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Abstract: Cu-0.8Cr-0.12Zr-0.05Si ingots were prepared by vacuum melting and subjected to a two-stage aging treatment.
The effects of different preaging times on the morphology of the Cr-rich precipitates and the mechanical properties of the
alloy were studied. The microstructure evolution and properties of the samples under different preaging times were
analysed. The results show that the sample with 50% rolling + 500 ‘C preaged for 15 min + 80% rolling + 450 ‘C aged for
2 h has the best comprehensive performance. The hardness, yield strength, tensile strength and elongation are 201.7 HV,
582.7 MPa, 613.3 MPa and 14.2%, respectively, and the conductivity is 78.1%IACS. Compared with the traditional
single-stage aging treatment of Cu-0.8Cr-0.12Zr-0.05Si alloy, the peak aging time is shortened by 2 h, and the conductivity
is increased by 2.1%IACS. The precipitated phases of the sample preaged for 15 min are mainly spherical face-centered
cubic Cr phase, whereas the precipitated phases of the sample preaged for 60 min are spherical and coffee bean-like
body-centered cubic Cr phase. The calculation of the yield strength contribution reveals that precipitation strengthening is
the main strengthening mechanism of the Cu-0.8Cr-0.12Zr-0.05Si alloy under two-stage aging.
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Tab.1 Actual composition of Cu-Cr-Zr-Si alloy
(mass fraction/%)

Alloy Cu Cr Zr Si
Cu-Cr-Zr-Si Bal. 0.81 0.11 0.05

1 Cu-Cr-Zr-Si & &AM T. 2R K
Fig.1 Heat treatment process for Cu-Cr-Zr-Si alloys
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Tab.2 Aging parameters of samples
Sample Parameter
S1 Preaging 15 min+aging 15 min
S2 Preaging 15 min+aging 2 h
S3 Preaging 15 min+aging 8 h
S4 Preaging 60 min+aging 15 min
S5 Preaging 60 min+aging 1 h
S6 Preaging 60 min+aging 8 h
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H Suns-UTMS5105 BB AL E 47 2 i Fr ik gl $i i
N 0.6 mm/min , & 21 iRE 2 IR 3 K

W RE AT BB 5 >R L R Leica EM
TIC 3X M & F e — L4t b5 18 il &
A LT S AT ST (EBSD) 44 I #5% i Zeiss SUPER
55 FRUF A L I OB X A S R AT RO ST AE TR
54 SmartLab 9 kW 11 5 i % X 5 £ fi7 S Ak 47
X FHE AT S 73 BT (XRD) , $9 4 £ B2 5 Ll 40°~100°,
HH#E R 5(°)/min, f# H MDI Jade 6.0 % {4 Xf
XRD FH2-A 7504 o 37 SRR (0 T 5 S AR A R
FTEEZ 60 um J&, (LA v R R ¢3 mm (1)
B 5,6 8 7 BT b 30%HNOs+70%CHSOH (1)
TR G VW A T HL AR OBUE SR J5 R 5y Leica EM
RES102 19 & -1 Il i A AT 0l 5 5, >R H] JEM-
2100F #Y 3% 5 f1 55 (TEM) £ 200 kV il # HL F T X
T i 4 KT A A TR SR A TSR

[l 2 Cu-Cr-Zr-Si A 4 £ A [) i & T 2504k #1511
TR 70 AR it £
Fig.2 Engineering stress-strain curves of Cu-Cr-Zr-Si alloys
after preaging for different durations
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Fig.3 SEM images of the samples after preaging: (a, b) preaging for 15 min; (c, d) preaging for 60 min
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Fig.4 TEM bright field image, HRTEM bright field image and SAED patterns of Cu-Cr-Zr-Si alloy after different preaging times:
(a~c) 15 min; (d~g) 60 min

& 5 ASTa) Wi R KR A 4
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Fig.5 Changes in the hardness and electrical conductivity of the alloy with respect to the secondary aging time under different preaging
conditions: (a) hardness; (b) electrical conductivity
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K6 AFI#AL ST Cu-Cr-Zr-Si 19 XRD i
Fig.6 XRD patterns of Cu-Cr-Zr-Si under different heat
treatment conditions
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Hr HHAH AR T T 2 15 min BE 577 4E T — 2 1M
b, JUHR Y i e ) 38 i & 8 h i, A Hh A & A B
B AT AT RS A#2Y 4.64 nm,

