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Table 1 Chemical compositions of materials (/%)

Material ~ Si Mg Zn Mn Ti Fe Cu Al

T2 <0.0004 <0.0001 0.0004 <0.0001 - 0.005 99.90 0.0001
1060  0.05 0.03 0.05 0.03 0.03 0.15 0.05 99.60

Cu tube Al core Cu/Al composite rod

75 mm 70 mm

15 mm 10 mm
K1 R R 2 a ks S
Fig.1 Schematic diagram of Cu/Al composite billet formed by Cu

tube and Al core
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Fig.2 Preparation process of Cu/Al bimetallic composite rod
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Fig.3 SEM images of ECAP processed Cu/Al bimetallic interface: (a) before annealing, (b, ¢) after annealing
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Fig.4 EDS line scanning along marked line of Cu/Al bimetallic

interface in Fig.3c

=<2 3c hiAAN &R F EMHLNELRIER EDS SR
Table 2 EDS analysis result of different positions around Cu/Al

bimetallic interface in Fig.3c (at%o)

Position 1 2 3 4 5 6

Cu 1.01 1495 3288 9464 1711  33.27
Al 9593 8157 64.15 1.12 79.35  62.44
o} 3.06 3.48 2.97 4.24 3.54 4.29

Possible Al oAl) CuAl cu o Al)+Cu

phase +CUuAl, Al CuAl,
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Fig.5 XRD pattern of Cu/Al bimetallic interface after ECAP process

and post-annealing
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Gray scale map type: <none>

Color coded map type: phase
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Fig.6 EBSD phase distribution of Cu/Al bimetallic interface after

ECAP process and post-annealing
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Fig.7 EBSD microstructures of Cu/Al bimetallic interface after ECAP process and post-annealing: (a) orientation map, (b) grain boundary

mapping, and (c) distribution of grain boundary misorientation
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Fig.8 Shear test of Cu/Al bimetallic composite specimen after ECAP process and post-annealing: (a) test device, (b) failed specimens, and

(c) force-displacement curves

®3 EVNERESEMAEINTYEE
Table 3 Shear strength of Cu/Al bimetallic composite rod

Specimen Diameter of Al core/mm Height/mm Maximum shear force/kN Shear strength/MPa
1# 10.27 4.81 4.30 27.72
2# 10.26 4.80 431 27.87
3# 10.39 4.82 491 31.22

Ko fENeREEHEBTYIb ORaR

Fig.9 Morphologies of shear fracture surface of Cu/Al bimetallic composite rod: (a) Cu side and (b) Al side
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4 EIXAA EDS SHLER
Table 4 EDS analysis results of the points marked in Fig.9 (at%)

Point 1 2 3 4
Cu 29.53 30.55 19.21 28.60
Al 62.07 61.04 74.12 63.77
(¢} 8.40 8.32 6.67 7.62
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JRE & AR RS &G T AR JrE,
RUBVEATCIE IR T 2 RiEHe, ARG R SRR 2 e 0
tk, WIESHERIEIEZ, SRR R T EE R
WA ERIESS & AL TR R B . IR KA B R it
— IR AR TR BUR N A HERE A5 5 R e
SRR 5 i T A O T T, R AR BRI S 2
TR T REFHIIO S & . SR AL S B AR EAH
{HG 2 BRI, BRI S RES (L.
JG 7 Z B Y B AR TSR i a0 < R S A 1
SRR, Rk, SEhRARE R R IR R K TS
B, AARIERE R R SRCRKFER, RERFRR KR

FEE, 4 A I ) 20
3 4 i

1) KA &R 438 K ECAP $7 R 45 18 K T2 il
AN G R E S M. 15 ECAP I ZI¥E MBI Y)AIE K
AR R, B 8 i R e e 2 [R] 45
HRE, SEFmMHERR T By B, S R
214 1.47 pm,

2) {£ ECAP RIZIBIUIERTN, M &8 5 &t
G WA AR S AL NS &, TR K
WAERMR S 7R R R B8, BT A
WEMELEERT, SEXNEEE MR bR
737 RIFMaEL G, ARIEE EE &R N EY)
CuAly. S ENIE R T g2, skidn ., 1)
S)H R KA EE b A2, o B

3) M & JEE &M AT B R E A
28.94 MPa, FHI45 & iR RITF. BIVIRIR 3 5k A AE
(B3 H#UZ CuAl, N, RIS B 52 1 e 4 W A1
SEWHk  References
[1] Liu Guoping(x|[E-~F), Wang Qudong(F (%), Jiang Haiyan(:#

1iF3€). Materials Reports(#1 £} 5:4K)[J], 2020, 34(4): 07 115
[2] Liu Shuaiyang(xIJihE), Wang Aigin(EZ3E), Lv Shijing(H

