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MECHANICAl.PROPERTYCHANGESAND MICROSTRUCTURESOF DISPERSION-STRENGTHENED
COPPER ALLOYS AFTER NEUTRON IRRADIATIONAT 411, 414, AND 529°C

Abstract

Dispersion strengthenedcopper alloys have shown promise for certain high heat

flux applicationsin both near term and long term fusion devices. This study
L

examines mechanicalpropertieschanges and microstructuralevolutionin sev-

eral oxide dispersionstrengthenedalloyswhich were subjectedto high levels

of irradiation-induceddisplacementdamage. Irradiationswere carriedout in

FFTF to 34 and 50 dpa at 411-414°Cand 32 dpa at 529°C.

The alloys includeseveraloxide dispersion-strengthenedalloys based on the

Cu-Al system, as well as ones based on the Cu-Cr and Cu-Hf systems. Of this

group, certain of the Cu-Al alloys, those producedby an internaloxidation

techniqueto containaluminaweight fractionsof 0.15 to 0.254 outperformed

the other alloys in all respects. These alloys,designatedCuA115,CuAl20,

a11dCuA125,were found to be resistantto void swelling up to 50 dpa at 414°C,

and to retain their superiormechanicaland physical propertiesafter extended

irradiation. The major factor which controlsthe stabilityduring irradiation

was found to be the dispersoidvolume fractionand distribution.

The other alloys examinedwere less resistantto radiation-inducedproperties

changes for a varietyof reasons. Some of these includedispersoidredistri-

bution by ballisticresolution,effectsof retained dissolvedoxygen, and non-

uniformityof dispersiondistribution. The effect of laser weldingwas also



examined. This joining technique was found to be unacceptable since it

destroys the dispersoid distribution and thereby the resistance of the alloys

t<_ radiation-induced damage.

Ke%words: Copper alloys, dispersion strengthening, Cu-Ai, Cu-Cr, Cu-Hf,

mechanical properties, tensile properties, radiation damage, swelling, FFTF,

welding.
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MECHANICALPROPERTYCHANGESANDMICROSTRUCTURESOF DISPERSION-STRENGTHENED
COPPERALLOYSAFTERNEUTRONIRRADIATIONAT 411, 414, AND 529°C

Introduction

Severe radiation and thermal environments are foreseen in advanced nuclear

reactor applications. These conditions require the development of new radia-

tion resistant materials which are also immune to thermally induced problems,

such as thermal shock, thermal fatigue, irradiation and thermal creep, and

thermally induced static stresses. Many of these problems can be minimized by

using high strength materials with high thermal conductivity. Copper-base

alloys appear to fill this need. A significant number of scoping studies have

identified one specific class of copper alloys as showing exceptional poten-

tial for use in these demanding nuclear applications: oxide-dispersed copper

alloys. 1-16

This study evaluates a wide variety of oxide-dispersed alloys and identifies

the factors that influence their microstructure and mechanical property

changes during irradiation. This evaluation, coupled with conductivity mea-

surements, provides the basis for judging the suitability of specific oxide-

dispersed alloys for fusion applications.

Experimental Procedure

Zone-refined, marz-grade copper and four different types of oxide-dispersed

copper alloys were neutron irradiated in sealed helium-filled capsules in the

Materials Open Test Assembly of the Fast Flux Test Facility to 34 displace-

ments per atom (dpa) at 414°C, 50 dpa at 411°C, and 32 dpa at 529°C, Table i.

Irradiation temperatures were actively controlled to ,5°C. Two alloys were
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irradiatedin the laser-weldedconditionin order to determinethe viability

of this fabricationtechniquein nuclearservice. Thermal aging was also per-

formed at 420°C or 521°C for 1026 hours to assess alloy thermal stability.

The four types of oxide-dispersedalloysexamined are shown, along with their

compositionand final processingcondition,in Table 2. These alloys include

three commerciallyavailablecopper alloys strengthenedby varyingquantities

of aluminumoxide (CuA115,CuAl20,and CuA125),one alloy strengthenedby

chromium oxide (CuCr),one alloy strengthenedby hafnium oxide (CuHf),and two

castableoxide-dispersedalloys. The grain siz(_sof these alloys prior to

irradiationare provided in Table 3. More specific informationregardingthe

sources and processingof these alloys is given elsewhere.17 All specimens in

this study were in the form of 3 mm TEM discs and miniaturetensile specimens,

the dimensionsof which are given elsewhere.18,19

The tensile propertiesof unirradiated,thermallyaged, and irradiatedminia-

ture tensile specimenswere determinedat room temperatureusing a precision

horizontaltensiletesting frame.18 The 0.24 offset yield strength,ultimate

tensile strength,fracture strength,uniformelongation,and total elongation

were determined. Specimenthicknesseswere measured with a micrometer prior

to testing. All testingwas performedat room temperature(24°C)at a cross-

head velocityof 2.413 x 10-6 m/sec (9.5 x 10-5 in./sec),which correspondsto

a strain rate of 4.7 x 10-4 sec-1.