K 10 & Cu-0.8Cr-0.12Zr-0.05Si 78 — ¥k i &k 4b
PRI 1 SR ERR ffoRn ROT 43 A 16 aT LAR 3, SR v
RELIT L I AT 4R S5 4, — LeFEFL i F
T A P9 A0 70 TR 0 A TR X U 2T YR 2540 22 (] DA R
RF A R T Y AT 2% 60 min BE & SF 24 kL
JOSH 3 K FFN S 15 min BE A, B & R I AL

& 7 A &AM Cu-Cr-Zr-Si (5 - A% M1 £8 : (a) TEFAL 15 min; (b) FET AL 60 min
Fig.7 Stress-strain curves of Cu-Cr-Zr-Si under different conditions: (a) preaged for 15 min; (b) preaged for 60 min
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Tab.3 Mechanical properties and electrical conductivity of different samples

Sample Hardness(HV) oo./MPa o,/MPa Elongation/% Conductivity/(%IACS)
S1 184.5£2.0 512.6+24.5 536.0+20.8 15.0£0.67 75.0+£0.07
S2 201.7+1.6 582.7+8.4 613.3£7.1 14.2£1.36 78.1£0.11
S3 185.0+3.1 530.3+16.0 556.2+21.2 14.1£1.29 79.4+0.32
S4 189.9+2.6 531.7£15.6 555.6+20.0 11.7+0.64 77.5+0.05
S5 194.6+1.7 552.5£10.3 572.6+7.5 11.0+0.93 80.1+0.17
S6 173.1£2.4 495.3+16.7 514.6£17.2 12.1+0.44 81.5+0.14
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& 8 S1,S2,S3 Fffh7EA [ K if & it 8] F 19 TEM 813712 .HRTEM B35 1% #il SAED &l . (a~as) S1; (bi~bs) S2; (c;~c5) S3
Fig.8 TEM bright field images, HRTEM bright field images and SAED patterns of S1, S2, and S3 samples at different secondary aging
times: (a;~a;) S1; (b,~bs) S2; (ci~c;) S3

€ 9 S4,S5,S6 ki AEA [ R I 2t 8] F (19 TEM #1312 .HRTEM B 171% #il SAED 3% . (a,~a,) S4; (bi~by) S5; (c;~c;) S6
Fig.9 TEM bright field images, HRTEM bright field images and SAED patterns of S4, S5, and S6 samples at different secondary
aging times: (a,~a,) S4; (b,~b,) S5; (c;~c;) S6
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10 N [A) T25 T 3R 14 B J& R i sr )RSE 40 4 2 (a, ay) ST; (b, by) S2; (¢, 1) S3; (d, d) S4; (e, 1) S5; (f, ;) S6
Fig.10 The reverse pole diagram and grain size distribution diagram of the samples under different processes: (a, a,) S1; (b, b;) S2;
(c, ¢1) S3; (d, dy) S4; (e, e)) S5; (£, f)) S6

P11 AT T2 GaRE 9 AH &8 BT 22 43413 €] (a) ST; (b) S2; (c) S3; (d) S4; (e) S5; () S6
Fig.11 Distribution of adjacent grain boundary orientation differences of samples under different processes: (a) S1; (b) S2; (c) S3;
(d) S4; (e) S5; () S6
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Tab.4 Related parameters of the yield strength calculation

Dislocation ) o Precipitate
. Grain size,  Precipitate
Sample density, volume
D/pm size, d,/nm
p/(10" m?) fraction, /./%
S1 2.81 0.76 2.86 0.28
S2 2.71 0.82 3.24 0.45
S3 1.99 0.92 3.74 0.47
S4 3.53 0.85 3.42 0.37
S5 3.25 0.95 3.95 0.48
S6 1.65 0.97 4.64 0.52
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RSERBENITHEER
Tab.5 Calculation results of the yield strength of the

samples
Sample ow/MPa  o4/MPa o,/MPa ocw/MPa  o./MPa
S1 160.6 119.4 242.8 542.8 512.6
S2 154.6 117.4 289.7 581.7 582.7
S3 146.0 100.6 271.4 538.0 530.3
S4 151.9 133.9 252.6 558.4 531.7
S5 143.6 128.5 269.1 561.2 552.5
S6 142.1 91.6 249.4 503.1 495.3

