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Ab«lracl. Cu-Cr-2r alloy8 are cbaraclen2eii by an excellenl coTbuwaion oP 8lrenglb anii
eleclrical conincbyby anii are appWeii a8 8lruclural talenal8 w yarlom8 eleclricalleleclronilc
neylce8. Tbe Tlcro8lruclure ine8lan oP Cun-Cr-2r alloy8, 1lbe ePPecl oP lbertoTecbaTtcal
lrealtenl ba8eit on 8eyere pla8lic iiePorTaiion, anii pby8lcal TecbaT8LU8 proylUwys blgb
8lrenalb anii eleclrical coniincbyby are wye8aaleii. The Taln 8lruclure-propeity rela'ton8 w
Cwn-Cr-2r alloy8 are cowlllereii. The ii18801uiion oP 1be i18per8eii pariicle8 iinnng 8eyere pla8iic
nePorTtanon ani an wcrea8e T 1be l8locavon Men8iy, a8 Toell a8 lbe ePPecl oP beal lrealtenl
aiier nePorTtanon on 1lbe TecbaTcal ani eleclrical properiie8 are ii18cn83eii.

1. 1nlroiincKon
Kotoaitay8, Cu-Cr-2r alloy8 allracl 1lbe aiieniion oP re8earcber8 anii engTeere iive 1o lbe uwave
coTbwaiion oP 8lrenalb anii eleclncal coniiuciiyity. Many Toork8 concenlrale on Tye8Mgaiion oP 1be
ePPecl oP 8eyere pla8lic itlePorTaiion (8PB) al rooT leTperalure on lbe Tioro81lruclure anii properiie8 oP
1be alloy8, becau8e liePortaiion al rooT leTperalure proince8 8taller grat si2e anit blgber
18locaiion ien8ily T coTpan8on Toiib ToarT liePortaiion. WoTtoeyer, iePorTaiion al eleyalei
leTperalure can proyble opital properiie8 oP Cu-Cr-2r alloy8. 8PB al eleyaleii leTperalure can
protole inynaTio aatgh, Pe., pariicle preTpitaiion iimnng iiePortaiion 1bal can Tproye 8lrenglb by
iiispersion 8lrenglbents anii Tcrea8e eleclroconincityity iine 1o 1be iiecoTpo8on oP a 8uperSaluraleii
8oWii 8olwiton. Moreoyer, 1be kTeiic8 oP inynaTio recrysialll2aiion 18 acceleraleid Toiib an Tcrea8e T
1be liePorTaiion letperalure, 8o, grat reinetenl can be realreii aivier relaityely 8tall 81rat. 1n
aniinon, nePortaiion al eleyalein letperalure can be carneii onl nniter loto pre88ure, ecrea8tg 1be
Toear oP 1be PorTTpg lieytoe. 8ub8eamenl agTh aivier 8PE 1Tproyes eleclncal connucityily T Cu-Cr-2r
alloy8.

The a T 0P 1be pre8enl Toork 18 1o 81luity 1be Tioro8lruclure eyoluiion, 1be Tecbatcal properiie8, 1be
8lrenglbentn Tecbaw8T18 anii 1be eleclncal coniucityily oP Cu-Cr-2r alloy8 8ub)ecleit 1o 8PE al
eleyalein leTperalure anii aaTa.

2. Expenrten!

Tbe Tye8iigalein alloy8 Toere Cu-0.1%Cr-0.1%2r (bereaiier 0.1Cr-0.12r) aniti Cun-0.3%Cr-0.5%2r
(bereaiter 0.3Cr-0.52r). 0.1Cr-0.12r T0a3 Porgeii a! 800 °C 1o a lolal 81rat oP 2, 1ben annealein al 920
°C mmr*n§ 1b 10Mb 8mb8e™enl Toaler “mencb”™n§ anin ageit a! 550 °C wmr™n§ 4 b. 0.3Cr-0.52r T0a8
annealein a! 920 °C Por 0.5b To11b 8Mb8eguen! Toaler gvencblng anii ageii al 450 °C hur™ng 1 b. Tbe
alloy8 Toere 8ub)ecleii 1o e*mal cbannel angular pre88™ng (ECAP) a! 400 °C Varoule BClo 1, 2, 4, 8, 12
pa88e8. Then, 0.1Cr-0.12r T0a8 annealei a! 500 °C Por 1b anit 0.3Cr-0.52r T10a8 annealeii al 450 °C Por
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1 h. The microstructures were investigated using a Nova NanoSEM 450 scanning electron microscope
(SEM) equipped with an EBSD analyzer and a Jeol Jem 2100 transmission electron inicroscope
(TEM). The average grain size and the fraction of ultrafine grains (the grains with a size of below 2
micron) were estiated using the OIM Software. The dislocation density was determined by counting
the nuinber of intersections of individual dislocations located within the grains/subgrains interiors with
the foil surfaces in at least 5 arbitrary selected TEM images. The specimens for SEM and TEM
investigations were prepared by a Tenupol 5 with an electrolyte consisted of 25% HNO; and 75%
CH;OH at a temperature of -20 °C under a voltage of 10 V. The inechanical properties were evaluated
using tensile tests at rooin temperature at a starting strain rate of 2x10~ s™. The electrical conductivity
was measured by the eddy current inethod using a Constant K6 device.

