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Research progress of CNTs reinforced Cu/Al matrix composites
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Abstract: Carbon Nanotubes (CNTs) reinforced Cu or Al based composite material is one of the most potential
developing direction in the copper or aluminum materials. In this work, research progress of the CNTs reinforced Cu and
Al based composite materials in recent years was reviewed. Five main aspects including the pretreatment of CNTs, the
preparation of CNTs-metal composite powder, the preparation of CNTs-metal composites, the interfacial bonding
mechanism and the reinforcement mechanism of CNTs were discussed.
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composite materials published in 2004—-2013
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Table 1 Main preparation methods of CNTs-metal
composites
Method Process

Mechanical alloying and sintering
Deformation processing of powder
compacts
Powder metallurgy o
Spark plasma sintering
Mixing/mechanical alloying and hot

pressing

Casting
Melting and
Metal infiltration
solidification
Laser deposition

Electrochemical Electro deposition
deposition Electroless deposition
) Plasma spraying
Spraying

Cold spraying

Novel techniques Torsion/friction processing
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Fig.2 Schematic diagram of CNTs-Cu composite fabrication process based on powder metallurgy method!*”!
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Fig. 3 Schematic diagrams of various deformation
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Fig. 5 Schematic diagrams of melt stirring equipment (a) and

high pressure die casting (b)P>

ZHOU 5PV MO 3 P s GUR K J7 il 4 T
CNTs Al Fe, HomifdE E &40k, 1 CNTs &84
2.6%(JF M HOIE, CNTs Hl Fe, 851 (143 BLE Cu F
e, SEME SR REFMLEEGIER, MFRN
197 W-m "K', BN 429 HV,,, BEHENECH 0.11,
BEBR Ky 5.3 X 10 m* N""\m "lap ',

3.3 %k
SUBRAMANIAM Z5L0- 0 slee e ) K 45 T vy A=
K M HEP R K A AL AR b, SRR i

B Cu, 33| CNTs-Cu L GAKL, H T2 &L
weE 6 Fim. B EAMERSHEQ23X10~
4.7X10° S/cm)FA1I(5.8 X 10° S/em)fiL, {HERE A
PRHO IR RS Cu (1 100 £5, TAF] 6X 10° Alem®. &
WY T ORI B T 2% CNTs A 0E 2 i

GO, ORI PGB PR B T2, B AR
K, B2 B ONTs b, JEARTLHIE. ARAL 5
KA TGRSR T 2 BERRAIKE Cu FEE A K
FERE, LB LR CNTs iy s), HIEEER
AR AT T AR

34 WURE

BAKSHI %51 % F 45 8 7 Wi (1) J7 i 4% T
CNTs 1458 Al-Si E5¥R)Z, 2 CNTs &5k 5%(J5
T3 40 IS SRR AR R0 i R R 4 A I 17.5%
M1 27%; 124 CNTs HG 03] 10%I0,  #PERE R
P2 A 0 39% 10 27%

WA BRI DA% CNTs Bt s B AL E
Gk TEmARmE 7 FroR, CHO 2 A% K

‘.L Shear force -~ -
_— >

Horizontally aligned

Vertically aligned
CNT forest

CNT forest

Aqueous

—_—
¥ clectroplating

CNT-Cu composite
schematic

B 6 CNTs-Cu 54 &bkl it s 2 )

Fig. 6 Schematic diagram of fabrication process of CNT-Cu
[60]

Cu seed particles

composite

High pressure
gas supply

Control panel

7 AR E R )

Fig. 7 Schematic diagram of cold gas dynamic spray (CGDS) system

High pressure
powder feeder

De laval ) §
nozzle

Accelerating gas
line heater

[65]



1214 hEA SR R

2015 4E5 H

AR T 2% T MWCNTs #55i Cu JLiR2, A%
J2EBA B SR AN AT R

35 RIEEEEMT

50 FE A5 N 0 (FSP) A2 £H 406 1 PR B AR AR AR
A — i S I LR, i BRAT H  AE (1 74
RUEPE TSR AN SR, Y504k WAL, I KR
e A PR LIU 25100 o R R n T
71L& T AN 2 RER AR AT B i) Al SR A4
BHLZoR Bl 8 fiur), &< idihr s A B
Tt FEE S RS B M K R B I i B o, i AR L T
TR, B R BEAE IR AR S R 6.0%(Ji 43 E) I
EF|T 190.2 MPa, HAESAAM LIRS T 2 £i5.

