACS. The fact that the observed conductivity was not as low

as the calculated value suggests that most but not all of the oxide in the

weld zone was dissolved. Garner et al. [6] has shown that aluminum in

solution enhances the swelling of copper, and Zinkle and Lee [17] have shown



enhancement for small concentrations of oxygen in solution. The higher

swelling of the welded CuAI25 alloy leads to the conclusion that at least part

of the aluminum and oxygen was in solution. Further radiation-induced

decreases in conductivity result from both enhanced swelling and

transmutation.

The peor irradiation response of the "castable" ODS alloys has been

attributed to the high residual oxygen levels introduced during casting

[13,14]. Zinkle and Lee [17] suggest that oxygen stabilizes void formation by

reducing the surface tension of the voids, making them more stable than

dislocation loops and stacking fault tetrahedra. According to their results,

the oxygen must be in soluLion for this to occur. The oxide dispersions may

also be a source of oxygen if they are destroyed during irradiation by recoil

resolution as suggested by Spit, znagel and coworkers [18]. In contrast to the

high swelling noted for the "castable" ODS alloys, the relatively low swelling

of the CuAI25 and CuAI20 indicates that if the AI203 undergoes recoil

resolution, then the aluminum and oxygen do not stay in soluLion long enough

to strongly influence swelling. Another possibility is that some other

process such as reprecipitation is occurring to offset tile resolution.

The Cu-HfO 2 alloy shows promise in view of the stability of both its

conductivity and strength up to 150 dpa. Cu-HfO 2 is the only ODS alloy where

the electrical conductiv!ty remains constant when irradiated beyond 50 dpa. A

possible explanation for this might reside in the low void swelling observed

to 150 dpa, and possibly the redistribution of the hafnium observed at 50 dpa

[13,14]. The initial decrease in strength was found to be due to recovery and

recrystallization [13,14], but the constant level of strength after-50 dpa

fV_J_



indicates that the redistributed hafnium and oxygen may continue to strengthen

the material. One drawback to the Cu-HfO z alloy, however, is the long-lived

radioactivity from llf I_, maki1_g it somewhat less desirable for use as a

structural material.

The poor mechanical properties of the Cu-Cr203 alloy are attributed to

recovery and recrystallization and its high swelling. Redistribution of the

CrzO3 into smaller particles was observed at 50 dpa [13,14], which is believed

to increase tile degree of Orowan strengthening. The subsequent decruase in

both ultimate tensile strength and yield strength at 104 and 150 dpa suggests

that coarsening occurred in the oxide dispersion. The higher swelling

observed in the Cu-CrzO 3 alloy may also be a consequence of this, particularly

if the some of the oxygen from the oxide was placed in solution.

l he performance of tile GlidCop TM alloys at -400°C bodes well for

applications at lower temperatures. The decrease in strength will most likely

be less at the lower temperatures and fluences anticipated for ITER or other

low fluence reactors, primarily because the kinetics for recovery and

recrystallization decrease as the .temperature decreases. Based on th _. data of

Zinkle and Farrell [19] tile role of swelling should not change significantly

in the temperature range of ]80°C to 400°C, and below 180°C swelling is

expected not to occur. Although the swelling and strength data are probably

valid for lower temperature/lower fluence reactor designs, Garner and

coworkers [15] have pointed out that while the transmutation rate of zinc will

decrease in a fusion spectra, the transmutation rate of nickel, which has a

greater impact on conductivity than does zinc, will be higher. Therefore the

conductivity data of this study must be adjusted before applying to fusion
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reactor designs. Garner and coworkers [5,15] also showed that the swelling

was not very sensitive to the presence of nickel, implying tilat swelling

should not be very sensitive to the difference between fission and fusion

spectra.

Concl usions

After irradiation to 150 dpa at 415°C, the GlidCop TM alloys appear to be

the most promising candidates for use as a high heat flux structural material

in fusion reactors, in particular, the CuAI25 alloy exhibits excellent

strength retention and swelling resistance.

The conductivity of the Cu-HfO 2 alloy at higher dpa levels is better

than that of the GlidCop TM alloys. And although the Cu-HfO 2 alloy maintains

moderate but lower strength than the GlidCop TM alloys, its higher residual

radioactivity may be a drawback. The oxide dispersion in the Cu-Cr203 alloy

loses its effectiveness after relatively low levels of irradiation, evident

from tl_e poor strength retention, low condllctivity, and greater swelling

compared to the other alloys studied. Tile "castable" ODS alloys do not

warrant further consideration unless better casting techniques are found to

lower the residual oxygen content.
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FIGURE CAPTIONS

Figure I Swelling of (a) "ca, tal)le" ODS alloys and Cu-Cr_O:_ and (b) GlidCop IM

alloys and Cu-HfO 2.

Figure 2 Effect of irradiation on electrical conductivity of (a) GlidCop TM

alloys, (b) Cu-HfC._ and Cu-Cr203, and (c) "castable" ODS ai luys.

Figure 3 Ultimate tensile strength and yield strength of GlidCop TM, Cu-Cr203,

and Cu-HfO 2 .

Figure 4 Ultimate tensile strength and yield strength of "castable" ODS

alloys.
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Figure I Swelling of (a) "castable" ODS alloys and Cu-Cr203 and (b) GlidCop TM

alloys and Cu-HfO 2.
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Figure 2 Effect of irradiation on electrical conductivity of (a) GlidCop TM

alloys, (b) Cu-HfO 2 and Cu-Cr203: and (c) "castable" ODS alloys.
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Figure 3 Ultimate tensile strength and yield strength of GlidCop TM, Cu-Cr203,

and Cu-HfO 2 .
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Figure 4 Ultimate tensile strength and yield strength of "castable" ODS

al 1oys.