Fractographywas performedwith a JEOL JSM 35C scanning electronmicroscope

(SEM). A JEOL 840 SEM with a Link Systemsenergy-dispersivex-ray spectros-
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copy (EDS) and image analysis system was also used. Fracture surfaces

required examination soon after tensile testing due to rapid formation of an

oxide layer that obscured detail at magnifications over approximately IO00X.

Examination of the bulk microstructure was carried out with a JEOL JEM IOOCX

transmission electron microscope (TEM) operated at I00 kV.

Results

The results of room temperature tensile tests are given in Table 4. The yield

and ultimate tensile strengths generally showed the same behavior with respect

to specimen condition. The trends in the yield and ultimate tensile

strengths, and uniform and total elongations, are compared in Figure I for

alloys irradiated at 411°C to 50 dpa. Data for marz Cu are included for

comparison.

Tensile properties were sensitive to several types of microstructural changes

during irradiation and, to a lesser extent, changes during thermal aging. The

alloy dimensional stability under irradiation, primarily influenced by void

swelling, is shown in Figure 2. That and other microstructural changes are

discussed subsequently.

Discussion

The discussion of alloy performance is best grouped into four classes: copper-

alumina alloys, the CuCr alloy, the CuHf alloy, and castable copper ODS

alloys, lt is clear, however, that the performance of all of these materials



is linked to dispersoid stability under irradiation and to the level of

retained cold work.

Copper-AluminaAlloys

The three copper-aluminaalloys in this study, CuAI15,CuAI200 and CuAI25,

were producedusing powder metallurgical,internaloxidationtechniquesby SCM

Metal Products,Inc. under the trade nan'leof Glidcop.20 Their UniversalNum-

bering System designationsare C15715, C15720,and C15725. The alloys were

producedfrom Cu powder containingsmall amountsof aluminum in solid solu-

tion. The powder was subjectedto an elevatedtemperatureoxidizing atmos-

phere where the aluminumwas preferentiallyoxidized. The powder was then

consolidatedby rollingat elevatedtemperaturebetweenthin sheets of OFHC

copper. The copper cladding,which served to reducewear of the rolls and

extrusiondies, was removedby sanding. The respectivevolume fractionsof

alumina in CuA115, CuAl20, and CuAl25 are 0.74, 1.04, and 1.34. Although the

difference in alumina contentis not the only variationbetween these alloys,

it is by far the most important.

The aluminum oxide phase was determinedby electrondiffractionto be pri-

marily gammaalumina, in agreement with the work of Livak et al. I0 Particle

diameters ranged from 2 nm to i _m with an average of approximately 7 nm.

This average particle size is close to the 12 nm particle size that provide!-"

maximumtheoretical strengthening for alumina in copper. 21 Electron diffrac-

tion also revealed the presence of a significant quantity of Cu20 in the
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matrix, as would be expected from this alloy production technique. A trace

quantity of alpha aluminum oxide and a relatively non-stoichiometric aluminum

oxide were also observed in isolated regions of TEMfoils. The oxide disper-

sions are not completely uniform; however the uniformity is the best available

from commercial practice. The fine dispersion of gammaalumina not only

serves to provide substantial Orowan strengthening, but also provides excel-

lent retention of cold work at elevated temperature. 20

The volumetric _welling of all three copper-alumina al ioys was low, as shown

in Figure 3. The swelling level was found to decrease with increasing volume

fraction of alumina (Figure 4). While the three alloys had different levels

of cold work, the amount of cold work has a minimal influence on swelling in

these alloys. This was established from annealed, 204, and 804 cold worked

CuAI20 irradiated to 34 dpa at 414°C, which swelled -0.22, 0.31, and 0.304,

respectively.