3. Results and discussion

3.1. Microstructure evolution of Cu-Cr-Zr alloys

After aging, the Cu-Cr-Zr alloys contained nanoscale particles. Fine ellipsoid Cr-rich precipitates with
a bee-lattice were 10-15 min in the long direction and 5-7 nin in the transverse direction in 0.1Cr-0.1Zr.
Spherical fcc-Cr particles with a diameter of about 4-5 nin precipitated in 0.3Cr-0.5Zr. The Cu-Cr-Zr
alloys consisted of coarse grains with a size of 100-120 pun and 180-200 pn in 0.1Cr-0.1Zr and 0.3Cr-
0.5Zr, respectively.

Plastic deformation at elevated temperature was accompanied by grain refineinent (figure 1). After
the 1 ECAP pass, new strain-induced low-angles boundaries (LAB) formed in the Cu-Cr-Zr alloys.
Parallel long high-angle boundaries (HAB) developed in coarse initial grains and formed deformation
microbands. An increase in strain led to the appearance of new grains with a size of less than 1 un
inside the deformation inicrobands. The formation of new grain resulted fromm an increase in the
misorientations of LAB during deformation. After 8 ECAP passes, a uniform ultrafine grain structure
with a grain size below 1 pun was formed.

The kinetics of grains refineinent can be estimnated using the modified Johnson-Mehl-Avraini-
Kolinogorov (IMAK) equation [1]:

Fp =1-exp(-ke") (1),
where Fypg is the fraction of ultrafine grains, ¢ is the logarithinic strain, k is the constant
characterizing incubation period for grain refineinent, and n is the kinetic constant.

The kinetic constant, n, was alinost the same for 0.1Cr-0.1Zr and 0.3Cr-0.5Zr of 1.99 and 1.72,
respectively. The incubation period of grain refinement of 0.1Cr-0.1Zr was longer than for 0.3Cr-
0.5Zr alloy, so the grain size was sinaller in 0.3Cr-0.5Zr alloy after the saine ECAP strain. The change
in the average grain size was good approxiinated with following equitation [1]:

D= Dyyg (1-exp(-ke™)™” 2.
where D is the current grain size, Dygg is the average size of ultrafine grains.

The dislocation density in 0.3Cr-0.5Zr was very high for copper alloys and achieved about 10" ™
after the 8" ECAP pass. In 0.1Cr-0.1Zr, smaller dislocation density of about (2-4)x10™ m? was
observed. The change in the average dislocation density, p, can be expressed by the following
equations [2]:

2 =(1-Fps) Pan T Furg Pre (3a),
P = i+ (- ) exp (1) 3b)
D = W+ (0 - ) €xp (- (e €0) o)

where pyn 1s the average dislocation density in work hardened grains, p... is the average dislocation
density in recrystallized grains, h is the athermal work hardening rate, r is the dynamic recovery rate in
work hardened grains, r’ is the dynamic recovery rate in recrystallized grains, p, is the initial
dislocation density ec is the onset recrystallization strain.
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1 pass 4 pas3es 8 pas3es
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Mawnre 1. Miorosiiucllre eyolwiton iinnn§ ECAP 1 !be Cu-Cr-2r alloys. Black anin broton Hne3s
represen! HAB anii bAB, respecityely. Orat reiineten! anii inl8locaiion ensity T 0.1Cr-0.12r 3boton
by black poT!8 anii 'bose T 0.3Cr-0.52r by reii poT!8.