) et al. Materials Reports A: Overview(F1 kBl S A: ik
)10, 2018, 32(3): 828
[3] Lee S, Lee M G, Lee S P et al. Transactions of Nonferrous Metals
Society of China[J], 2012, 22(S3): 645
[4] Wang Lin, Du Qinglin, Li Chang et al. Transactions of Nonferrous
Metals Society of China[J], 2019, 29(8): 1621
[5] Sapanathan T, Khoddam S, Zahiri S H et al. Materials & Design[J],
2014, 57: 306
[6] Wang Yansong(Eiifa), Li Wenya(ZESCIF), Yang Xiawei(#E
H:) et al. Journal of Materials Engineering(#1} T.1%)[J], 2016,
44(4): 119
[7] Harsha R N, Kulkarni V M, Babu B S. Materials Today:
Proceedings[J], 2018, 5(10): 22 340
[8] Tolaminejad B, Hoseini-athar M M. Materials Science and
Engineering A[J], 2016, 670(18): 146
[9] Mohammad A, Faramarz F S. Transactions of Nonferrous Metals
Society of China[J], 2016, 26(5): 1276
[10] Eivani A R, Taheri A K. Materials Letters[J], 2007, 61: 4110
[11] Li Jianguo(Z= %), Guo Yazhou(ZEIE#M), Li Yulong(Z % k)
et al. Rare Metal Materials and Engineering(fifi & @+ kL 5
TFH[I], 2015, 44(3): 681
[12] Ren Guangxiao(f£)%¢), Wang Hongxia(F 4L E), Zhou Bin(J&
%K) et al. Transactions of Materials and Heat Treatment(£4 #} #
LEFEAER)[I], 2016, 37(5): 33
[13] Tolaminejada B, Taheri A K, Arabi H et al. Proceedings of Iran
International Aluminum Conference (IIAC2009)[C]. Iran: Tehran,
2009: 1
[14] Eslami P, Taheri A K. Material Letters[J], 2011, 65(12): 1862
[15] Cheng Mingyang(F£HA FH), Wang Aigin(E 5% 2£), Mao Zhiping(E&
£-F) et al. Journal of Henan University of Science and
Technology, Natural Science(FlFRH K 2#54, HIRFIEAR)
[J], 2017, 38(1): 10
[16] Eslami P, Taheri A K, Zebardast M. Journal of Materials
Engineering & Performance[J], 2013, 22(10): 3014
[17] Mao Zhiping, Xie Jingpei, Wang Aigin et al. Metals[J], 2018,
645(8): 1
[18] Zou Juntao(ZB% %), Gao Lei(f 7%), Xie Tingfang(ifiEF5)
et al. Rare Metal Materials and Engineering(#5 4@+ £l 5
TAH[], 2020, 49(12): 412
[19] Amani H, Soltanieh M. Metallurgical and Materials Transactions
B[J], 2016, 47(4): 2524
[20] Qiao lJisen(F+ [ #%), Xiang Yangzhi(Im]FH1E), Nie Shucai(15
7) et al. Journal of Materials Engineering(#4k} LF£)[J], 2017,
45(11): 78
[21] Yu Qingbo(F ), Liu Xianghua(XIH14E), Sun Ying(Fh %)


https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2020&filename=CLDB202007016&uniplatform=NZKPT&v=UzKlC3mndqPUlCxyWdSJ4YJdj0ncZm1KBdfVIcKyR1I9ieeU4AbhK1aulCv7bZU3
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2018&filename=CLDB201805022&uniplatform=NZKPT&v=57WW5Sfwud1BLAihKpPZYjLVtG5H5Owcea_6wYQoJFwgmK8U-XqVGzSer4uvGFjj
http://en.cnki.com.cn/Article_en/CJFDTOTAL-ZYSY2012S3012.htm
http://en.cnki.com.cn/Article_en/CJFDTOTAL-ZYSY2012S3012.htm
https://d.wanfangdata.com.cn/periodical/zgysjsxb-e201908006
https://d.wanfangdata.com.cn/periodical/zgysjsxb-e201908006
https://www.sciencedirect.com/science/article/abs/pii/S0261306914000491
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2016&filename=CLGC201604019&uniplatform=NZKPT&v=uBr_R7dNuGo9r0xzHh-nG-8bEXmfwZweRWmSzGNrNsu2gsgcXxMpRrMkeT7r3WE_
https://www.sciencedirect.com/science/article/pii/S2214785318317334
https://www.sciencedirect.com/science/article/pii/S2214785318317334
https://www.sciencedirect.com/science/article/abs/pii/S0921509316306426?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0921509316306426?via%3Dihub
http://en.cnki.com.cn/Article_en/CJFDTOTAL-ZYSY201605010.htm
http://en.cnki.com.cn/Article_en/CJFDTOTAL-ZYSY201605010.htm
https://www.sciencedirect.com/science/article/abs/pii/S0167577X07000596?via%3Dihub
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2015&filename=COSE201503032&uniplatform=NZKPT&v=rDedhj93TvxdjUhKCzAfUc5ZAEhFOrwkhgzfR9ug6_pQQ6VazDx0OJJHlrjSTcys
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2016&filename=JSCL201605007&uniplatform=NZKPT&v=sollfvBBrytCxHs0LcqPJkeTFDTDnL_aMzKgfhMAyeLOF8I7pQJ-1z2jyjRAIedj
https://www.researchgate.net/publication/263099755_An_investigation_into_the_effect_of_ECAE_process_on_mechanical_and_microstructural_properties_of_middle_layer_in_copper_clad_Aluminium_composite
https://www.researchgate.net/publication/263099755_An_investigation_into_the_effect_of_ECAE_process_on_mechanical_and_microstructural_properties_of_middle_layer_in_copper_clad_Aluminium_composite
https://www.sciencedirect.com/science/article/pii/S0167577X11002953?via%3Dihub
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2017&filename=LYGX201701003&uniplatform=NZKPT&v=iX4Ee7CnKgXR88DD1u6XpqoTkmqXkSF6OaYBCGV4qFTsy7d8w0IQvjahftpp57u3
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2017&filename=LYGX201701003&uniplatform=NZKPT&v=iX4Ee7CnKgXR88DD1u6XpqoTkmqXkSF6OaYBCGV4qFTsy7d8w0IQvjahftpp57u3
https://link.springer.com/article/10.1007/s11665-013-0591-2
https://link.springer.com/article/10.1007/s11665-013-0591-2
https://www.mdpi.com/2075-4701/8/8/645
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?flag=1&file_no=20200380&journal_id=rmme
https://link.springer.com/article/10.1007/s11663-016-0682-1
https://link.springer.com/article/10.1007/s11663-016-0682-1
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2017&filename=CLGC201711013&uniplatform=NZKPT&v=kFYdL8Eh6lfT8Trwxsi93S1GWyJJLpEF0OsqMc3Wz4R_ajTePhiJu5irxsRXkIXn