A careful TEMthrough-focus series on several CuAI15, CuAI20, and CuAI25

specimens irradiated to 50 dpa revealed no void formation. However, in

limited regions of foils where a low dispersoid density was present, a minimal

yet distinct damage structure was observed. An example of this damage struc-

ture in CuAII5 irradiated to 50 dpa is shown in Figure 5. Frank loops ranging

in size from 4.0 to 12 nm in diameter were present. A small quantity of

helium bubbles measuring 3.2 to 20 nm in diameter with an average diameter of

4.0 nm were also seen. Both of these structures are often considered to be

precursors to void formation. No neutron irradiation study has Found void

formation in copper-alumina alloys; however, a high damage level ion irradia-

7



, I

tion study of CuAI60 by Spitznageland Davis showed limited void formationin

regionsof low dispersoiddensity.22 The helium bubblesare probablydue to a

1OB (n,_)7Li thermalneutron reactionwith the 200 ppm (max) boron remaining

in this CuA115 alloy followingdeoxidation.23 If this is the case, the boron



must have been in solid solution rather than particulate form, since halos of

helium and lithium, which form around boron-containing particles, were not

observed. 24-27

The room temperaturetensilepropertiesof these alloys in the unirradiated

conditionagree relativelywell with those in the published industriallit-

erature.20 SEM fractographyon broken tensilespecimens,Figure 6, revealed

the failuremechanismto be microvoidcoalescence. Alumina particlesof all

sizes were observed to be sites for microvoidnucleation.

Room temperaturetensile propertiesof these alloys following irradiationare

dependentprimarilyon the amount of retainedcold work. CuA115,which was

irradiatedin the annealedcondition,shows very small changes in the tensile

propertiesfollowingirradiation. However, recrystallizationwas observed

follcwingirradiationto 50 dpa at 411°C. Prior to irradiation,grains were

elongatedwith an averagegrain size of 0.5 x 3.0 _m. Recrystallizationdur-

ing irradiationproduced larger,more equiaxedgrains measuring 1.4 x 2.5 _m

on average. Despite recrystallization,significantdecreases in Hall-Petch

strengtheningare not expecteddue to the small magnitudeof this change and

the decreasedsensitivityof Hal'i-Petchstrengthenin_at small grain sizes.

In addition,the Hall-Perchstrengtheningfor FCC metals is not as substantial

as irlBCC and HCP metals due to the larger number of slip systems and low cri-

tica'istresses. The tensilefailuremorphologywas microvoid coalescence,

with fracture surfacesnearly identicalin appearanceto the fracture surfaces

of unirradiatedspecimens,Figure 6.



The 204 cold worked CuAI20 exhibited significant reductions irl strength and

large increases in elongation for both the thermally aged and irradiated con-

ditions. TEMexamination of specimens irradiated to 50 dpa at 411°C revealed

complete recovery and recrystallization. The average grain size prior to

irradiation was 0.45 x 3.0 _m. Following irradiation to 50 dpa at 411°C,

grains were equiaxed with an average grain diameter of 0.7 _m. The failure

morphology of both unirradiated and irradieted miniature tensile specimens was

by microvoid coalescence, though fewer large alumina particles were found on

the irradiated alloy fracture surfaces, Figure 6. The only prior neutron

irradiation studies of this alloy showed no significant mechanical property or

microstructure changes following irradiation. 7"13_ However those studies exam-

ined substantially lower damage levels, 3 and 15 dpa.

CuAI25 was irradiated in the 504 cold worked condition to 50 dpa at 411°C.

TEM examination of irradiated specimens showed the alloy to be approximately

404 recrystallized. Prior to irradiation, this heavily cold Worked alloy had

an average grain size of 0.6 x 2.5 _m. During irradiation, recovery and

recrystallization produced regions with equiaxed grains with 1.0 _m average

diameter. Recrystallized areas contained a lower density of alumina particles

than the unrecrystallized, slightly polygonized areas. These microstructural

changes resulted in decreased strengths and increased elongations. However,

the changes were not as large as in the fully recrystallized CuAI20 alloy.

The tensile fracture surfaces, Figure 6, show a microvoid coalescence failure

morphology. A decrease in the quantity of large alumina particles on the

irradiated alloy fracture surfaces was observed, similar to CuAI20.

I0
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Previousneutron irradiationstudiesof CuAI25 involvedtensiletesting of

specimensirradiatedto 16 dpa at 430°C.I-3 This work revealeddecreased
,,

strengthsand increasedelongationsi._agreementwith the resultshere.

However,no recoveryor recrystallizationand only minimalmicrostructural

changeswere observedby TEM examinatiun, lt is possiblethat recovery and

recrystallizationmay have been present,but not revealed by limitedsampling

volume during TEM examination.

There is substantialevidence for ballistic redistribution (recoil dissolu-

tion) of the alumina dispersion in these alloys by neutron irradiation. This

evidence arises from three sources: immersion density measurements, SEMexam- )

ination of fracture surfaces, and electron diffraction patterns. Neutron-

induced recoil dissolution of particles, at its simplest, is a process where

the atoms composing a particle are ballistically ejected by impinging neu-

trons. 27,28 Bal?istic dissolution of the alumina dispersion was first con-

sidered after noting the densification of CuAI25 at 50 dpa. Commonly,

densification is due to phase changes or phase modifications. In this simple,

fully dense alloy, one change that could provide densification is dissolution

of alumina. SEMfractography of CuAI20 and CuAI25 tensile specimens revealed

a reduced quantity of large alumina particles following irradiation. (Only a

very few large alumina particles were observed in the CuAll5 alloy pri_r to

irradiation; therefore, no definitivestatement can be made about dissolution

in this alloy.) Densification may also arise from the formation of solid

transmutants0 primarily nickel and zinc. This possibility is being explored.

