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RADIATION-INDUCEDClIANGESIN _ECTRICAL CONDUCTIVITYOF A WIDERANGEOF COPPERALLOYS- F. A. Garner,
PacificNorthwestLaboratory,l'JK. R. Anderson,Universityof Illinois,and T. Shikama,TohokuUniversity

OBJECTIVE

The objectiveof thiseffortis to Identifythosecopperalloysthatofferpromiseas hlghheat flu,
materialsforfuslonapplication.

SUMMARY

A wldevarietyof radlatlon-lnducedchangesIn electricalconductivitywas observedIn a seriesof
Irradiationexperimentsconductedon copperalloysIn FFTF/MOTA. lhe behaviorof eachalloywas foundto
dependon the alloycomposition,startingstate,Irradiationtemperature,and the sometimescomplex
interactionof threeradlation-drlvenprocesses.Theseprocessesare transmutation,void swelling,and
soluteredistribution.

PROGRESSAND STATUS

Introduction

A varietyof copperalloyshavebeenproposedfor highheatfluxapplicationsfor bothnear-termand long-
termfusiongoals. In responseto theseproposals,a seriesof exploratoryirradiationexperimentsare
beingconductedIn FFTF/MOTA.{l) One propertybeingmeasuredin thisexperimentalseriesTs the electrical
conductivity,a propertythatoftenchangessubstantiallyin responseto thecombinedInfluenceof void
swelling,transmutation,and soluteredistribution.

Severalgenerationsof FFTFcopperIrradiationexperimentshave beenconducted,and the latestof these,
designatedGeneration2.0,continuesto accumulateexposureIn FFTF. Changesinconductivityof somebut
not all alloysmeasuredIn Generations1.0,1.5,and 2.0,have beenreportedpreviously,(_3)and
conductlvitymeasurementscontinueto be performedon alloysthatwere bypassedIn the firstseriesof
measurements.Measurementsof conductivityforall alloysIrradlatedIn the430°CGenerationI.O seriesat
]6, 47, 63, and98 dpa, theGeneration1.5 experlmentat 414°C,34 dpa and 52g°C,32 dpa, and the411°C
Generation2.0 experimentat 50 dpa havenow beencompletedand are reportedhere.

Measurementsof the 411"CGeneration2.0 alloysat lO0 and 150 dpa willbe performedduringI991. Anderson
et al.(2)presentthedetailsof the experimentaltechniqueand Garneret al.(lipro.vldea detailed
descriptionof the materlalsstudied.

Somedatapresentedin thlsreportare reevaluationsof previouslyreporteddata,basedon refinementsin
tilemeasurementtechniqueand involvingchangesusuallyon the orderof I0%or less. At the higherfluence
levelsof the Generation1.0 experlmentltwas alsofoundto be necessaryto remeasuresomepreviously

reportedspecimensaftermechanicallyremovinga surfacelayerof aluminum.Thislayerhad Formed_
closelypackedspecimensby diffusionbondingwith aluminumspacersinsertedbetweenthe specimens, Thls
problembecamemorepronouncedas voidswelllngcausedan Increasinglytighterpackingof the specimens.
Afterremovingthe aluminum,a signlflcantimprovementwas observedIn the reproduclbilltyof the
measurementsand in thelrconsistencywithdatatakenat lowerfluencelevels.

Resultsand Discussion

A compilationof the new and revisedconductivitydatameasuredin the varlousgenerationsof the FFTF/MOTA
copperIrradiationexperimentsis presentedin TablesI and 2.

Purecopperhas beenusedas a standardreferencematerialIn the variousgenerationsof the FFTFcopper
irradiationprogramas well as In programsconductedIn otherreactors. For thispurpose,we havechosento
examinethe reproducibilityof Its electrlcalconductivityin theseFFTFstudiesand in anotherfastreactor
irradiationexperimentconductedIn EBR-II.(4) lhe major transmutationproductin copperIs nickeland !ts
productionrate Ts verydependenton neutronspectra. NIckeladditionsto copperhavea substantialimpact
on the electricaland thermalconductlvltles.Bothnlckeland the secondmajortransmutant,zlnc,strongly
depressthe conductlvltlesof copper.(4'slVoid swellingalsodecreasesbothtypesof conductivity.

FigurelashowsthatfastreactorIrradiationsof purecopperat 385-430'Cyieldelectricalconductivity
changesthatareveryconsistent.Sincetheneutronspectr_of EBR-IIand FFTFare very similar,the
conslstenc)Tsnot unexpected.Also shownIn Figurela is electricalconductivitydata for purecopper

(a) OperatedForthe U.S.Departmentof Energyby BattelleMemorialInstituteunderContractDE-ACO6-76RLO
1830.