* 4136 -

WA ERMES TR

%5 51 45

et al. Scientia Sinica Technologica(H B &l AR R[],
2016, 46(11): 1166

[22] Chen Liansheng( [% i% 42 ), Zhang Xinlei( 7k 52 %), Zhen
Xiaoping(#5/NF) et al. Rare Metal Materials and Engineering
(Fif5 &)@ A RS TE)[J], 2018, 47(10): 3241

[23] Hao Pingjun, Wang Zhenhua, Liu Yuanming. Hot Working
Technology(# il T.T.2)[J], 2018, 47(12): 159

[24] Liu Teng(X!| ). Thesis for Doctorate(f# -2 3¢)[D]. Shanghai:
Shanghai Jiao Tong University, 2016: 110

[25] Wu Yongfu(Z 7k#&), Liu Xinhua(XI#i %), Xie Jianxin(@:5r).

#)[9], 2013, 23(1): 191

[26] Rahdari M, Reihanian M, Baghal S M L. Materials Science and
Engineering A[J], 2018, 738: 98

[27] Xie Jingpei(#HHIR), Liu Zhe(x] ), Wang Aigin(E % 3£)
et al. Materials Reports(#4 K} 5 4%)[J], 2019, 33(5): 1702

[28] Liu Yazhou(XIJE#), Wang Wenyan(F 3 %), Huang Yabo(¥%
iV f#) et al. Special-cast and Non-ferrous Alloys(Fifh#%it J 45
f44)[9], 2018, 38(11): 1230

[29] Sheng Liyuan, Yang Fang, Xi Tingfei et al. Composites Part B:
Engineering[J], 2011, 42(6): 1468

The Chinese Journal of Nonferrous Metals(H [E £ 44 & %

Interfacial Microstructure and Bonding Property of Cu/Al Bimetallic Composite Rod
Fabricated by ECAP and Post-Annealing

Wang Xiaoxi', Zhang Xiang?, Yuan Junchi®, Yin Zhiwei', Liang Tingyu'
(1. School of Mechanical and Electrical Engineering, Xuzhou University of Technology, Xuzhou 221018, China)
(2. Jiangsu XCMG Construction Machinery Research Institute Co, Ltd., Xuzhou 221004, China)

Abstract: Cu/Al bimetallic composite rod was successfully fabricated by 4 passes equal channel angular pressing (ECAP) at room temperature
and post-annealing. Scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD) and electron
backscatter diffraction (EBSD) were used to investigate the microstructure of the bonding interface of Cu/Al bimetallic composite rod, and the
interfacial bonding strength was also tested by shear test. The results show that under the severe shear deformation during ECAP process,
mechanical bonding occurs firstly at the interface of the Cu/Al bimetallic composite rod through plastic deformation, and then the mutual diffusion
between copper and aluminum atoms are promoted during the post-annealing. Under the combined effects of large pressure, high temperature and
concentration gradient, a good metallurgical bonding at the interface of the Cu/Al bimetallic composite rod is formed. The thickness of Cu/Al
interface layer is about 1.47 um and a new phase of intermetallic compound CuAl; is generated, consisting of ultrafine grained (UFG)
microstructures with high angle grain boundaries and homogeneous distribution, and there is no obvious preferred grain orientation. The average
shear strength of Cu/Al bimetallic composite rod is 28.94 MPa, showing the good interface bonding quality. Moreover, the main shear failure
mode is brittle fracture.

Key words: ECAP; bimetallic composite rod; interfacial microstructure; bonding property
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