II



The best evidencefor ballisticredistributionis taken from the electron dif-

fractionpatternsof CuAl20 and CuAl25 before and after irradiation. The

characteristicring patternsfrom the fine dispersionof particlesin the

unirradiatedmaterial decreasedsubstantiallyin intensityfollowingirradia-

tion. In addition,the ring resolutionbecame less distinct,suggesting

radiationdamage of the dispersoiditself. Figure 7 shows a larger alumina

' J

particle in CuAl_5 for L _h the unirradiatedand irradiatedto 50 dpa at 411°C

conditions,where a distinctdamage structurein the irradiatedaluminapar-

ticle can be seen.

None of the previous neutron irradiationstudies involvingcopper-alumina

alloys have noted ballisticdissolutionof the aiuminadispersion. However,

high energy ion irradiationof CuAl60 at 250 and 500°C to 20 dpa did cause

22,28 L_
dissolutionand amorphizationof the aluminaparticles. Such recoil

29,30
dissolutionof particleshas also been predictedtheoretically.

The dissolutionphenomenonmay have severe consequences. At higher damage

levels,the alloy may become more susceptibleto volumetricswelling by void

formationdue to both a decreasingamount of alumina and an increase in dis-

solved oxygen. This will also affect electricaland thermalconductivity.

Furthermore,strength levelsmay suffer both due to the loss of particulate

strength and the concomitantinabilityto retain cold work.

Laser welding was found to be an ineffectivejoining method for alumina-_

dispersea topperalloys. Laser butt weldingof CuAl25 substantiallyreduced

the quantity of alumina in the weld section. This loss of dispersioncaused

12
m



irradiation-induced swelling and tepsile property changes similar to those of

marz copper. 19 The overall swelling of CuA125 laser-welded TEMdiscs was

approximately 94 due 'to void formation solely in the weld region.

Unirradiated tensile strengths of welded specimens were slightly greater than

for pure copper, but with nearly identical fracture surfaces. Following

irradiation, similar results were found, however, the grain structure was

columnar along the direction of welding and not equiaxed.

Copper-Chromium Oxide

The copper-chromium oxide alloy was produced by hot extrusion of a mixt'ure of

OFHCcopper 'and chromium oxide powders. TEMand SEMexamination revealed

range of chromium oxide particle sizes from 0.012 to 0.7 _m in diameter, with

an averege diameter of 0.05 am. Electron diffraction also indicated the pres-

ence of a small quantity of Cu20 in the matrix. Fractography of unirradiated

tensile specimens revealed several large, irregularly shaped inclusions. The

appearance and electrical charging of these inclusions during SEMexamination

suggests that they are ceramic. Windowless EDSchemical analysis showed vary-

ing quantities of calcium, magnesium, aluminum, and oxygen. These elements

are the same as those commonly found in ceramic refractories, indicating that

these inclusions were possibly pieces of ceramic furnace lining or slag in the

original OFHCcopper powder.

The volumetric swelling of this alloy was approximately 64 following irradia-

" tion to 50 dpa at 411°C, primarily due to void formation and dissolution of

the refractory inclusions. SEMtensile fractography following irradiation

13
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revealedboth voids and the presenceof other cavitiescontainingon;y t_'ace

remnantsof the refractory inclusions,Figure 8.

As in the case of the copper-aluminaalloys, evidenceof b_llisticredistri-

bution of the oxide dispersionwas found. TEM examinationof unlrradiated

material revealedlarge, relativelysphericalchromium oxide particles,Fig-

ure _. Followingirradiation,these large particleswere seen to be redis-

tributed into smaller, less distinctparticleswith sizes rangingto below

2 nm in diameter,Figure 9. The redistributionof the oxide dispersion in

this alloy is more prominentthan in the copper-aluminaalloys,probably due

to the lower thermodynamicstabilityof chromiumoxide comparedto aluminum

oxide.

Prior to irradiation,this alloy exhibiteda moderate tensile strength and an

elongationcomparableto that of zone-refinedcopper. The failuremorphology

was transgranularby microvoidcoalescence,Figure8. The yield and ultimate

strengthsof this alloy changed only slightly followingirradiationto 50 dpa

at 411°C, even though TEM examinationrevealed substantialmicrostructural

evolution. This is due to the competinginfluencesof severalstrengthening

mechanisms. The initial204 cold work was completelyrecoveredduring irra-

diation. Recrystallizationproduceda grain size that was too large to be

measured using TEM; high radioactivityprecludedopticalmeasurement. The

reductionin cold work and grain size strengtheningwere offset by increased

Orowan strengtheningfrom a finer, redispersedparticulatedistributionand a

• slight contributionfrom voids, Figure 9.