FRAH T P 20 15 min A 5 5K 33X 5 i SC BT 43 A
E/J*HQEQO

3 it

(1)2 500 “C-15 min 5 i &% &b B, A4 T 50
9 i SR B Y Cu-0.8Cr-0.12Zr-0.05Si & 4>, Ho g it
SR 4k T 2 h, BSR4 5 T 2.1%IACS,

(2) FAF AL A] 47 15 min B &R H B GP X
TEZWRINALZE 2 h I, PR TE 07 )5 Cr A1 A AR
FEZ R ERAR 2 ORI RLE 8 h i A AATS SR DL ER
RN T, FET R E] 4 60 min B, FeiA d ) BEERAR
R GO A A0 37 Cr M 7E R IR A A
FE AT SR A ERIR A il AR | LG 2 s 28Rt () 384 i
BT HAH BH 2 kLA

(3)Cu-0.8Cr-0.12Zr-0.05Si 54445L#150%+500 °C
2% 15 min+ 507 80%+450 ‘CHF &L 2 h T. 25403
Ja L EE AR R W IR B PR A
R34 201.7 HV 5827 MPa 6133 MPafil 14.2% , H,
BN T8A%IACS, Jii ik ik BE v dk i35 R B, B i
5 Ak S SR AL L

S Ok -

[1] FUH D, XU S, LI W, XIE J X, ZHAO H B, PAN Z J. Effect
of rolling and aging processes on microstructure and properties
of Cu-Cr-Zr alloy[J]. Materials Science and Engineering: A, 2017,
700: 107-115.

[2] HATAKEYAMA M, TOYAMA T, YANG J, NAGAI'Y, HASEGA-
WA M, OHKUBO T, ELDRUP M, SINGH B N. 3D-AP and
positron annihilation study of precipitation behavior in Cu-Cr-Zr
alloy[J]. Journal of Nuclear Materials, 2009, 386-388: 852-855.

[3] PANG Y, XIA C D, WANG M P, LI Z, XIAO Z, WEI H G,
SHENG X F, JIA Y L, CHEN C. Effects of Zr and (Ni, Si)
additions on properties and microstructure of Cu-Cr alloy [J].
Journal of Alloys and Compounds, 2014, 582: 786-792.

[4] MHWRLL, FE AR IS, . Mg 1 IR K4 575X
X Cu-Cr-Zr 45 4 41205 TERE /Y 52 m [J]. 0 A (8 Jm 7 4l
2021, 31(2): 342-352.

YANG X H, WANG C D, ZOU J T, XIAO P, LIANG S H. Effects

of Mg addition and cooling methods on microstructure and



- 986 -

FOUNDRY TECHNOLOGY

Vol.47 No.09
Sep. 2026

[5]

[6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

r [ %71

properties of Cu-Cr-Zr alloys [J]. The Chinese Journal of
Nonferrous Metals, 2021, 31(2): 342-352.

KUANG G, MIAOK S, LI X W, WU H, LIU CL, LIR G, FAN G
H. In-situ observation of microstructure and orientation evolution
of the Cu-Cr-Zr-Hf alloys[J]. Materials Science and Engineering:
A, 2023, 865: 144642.

WANG W W J, ZHANG Y H, YANG H T, SU L S, WANG C,
TONG C Q, ZHOU J H, CHEN J F, WANG B S. Effects of Si
addition on properties and microstructure of CuCrZr alloy [J].
Journal of Alloys and Compounds, 2022, 906: 164277.

LAI Z M, PENG K Z, GAO B B, MAI Y J, JIE X H. Achieving
high strength and high electrical conductivity in Cu-Cr-Zr alloy by
modifying shear banding during rolling[J]. Journal of Alloys and
Compounds, 2023, 958: 170402.

LI J Z, DING H, LI B M, WANG L. Microstructure evolution
and properties of a Cu-Cr-Zr alloy with high strength and high
conductivity[J]. Materials Science and Engineering: A, 2021, 819:
141464.

WANG Y D, WU L H, XUE P, ZHANG H, NID R, MA Z Y.
Improved strength with good conductivity in Cu-Cr-Zr alloys:
Determinant effect of under-aging treatment before rolling and
aging[J]. Materials Science and Engineering: A, 2022, 848: 143395.
JIAO X Y, ZHANG Z H, DING H. Pre-aging combined with
multi-stage rolling processing: Enhancing precipitate-dislocation
interaction for strengthening of Cu-Cr-Zr-Ni-Si alloy[J]. Materials
& Design, 2025, 256: 114365.