Table I.
E1ectrlcal Conductivlties (%IACS) of Generation I.O Copper A11oys Irradiated as TEM Disks in FFTF/MOTA at
-430oC

Material

A11oy Code 0 dpa |6 dpa 47 dpa 63 dpa 98 dpa

MARZ Cu (SA) RO I00.9 88.0 6I.I 55.0(h) 32.7(hl

Cu-Slll(SA) R7 29.2 23.0(a) Ig.8 13.g(b)
25.0(')

CuBe (IITB) R3 20.2(a) 32.0(a) 32.6(bl 29.1(_) 32.8(b)
32.6(b)

CuBe (IITA) RI 19.3(a) 31.1(_) 29.2(a) 27.3(b)

CulliBe(llTB) RT 54.5(') 64.0ia) 54.2 45.7(bl

CuNIBe (IfTA) RR 66.8(al 75.9(a) 53.0 47.3(b) 24.I(b)

CuAg (SA) RX 94.](') 74.5(b} 46.6 45.2(b) 29.0(b)

CuAgP (SA) RV 86.4(') 71.9(') 42.8 27.5(b)

MZC (CWA) RU 83.3(') 77.1 59.6

Cu-SAI (SA) R9 (c) 27.7 - 12.6(b}

CuAl2S (CW) R4 8S.S(a) -74 -50 -6l(b) 36.4(b)

CuA125 (CWA) RS -79 - -59(b) 58.2(_)

(a) Reevaluatlonof previously publlshed data.
(b) Value measured after removing aluminum-contamln_tedsurface.
(c) Not yet measured.

derived from FFTF irradiationat 529"C. Since the swelling at this dose and temperature Is only 1.8% (a
factor of ten lower than at -400°C)most of the observed conductivity loss arises from transmutation to
nlckel and zinc, a process that is Independent of temperature.

In pure copper It was found that the effects of transmutation and voldage on electrical resistivity were
directly additive in accordancewith Matthlesson's rule, indicatingthat no significant interactionbetween
the two processes has occurred.(_,s} Two other a11oys In the Generation 1.0 study involved relatlvely low
levels of solute and one might expect a similar lack of interaction. These alloys are CuAg and CuAgP. Note
IrlFigure Ib that the addition of solutes in CuAg and CuAgP lowered the preirradiation conductivity from the
]01% IACS of pure copper to 94 and 86% IACS, respectlvely. Thls difference in conductivity was maintained
relatlve to that of pure copper with 11tile change throughout the First generation experiment, Indlcating
that these solt_tesprobably steyed in solution. The inltlally low conductivlty of Cu-SNI reflects the
InfllJenceof nlckel and decreases Further with Irradlatlon,as is also shown in Figure lb. Much of the
radiation-induceddecrease in Cu-SNI Is due to vold swelllng, the development of whlch appears to be
uIlalFecLedby the presence of the nickel.(Bl

There are some klnds of nonadditlve behavior that can occur, however. In most solute-modlfledalloys,
radiation-inducedredistrlbutlonof Inltlal solutes also leads to modlflcatlons in conductivity,
particularly if the solute levels are relatlvely large. A previous paper(s)showed that the electrlcal
conductivity of CtJ-2.0BeInitially increased slightly wlth irradiation,btltremained constant thereafter

(see Figure 2). TileInltlal increase might be attrlbuted to radlatlon-lnducedacceleration of precipitation
and aging, but the constant conductlvlty thereafter was thought to be inconsistentwlth the continued
acctlmtllatlonof nickel and zlnc via transmutation, lt now appears that the transmutant nickel drives some
of the bery11Ium out of solutlon as lt forms, and the two effecLs compensate. The strongly reduced
solubilltyof beryllium in copper-contalnlngnlckel is the prlnclple on which the higher conducting CuBeNi
(Cu-O.3Be-l.8Ni)a11oy was de_lelopedto replace Cu-2.0Be. In CuBeNI, the lower level of berylllum compared
to that of Cu-2.0Be leads to a much higher level of Inltlal conductivity. The conductlvity is increased
sllghtly by solute redistribution in the early stages of Irradlatlon,but thls trend is reversed at a
relatlvely low exposure by accumulatlng levels of transmutantsand swelllnq. Mlcrostructural observations
show that CuOeNl swells relatively easily and that CuBe does not swe1_.(l.BF
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Table 2

Electrical Conductivities (% IACS)Ca)of Generation 1.5 and 2.0 Copper Alloys Irradiated in FFTF/r4OTA

Materlal 414°C 41!'C529°C

Alloy Code O dpa 34 dpa 50 dpa 32 dpa

MARZ Cu RO I00.9 70.4 58.1 82.7(b)
I00.9 70.I 58.i 90.8(_}

CuA125 R4 85.7 83.2
85.2 81.6

CuAl25 (welded) 3N 77.7 59.6
73,9 57.7

CuAl20 UX 88,5 81.6 72.7(b) 84,0
88,4 85.4 76.3(b) 86.4

CuAl20 UZ 84.9 82.0
CuAll5B VO 91,6 80.0 74.7(b) 85.8(b)

83.6 73.8(b) 88.6(b)
ODS-I 3F 80.6 63.7

59.3

ODS-I (welded) 311 88,4 67.9
88.5 64.9

ODS-2 3K 85.7(b) 67.2(b)
88,7(b) 73.6(b)
91.3(b) 68.0(b)