14
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The reducedtotal elongationin the irradiatedalloy is a direct consequence

of a limited reductionof area promotedby voids and cavities. Just as in

zone-refinedcopper, voids acted as sites for failure by microvoidcoales-

cence, reducingthe abilityof this alloy to undergo localizeddeformation.

Cavities,which were previouslyoccupiedby inclusions,also acted as sites

for crack nucleationand propagation,Figure8.

_Copper-HafniumOxide

The copper-hafniumoxide alloy was producedby a hot extrusionof a mixture of

OFHC copper and hafniumoxide powders. SEM examinationrevealed large rounded

hafnia particlesranging in diameter from 0.05 to 0.65 _m with an averageof

0.25 _. TEM bright and dark field imagingalso revealedmany smaller, less

distinct hafnia particles,as small as 2.5 nm in diameter. A small quantity

of Cu20 was seen and many small unidentifiedparticlesalso were manifested in

the diffractionpatternas widely scatteredspots.

Volumetricswellingof 0.154 was measuredby densitychange followingirra-

diation to 50 dpa. However, TEM examinationfound no signs of voids. Helium

bubbles, Frank loops,and other precursorsto void formationalso were not

observed.

TEM examinationrevealedextensiveredistributionof the dispersion,again

most probablyby a ballisticmechanism. This was evidenced by a reduced

quantity of the large, roundedhafnia particlesas well as many smaller

polygonalparticleswhich were not presentprior to irradiation. These

15
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particles measured an average of 0.1 _m in diameter and are shown in

Figure I0. A significant quantity of new particles, averaging 5 nm in diam-

eter, of the same structure as the larger polygonal particles are also seen.

SAD indicated that these particles are most probably monoclinic HfO2.

This alloy exhibited good tensile strength and reasonable elongation in the

unirradiated condition. The failure morphology was transgranular by microvoid

coalescence, Figure 11. Thermal aging for 1026 hours at 420°C promoted a sub-

stantial reduction in tensile strength and increase in elongation, probably

due to recovery of cold work.

The influence of the redistribution of the oxidedispersion was dramatically

illustrated in the tensile preperties of this alloy following irradiatio,i to

50 dpa at 411°C. A prominent yield point drop was observed. This yield point

phenomenon, commonplace in ferritic steels and otherBCC metals, ishighly

unusual in FCCmetals. Figure 12 shows tensile curves for this alloy in the

unirradiated, thermally aged, and irradiated conditions. The irradiation-

induced yield point is of approximately of the same magnitude as the ultimate

tensile strength of this alloy. Following this yield drop, the tensile curve

was wavy, becoming smoother at higher strains.

In addition to extensive redistribution of the oxide dispersion, TEMexamina-

tion revealed total recovery and recrystallization during irradiation. Pin-

ning of a low density of dislocations by redistributed hafnium is directly

responsible for the unique tensile properties. There is some doubt as to the

form of the redistributed hafnium. There is a large size difference (234)

16



betweencopper and hafnium.31 Thus, despiteargumentsfor the lack of a shear

componentin the substitutionalatom strain field and a consequent inability

to pin screw dislocations,it may be that the large size differencewould

neverthelesscause such an effect here. Alternatively,dislocationsmay act

as sites for preferentialhafniumoxide reformationduring irradiation,

effectivelypinningthem with small hafnia particles, lt was not possible to

distinguishbetween these possibilitiesby TEM examinationtechniques.

Fractographyrevealedno apparentchange of failuremechanismfollowing irra-

diation. Failurewas seen to occur by transgranularmicrovoidcoalescence,

Figure 11.

Castable ODSCopper Alloys

These alloyswere cast from a melt composed of a fine dispersion of copper-

coatedcolloidaloxide particlesadded to magnesium-bearingOFHC copper.

Magnesiumshould promote effectiveincorporationand retentionof the dis-

persed oxide during casting. One goal of the alloy design was to create a

castableoxide-dispersedalloy that could also be welded.

These alloys showed extremely poor swelling resistance following irradiation

to 50 dpa at 411°C: 10.754 for ODS-4 and 29.44 for ODS-I. The swelling level

of ODS-I was the same as pure copFer under these irradiation conditions.

The unirradiatedalloys exhibitedminimal uniformtensileelongationsdue to

microporosity, Figure 13. The microporosity was in the form of planar arrays

17
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of bubbles along cold rollingdirections. Laser-weldedODS-I had spherical

microporosityin the melted and undeformedweld region. Thermal aging at

420°C for 1026 hours promoted substantialdecreasesin strengthand increases

in elongations,verifyingthe poor thermalstabilityof these alloys.