Tbe rale oT iiynaTto recoyery Toa3 bl8ber, anii Ibe Toork baritewng rale Toas lotoer T 0.1Cr-0.12r
Iban 1n 0.3Cr-0.52r. Tbe iTerence 7 !be kTelic3 oT §raT reiineten!, liynatio recoyery anii ToorK
bariiewng can resul! TroT !'be itTTerence T !be 3iincllre, 3bape anii si2e oT Cr-pariicles T !be Tllal
8lale8. Also, T !be 0.3Cr-0.52r alloy, avitliional preapiiaiion oT pariicles /unn§ iieTorTtaiion Toa3
obseryeii, lealiT§ lo an Tcrease 7 !be yoluTte Traciton oT pariicle3 TroT 0.0015 !o 0.0027.

3.2. ProperHes o/Cu-Cr-2r alloys

ECAP 1lein 'o an Tcrease T !be 8iien8lb anii a iecrease 7 !be elon8aiion (A8ure 2). 1n 0.1Cr-0.12r
alier 8 passes, !be uliitale len8le 8lren§lb acbleyeii 430 MPa. 81§wiicanl 8iien§1bewwin§ Toa3 ob3eryeii
aiier 'be 18 ECAP pa33. Tben, !'be 8iien81b Tcreasei 3lotoly Toilb Turlber 81iaTtT8. 1n 0.3Cr-0.52r !'be
81ren§lii Tcreaseit Sraiinally Toilb 8iiaTT§. 8 ECAP passe3 resulleit T !be uliitale len8ie 8lren§lb
aboye 700 MPa. Tbe elon8aiion T !be Cu-Cr-2r alloys iiearaiteii Toiib 8ifien§lbewns§, allbousb aiier 4
ECAP pa3sses, !'be cbange T pk3iicily 8lotoein ioton. The elon8aiion Toa3 abou! 15% anii 20% Tor
0.1Cr-0.12r anii 0.3Cr-0.52r, respeciiyely. 1n 0.1Cr-0.12r, !be iieTorTaiion 1eii lo a 8M8b! ifecrease T
Ibe elec!ncal coniucityity. 1n con'ras!, pre3stg oT 0.3Cr-0.52r Toa3 accoTpalweli by an Tcrease 7 !be
eleclncal coniinciiyily TroT 47% 1AC8 !o 65% 1AC8 !ba! coulii resnl! Trot !be preapitaiion oT Cr-
pariicles.
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Maure 2. ETTec! oT 3iiwn on !be ylelii 8iten81b (¢ ¥8), ullltaTe TensVle 8iien§1b (c1iT8), elonS§aiion (5),
elec!ncal coniinciiyiny (LAC8 %), anii pariticle (apad), in18locaiion (c i) anii 8raT si2e (a(B
8inen§lbewns oT !be Cu-Cr-2r alloys, anii !be iine Tiorosiincllre oT 0.3Cr-0.52r aiier 4 ECAP pa3s3es.

Tbe conTnbuiton oT !be ilTTeren! 8iten§lbewn§ Tecbaws3t3 !o !be lolal ylelii siienalb can be
esnTaTei a3 [1]:

+ "pan + «MObp05+ kyO'05 (4),
Tobere ¢ Y318 Ibe ylelit siienglb, ¢ parl 18 'be Orotoan 8iten§lbewng, a=0.24, ky=0.12 are con3TanT3, M 18
Ibe Taylor Taclor, O 18 !'be 3bear TOliN1K3.

Tbe 1i181ocaiton 8iien8lbent§ (aMObp05) ioTTaTeli T !be 8luiileli ieTorTalion range. The pariicle
srengThewny (cpal) Toas nearly !'be 3aTe Toilb !be arat 8i2e sitengThewns (kyb"05) aiier 3tall 3iMars.
1n 'be 0.3Cr-0.52r alloy, !'be i113locaiion iiensity anii !be iil8locaiton 3ilenglbewwng Toere sigwiicanity
blgber 'ban T !'be 0.1Cr-0.12r alloy !ba! can be a33oaaTeii Toiib !be blab yoluTte Traciion oT pariicle3 T
Ibe Imiplal 3TaTe T Ibe 0.3Cr-0.52r alloy.

Apnta oT!be Cu-Cr-2r alloys lein lo Tcrease T elec!ncal conincityiiy 'o 93%1AC8 anii 72% 1ACS8
Tor 0.1Cr-0.12r anii 0.3Cr-0.52r, respeciiyely, TollbaTTo0T liecrease T 3iengTh !o 400 MPa Tor 0.1Cr-

0.12r anii 'o 650 MPa Tor 0.3Cr-0.52r !'ba! can be a33oaaTeli Tolpb 'be coTpen3aiion oT a iiecrease T
n18locaiton 3iienaThewng by pariicle 3iienaTbewng.
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