ODS-3 3L 86.0 59.0(b}
89.0 57,0(b)

ODS-4 3f4 79.8 67.4
78.5 72.O

CuCr 3A 89,4 77,9
90.2 79,4

CulIF 38 88 8 77,6
CuNITi VK 40 4(b) 52.3 48.7(t') 68.7(b)

40 9(b) 52.9 47.3(b) 65.0(b)
37 5(b) 46.2(b)
42 0
4O 5
40 8

Cuf41Ti VL 31 4 56 48.6(b) 67.2(b)
32 9 59 49.8(b) 68,9(b)
31 0

CuNiSn VN 15 8 40.8
165
165
18 0(b) 27.9(b)
18 2(b) 25.3(t')
]8 6(b) 27.7lh)

CuBe (IITB) R3 20.7 31.8
30.8

Cu-5Ni VP 29.2 18.4
17.3

CuNiBe (AT) UI 38.2 67.9
66.3

CuNiBe ('/_HT) U3 71.0 78.8 66.5
74.8

CuNiBe U4 73.6 82.5
74.5

MZC U6 88.2 88.0 90.5
71.9 9I.I

MZC U7 86.7 88.0
85.1

MZC (MIT #2) U9 84.3 85.7 81.083.6
88.6 77.9 86.2

MZC (MIT W3) VB 87.3 85.2 80.391.8
86.! 78.7 90.5

(a) Multiple values represent measurements from separate specimens.
(b) Indicates TEM disks; no notation denotes measurements made on gage section of miniature tensile

spec i men.
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Figure]. a) Neutron-lnducedChangesin ElectricalConductivityof PureCopperin VariousFastReactor
IrradiationExperlmenLsin FFTF and EBR-II,b) ChangesObservedin Cu-SNi,CuAg,and CuAgP Irradiatedin
FFTF.
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Figure2. WideVarietyof ElectricalConductivityBehaviorObservedIn FiveAlloysIrradiatedtn FFTF_
lIIustratlngtileRangeof InteractionsBetweenPrecipltatlon,SoluteRedistribution,Transmutation,and
VoldSweIllng.The designationsIITA,IITB,SAA,CWA denuteCold-Worked,Annealed,Annealedand Aged,and
ColdWorkedand Aged,respectively.



The complexityand varietyof solute-relatedchangesin conductivityfor VariouscopperalloysIs also
Illustratedin Figure2. lhe largeincreasesin conductivityobservedin the CuNITiand CuNiSnspinodally
strengthenedalloysare due to the dominanteffectof radlation-inducedand temperaturedependentoveraglng
of"precipitatesFormedby splnodaldecomposition,but at higherfluencethe influenceof voidswellingand
precipitationeventuallybeginsto overwhelmthe influenceof soluteredistributionand the conductivity
beginsto decllne.(9}

Internallyoxidizedaluminaalloysexhibitedtilebestoverallperformancein the Generation1.5 and 2.0
experiments,retainingthe largestFractionsof theirelectricalconductivity,(z}strength(le,ll)and swelling
resistance.(6'le'll}SweIllngin thisclass of alloyswas Foundto be very low,dependenton oxid(,content,
and possiblydependenton coldwork level. There Is essentiallyno dependenceof the electrical
conductivityof thesealloyson irradiationtemperaturesince,In the absenceof substantialvoidswelling,
transmutationaccountsFor the majorityof the decreasein conductivity.{z,9}The conductivitybehaviorof
thisclassof alloyswas coveredin moredetailelsewhere.(z} Someof thesedata are reproducedIn Figures
3 and 4 Forcomparisonwith the behaviorof the solute-strengthenedalloy,s.

Conclusionsdrawnin thisreportconcerningthe origlnof the conductivitychangeof a givenalloyare

derivednot onp_ frommicrostructuralobservationsbut alsofromchangesInmechanicalpropertiesand
density.(I9'I At higherexposurelevelsin alloysthatdo not resistswelling,mlcrostructural
examinationis not alwaysFeasible,and the behaviormustbe inferredFromchangesin themacroscopic
properties.
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CONCLUSIONS

A wlde variety of radlatlon-inducedbehaviors was observed in the electrical conductivity of various copper
alloys Irradiated In FFTF/MOTA. Thls complexity arises from the sometimes Interactiveeffects of composl-
tlon, starting state and temperatureon three compet!ng processes: transmul.atlon,void swelling, and solute
redistribution, lhc latter process can either increase or decrease the conductivity, while swelling and
transmutatlun Illgeneral decrease the conductlvity. In some cases these various contributions to
conductlvlty can interact strongly to yield unanticipated results.

FUIURE WORK

Conductlvlty measurements will proceed on Generation 2,0 alloys Irradlated at 411°C to I00 and 150 dpa.
Speclmens for Irradlatlon In Generatlon 3.0 are now being prepared,
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