Poor tensilepropertiesfollowingirradiationwere due not only to poor ther-

mal stabilitybut also to substantialvoid formation. The failure morphology

was identicalto that observed in irradiatedcopper: transgranularby micro-

void coalescencewith surfacesoften lying parallel to but not on the grain

boundaries,Figure 13.19 b

The poor irradiationperformanceof these alloys is most probably attributable

to a supersaturationof dissolvedoxygen introducedduring the casting proc-

ess. However, it was not possibleto obtain a measurementof the matrix

oxygen concentrationindependentof the dispersedoxide to verify this postu-

late. Nevertheless,the microporosityfound on fracture surfacesof unirra-

diated material supports this conclusion. Several researchershave shown that

14-
dissolved oxygen is highly efficientin promotingvoid formationin copper,

16,32 such as found here. Studiesof electrolytictough pitch copper irradi-

ated in EBR-II to 13.5 dpa at 400°C found swellingof 344 or ~2.5_/dpa.14-16

These resultsindicatethat stringentoxygen-freecasting practicesmust be

observedwhen producingnot only these alloys,but possibly other copper

alloys. With such practice, it is possiblethat these castableODS alloys

would possessacceptable radiationresistance.

18
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CONCLUSIONS
,,

Zone-refinedcopper and several oxide-dispersedcopper alloys were neutron

irradiatedto 34 dpa at 414°C, 50 dpa at 411°C, and 32 dpa at 52g°c and a wide

range of irradiationresponsewas observed. The most importantconclusions

from this study are as follows:

1. The chemicalcompositionof the dispersedoxide has a significantinflu-

ence on the radiationresistanceof oxide-dispersedalloys. Aluminum

oxide-dispersedalloys were much more stable than either chromium or

ha'Fniumoxide-dispersedalloys. A highly unusualyield point phenomenon

was observed in hafniumoxide-dispersedcopper due to extensiveredistri-

bution of the oxide dispersionduring irradiation.

2. All oxide-dispersedalloys showed some dissolutionand restructuringof

the dispersionby ballisticrecoil during irradiation.

3. The radiationresistanceof aluminumoxide-dispersedalloys (CuA115,

CuAl20, and CuAl25)was found to be directlydependenton the amount of

dispersedoxide in the matrix. Volumetricswelling decreasedas the

amount of dispersedoxide increased,though it was small in all cases.

No voids were found in these alloys.

4. The tensile propertiesof the aluminumoxide-dispersed+alloys(CuAI15,

CuAl20, and CuAl25) followingirradiationwere dependenton the amount of

retained cold work, which was also relatedto the aluminacontent.

19
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5. CuAI25 was found to be the most radiation-resistantalloy in terms of

swelling,tensile properties,and conductivity.32 lt appearsto be the

best copper alloy for elevatedtemperature,neutronenvironmentexposure.

6. Laser welding was found to be an ineffectivejoiningmethod for oxide-

dispersedalloys. A substantialloss of the dispersion in the weld

region led to irradiationperformancenearly identicalto the poor

performanceobserved in pure copper.

7. Oxygen contaminationduringcastingmust be preventedfor copper alloys

in nuclear servicesince oxygen promotes extensiveradiation-inducedvoid

formation. Dissolvedoxygen may become a concerneven in the presenceof

oxide particles if ballisticdissolutionplaces significantamounts of

oxygen into solution.
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TABLE i

Specimen IrradiationConditions

MOTA IE MOTA ID MOTA ID)Material 411°C 414°C 529°C

Alloy Code 50 dpa 34 dpa 32 dpa

Marz Cu RO d/t(b) d/t d(c)

CuAl25 R4 d/t ....

CuAl25 (welded) 3N d/t ....

CuAl20 UX d/t d/t d/t

CuA115 +B VO d d/t d

ODS-I 3F d/t - --

ODS-I (welded) 3H d/t -- --

ODS-4 3M d/t ....

CuCr 3A d/t ....

CuHf 3B d/t ....

(a) Overtemperatureof 201.°Cfor 50 minutes and
2 undertemperatures.

b) /t = TEM discs + tensiles.c) d = TEM discs.
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TABLE 2

Compositionand Final ProcessingConditionsof Copper Alloys

.. __Al_loy Code Composition(wt4) __ Final ProcessingCondition(a)(b)
Marz Cu RO 99.9994Cu Annealed

CuAl25 R4 0.254 Al as Alumina, bal. Cu 504 CW
CuAl25 3N 0.254 Al as Alumina, bal. Cu 504 CW + welded
CuAl20 UX 0.20_ Al as Alumina, bal. Cu 204 CW
CuA115+B VO 0.154 Al as Alumina, Annealed

< 200 ppm Boron, bal. Cu.