LI R G, GUO E Y, CHEN Z N, KANG H J, WANG W, ZOU
C L, LITJ, WANG T M. Optimization of the balance between
high strength and high electrical conductivity in CuCrZr alloys
through two-step cryorolling and aging[J]. Journal of Alloys and
Compounds, 2019, 771: 1044-1051.

CHENGJY, YUF X, AO X W. Effect of two-step deforming and
aging process on the properties and microstructure of Cu-Cr-Zr-
Mg-Si alloy[J]. Advanced Materials Research, 2011, 189-193: 70-
74.

PENG L J, XIE H F, HUANG G J, XU G L, YIN X Q, FENG X,
MI X J, YANG Z. The phase transformation and strengthening of a
Cu-0.71 wt% Cr alloy[J]. Journal of Alloys and Compounds, 2017,
708: 1096-1102.

QU J P, ZHANG W S, YUE S P, LIU Q, GUO Z K, DONG B W,
JIEJC,CAOZQ,FUY, LITIJ. Strengthening and high-temperature
softening resistance of low Si-added Cu-Cr-Zr alloy for fusion

reactorapplication[J]. Materials Science and Engineering: A, 2022,

https://www.cnki.net

861: 144328.

[15] ZHAO ZL, XIAO Z, L1 Z, QIU W T, JIANG H Y, LEI Q, LIU Z R,

[16]

[17]

JIANG Y B, ZHANG S J. Microstructure and properties of a
Cu-Ni-Si-Co-Cr alloy with high strength and high conductivity[J].
Materials Science and Engineering: A, 2019, 759: 396-403.

DINI G, UEJI R, NAJAFIZADEH A, MONIR-VAGHEFI S M.
Flow stress analysis of TWIP steel via the XRD measurement of
dislocation density[J]. Materials Science and Engineering: A, 2010,
527(10-11): 2759-2763.

ZHANG Y, TAO N R, LU K. Mechanical properties and rolling
behaviors of nano-grained copper with embedded nano-twin
bundles [J]. Acta Materialia, 2008, 56(11): 2429-2440.

[18] PENG H C, XIE W B, CHEN H M, WANG H, YANG B. Effect of

[19]

[20]

micro-alloying element Ti on mechanical properties of Cu-Cr alloy
[J]. Journal of Alloys and Compounds, 2021, 852: 157004.

MA M Z, XIAO Z, MENG X P, LI Z, GONG S, DAI J, JIANG H
Y, JIANG Y B, LEI Q, WEI H G. Effects of trace calcium and
strontium on microstructure and properties of Cu-Cr alloys [J].
Journal of Materials Science & Technology, 2022, 112: 11-23.
CHU Z Q, PAN X H, WEI W, WEI K X, ALEXANDROV I
V, AN X L, WANG D D, LIU X K. High strength and electrical
conductivity of nanostructured Cu-1Cr-0.1Zr alloy processed by
multi-stage deformation and aging[J]. Journal of Materials Research
and Technology, 2024, 29: 2051-2060.

LIJ Z, DING H, LI B M. Study on the variation of properties of
Cu-Cr-Zr alloy by different rolling and aging sequence[J]. Materials
Science and Engineering: A, 2021, 802: 140413.

[22] HAO ZF, XIE G L, LIU X H, TAN Q, WANG R. The precipitation

(23]

[24]

[25]

behaviours and strengthening mechanism of a Cu-0.4 wt% Sc alloy
[J]. Journal of Materials Science & Technology, 2022, 98: 1-13.
MABUCHI M, HIGASHI K. Strengthening mechanisms of Mg-Si
alloys[J]. Acta Materialia, 1996, 44(11): 4611-4618.

SUN X L,JIEJC, WANG P F, QIN BL, MA X D, WANG T M,
LI T J. Effects of Co and Si additions and cryogenic rolling on
structure and properties of Cu-Cr alloys[J]. Materials Science and
Engineering: A, 2019, 740: 165-173.

LIU F X, XIE G L, WANG S J, YANG J, CHEN C G, LIU X H.
Excellent combination of mechanical properties and electrical
conductivity obtained by minute addition of alloying elements and
nanometer scaled ALO; in copper alloy[J]. Materials Science and

Engineering: A, 2023, 867: 144689.
GULH D)