CuCr 3A 3.54 Cr Oxide, bal. Cu 204 CW, I/2 hr 450°C, Air Cooled
CuHf 3B 1.14 Hf Oxide, bal. Cu 204 CW, 1/2 hr 450oc, Air Cooled

ODS-I 3F 0.254 Mg, 14 Alumina, bal. Cu 404 CW
ODS-I 3H 0.254 Mg, 14 Alumina,.bal.Cu 404 CW + welded
ODS-4 3M 0.54 Mg, 14 Alumina, bal. Cu 404 CW

,

(a) Ali heat treatments in argon.
(b) CW= cold worked.
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TABLE 3

Grain Size in Plane of RollingDirection

Material AverageGrain Approximate
Material Code Diameter (microns)_ ASTM Grain Size

Marz Cu (RO) 120 3

CuAl25 (R4) elongated0.6 x 2.4 NM(a)
CuAl25 welded (3N) elongated0.6 x 2.4 NM
CuAl20 (UX) elongated0.45 x 3.0 NM
CuA115+B (VO) elongated0.5 x 3.0 NM

CuCr (3A), I 0- ii 5(b) NM
CuHf (3B) I]0 II15(b) NM

ODS-I (3F) 210 2
ODS-I welded (3H) 210 2
ODS-4 (3M) I00 i

(a) Not meaningful.
(b) Exhibitedhighly deformed,randomlyshaped grains that could

not be adequatelycharacterized. Approximatesize 1.0 to
11.5 microns.
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TABLE 4

AverageTensile Propertiesfrom Copper and Copper Alloy Miniature Specimens

Materi_l Alloy Yield (0,2% olfset) Ultimale Tensile Fracture Uniform Totll Number.
Code Strength Strcnglh Strength Elongation Elongation of

Specimens
MPa (ksi) Mpa (ksil MPa (ksil (%) (%_

RO Marz Cu

Unirradiated 74.7 (10.8) 170.6 (24.7) _i.5 _.,(0.6) 23.2 29:0 2
Aged 420°C, 1026 hrs. 70.5 (10,2) 170,6 (24,7) 2.1 (0,3) 16,7, 20.8 2

, Irr. 34 dpa, 414°C 64,0 (9.3) 116,1 (16.8) 103,4 (15.0) 9,7 10.1 I
irr, 50 dpa, 4II°C 63,0 (9,1) 131,2 (19.0) 119.7 (17.4) 14.7 15,0 2

VC) CoAl 15
Unirradiat_d 274,4 (39,8) 359,3 (52,1) 266,2 (38.6) 12.4 15.5 3

Aged 420°C, 1026 hrs. 301.7 (43,8) 391,4 (56,8) 306,3 (44,4), 13.4 18.3 2
Irr. 34 dpa, 414°C 295,1 (42.8)-.... 372,1 (54.0) 302.6 (43,9) 12.1 15.3 2

UX CoAl20 ....
Unirradialed 475,2 (68.9) 499,8 (72,5) 405.1 (58,8) 1.3 3,6 7

Aged 420°C, 1026 hrs. 422.7 (61.3) 444.7 (64,5) 387,1 (56,1) 3,5 5,9 2
Aged 521°C, 1026 hrs. 392.9 (57.0) 425,9 (61.8) 356,8 (51.8) 5,6 8.3 2
Irr, 34 dpa, 414°C 377.5 (54,7) 411,3 (59,6) 345.6 (50.1) 7.9 9,9 2
Irr, 50 dpa, 411°C 376.1 (54.5) 396,5 (57,5) 353.4 (51.2) I!,! 14.1 2
Irr, 32 dpa, 529°C 388.4 (56.3) 440,9 (63,9) 378,4 (54,9) 10,6 14.7 2

, R4 CuAI25
Un',rradialed 501.0 (72.7) 556.1 (80.7) 462.7 (67,1) 1,5 4.3 4

Aged 420°C, 1026 hrs, 472.7 (68.6) 501,6 (72.8) 425.4 (61.7) 4.3 8.4 2
Irr. 50 dpa 411°C , 461.2 (66.9) 481.0 (69.8) 414.2 (60.1) 8.3 11.5 2

3N CuAI25 Laser Wclded
Unirradiatcd 145,0 (21,0) 203.8 (29.6) 14.6 (2.1) 8,6 13,(, 3

Aged 420°C, 1026 hrs. 70,8 (10.3) 202.1 (29,3) 95.0 (13,8) 27.4 .... 30,9 2
Ifr, 50 dpa, 411_?C ._, _. 72.9 (10,6) 142,9 (20.7) 139.7 (20,3) 13.0 13.1 2

3A CuCr
Unirradialed 158,8 (23,0) 299,7 (43.5) 219,9 (31.9) 22.0 30.7 2

Aged 420°C, 1026 hrs, 148,9 (21.6) 294.9 (42,8) 202,8 (2914) 22,6 33.0 2
Ifr. 50 dpa, 411°C 163,0 (23,6) 308,0 (44,7) 295,1 (42,8) 18.8 19,8 2

3B CuHf
Unirradialed 378.1 (54.8) 461,6 (66.9) 317.0 (46,0) 4.2 8.7 ) 3

Aged 420°C, 1026 hrs, 154,0 (22,3) 310.0 (45.0) 204.9 (29.7) 20.9 25.6 2
irr. 50 dpa, 411oc (upper)326.8 (47.4) 320.5 (46.5) 251.1 (36.4) 16.3 20.5 2

(lower)305,4 (44.3)
3F ODS-I

Unirradialcd 312.0 (45.3) 344,6 (50.0) 177.9 (25,8) 0.8 3.7 2

Aged 420°C. 1026 hrs. 62.2 (9,0) 218.1 (31.6) 75.7 (11.0) 33,8 39.8 2
Ifr. 50 dpa, 411°C 87,0 (12.6) 151.5 (22.0) 92,1 (13.4) 8,4 9.3 ' 2

3H ODS-I Laser Welded
Unirradiated 190,6 (27,6) 228,9 (33.2) 132,9 (19,3) i,5 3.5 3

Aged 420°C, 1026 hrs, 143.5 (20,8) 224,4 (32.5) 77.5 (11,2) 2,3 4.7 2
irr. 50 dpa, 411°C 123.3 (17.9) 12519 ¢1_¢_i_ llQa (17._t_ 0,4 0.4 2

3M ODS--4
Unirradiated 278.3 (40,4) 352,6 (51.1) 214,8 (31.2) 0.8 3,8 2

Aged 420°C, 1026 hrs. 55,2 (8.0) 227.1 (32.9) 150,6 (21.8) 37.1 40.9 2
Itr, 50 dpa, 411°C 79,5 (11.5) 162,9 (23.6) 45,1 (6.5) 13.3 14.5 2

28



LIST OF FIGURES

I. Tensile propertiesof the oxide-dispersedalloys comparedwith zone-refined

marz copper.

2. Swelling levelsas measured by immersiondensity.

3. Swelling in copper-aluminaalloys irradiatedat 411 to 414°C as a functionof

dose.

4. Swelling in copper-aluminaalloys irradiatedto 50 dpa at 411°C as a function

of aluminavolume fraction.

5. TEM micrographsof CuA115, (a) unirradiatedand (b and c) irradiatedto 50 dpa

at 411°C. Total recrystallizationfollowingirradiationis evident in (b), and

the developmentof damage structurein areas of low dispersiondensity is seen

in(c).

6. SEM fractographsof tensile failuresurfaces for the CuAl alloys, (a,c,e)

unirradiatedand (b,d,f)irradiated. CuAl15 (a,b) was irradiatedto 34 dpa at

414°C (b);CuAl20 (c,d) was irradiatedto 50 dpa at 411°C (d); and CuAl25 (e,f)

was irradiatedto 50 dpa at 411°C (f).

7. Large aluminaparticles in CuA115, (a) unirradiatedand (b) irradiatedto 50

dpa at 411°C.
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8. SEM fractographsof CuCr tensile fracturesurfaces, (a,b) unirradiatedand

(c,d) irradiatedto 50 dpa at 411°C. The influenceof large inclusionson the

fracturemorphologycan be noted.

9. TEM micrographsof CuCr, (a) unirradiatedand (b,c) irradiatedto 50 dpa at

411°C. The irradiatedmaterial is shown in a bright field (b) and dark field

(c) pair.

I0. TEM micrographsof CuHf irradiatedto 50 dpa at 411°C. A bright field (a) and

dark field (b) pair is shown where two distinctparticle distributionscan be

seen.

11. SEM fractographsof tensilefracture surfacesof CuHf, (a,b) unirradiatedand

(c,d) irradiatedto 50 dpa at 411°C.

12. Tensile curves of CuHf in the unirradiated,thermallyaged, and irradiatedto

50 dpa at 411°C conditions. The upper and lower yield phenomenon in the

irradiatedconditionis notable.

13. SEM fractographsof the tensile fracturesurfacesof the ODS-1 alloy, (a,b)

unirradiatedand (c,d) irradiatedto 50 dpa at 411°C. The strong influenceof

the void structureon the tensile fracturebehavior is clearly evident in the

irradiatedmaterial.
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