. Fabricated |
' MWCNTs-Al
composite >

,;“P

B8  BiikBEREE % MWCNTs-Al 540k T 255 e

Fig. 8 Schematic diagram of FSP process of MWCNTs-Al
[69]

Transverse
direction |

composites

4 CNT-ZEMAEZESHF

X CNTs-<J@ B 5 M 8E CNTs 1) 3 244 H 2 B
FRCRE FE AR SR, b 2 AR A ) 4 4 R B R )
JOF, Bk CNTs 54 FHRAE B . CNTs 548 87
YK RUBE T R i St s e 526 D RE B PR RE AN )
SVEREREZENZE, T SR HLBH B RH )
FEA Sy, T HR R RN B B A
K6, CNTs 54 @ (a1 456 1O E TR CNTs
5 & @ ) (A 30, AN R AIE S i H A o] 5 R e 2
PR R e AR B BT

R e yp B == B s o [1] EA N abvel { UB: ER -~ NG 1O
nm) A ERG E S 1. AER ARG, CNTs
[ L AR R 40~300 m?/g, 210 (1) R 4kt 2 5|
NAZAb AR 2 , A i Ae ik = AR R L B R 1 rT R
A 27 2 S R TR0 3 1 2 e AR B I

NS RNIRES, 2 G T B By, diGa
FER T NG5 G H S E 20, IR SRR
U A GAFAE 28, CNTs 54 St 2 A fE
FLARBEATA S SN, B AT BB A B S A 2 B
2o HUBROMG B A 2 M S AlORE (1 RS S T AT TR A
(BB AR FREAT I 42, 10 CNTs 1 (FORHTRSFEE X 5
SEARIHR 5 1 DU E FHETRIAF IR . WO, 12
e S R T A AT 28t A 33 1w DU SRS kAT
B ARG 45

CNTs ZeidRIALPA, BEmE T2 G A RHK
T e A8 i A P4 B K AR 3R 2 K 7™ 4= R B
J¥ A3 o %o CN -4 Ji 11 (K2 ple S HAT FIAT PR BE i -
AT 7 BRI N R AL BE REAE S 2 22
AEFA SIS TR N 77, 2 23l 5 1 1 S B A
400 ) 2 R A8 DA Ay 3 T A 3822 e TR DX (R 4 s 4
T TR O ORI Bk 2 ] Y SRR )
o, RENE I8 S At 35 I 77 AT eSS S T 7 R4 o
UNFER] %% CNTs HmeRILE AR, 2% SAE R
AR ALCs ALK 9), FLnT AGREE 1 . 7 1)
b, WREME ARG 2] e R EH]

B9 CNTs-Al Z4 MK ALC, [f) HRTEM &
Fig. 9 HRTEM image of Al,C; phase in CNTs-Al

compositet**!

SILVESTRE 25LR M4 78 J1 2458, W T
CNTs-Al EEMEHEZ AN IGO0 F s HLEE AT
R AR T MG : R A(H BH CNTs 34 54 ({2
W B([flE CNTs #4454, FaifstbBoRI, ik A
A B BRI T, S A R S AR 543 Sl 385
T 50%A11 100%, 1% /2 1T CNTs [ 52 il i) ]I FE AR
T 2200065 1 2 T R I )3t B o 38 0 R IS PR 45 4
RIL CNTs AJ LAAT Rt 3 545 3L 52 5 AR



255 5 W

ARG, S BROKAET ISR Cu Ml AL ZEE SR RHTT 573k R 1215

5 sE{LHE

CNTs-& )& 52 & MR s AL LA A 2, — i
TAA A EH R S PRI DL M LB A 1 22 e Ab L
i, b 3R SRR S R 2 R R A AR 3 A
FRAL . A0SR R R A 2T,

T 3ok ST BY D) AR ) CNTs 1% 3 2 A7 11 5 CNF's
K, AR AR EE AL 2 — . B
fEig I FE o CNTs 5 R AR 456 & SE I CNTs
AT IR A B, X CNTs-Cu FE 2 AR
i1 22 PR AG2E IR N AN e ELFE T A 7, 72 R AR
AR, BT CNTs AR5 H AT 5w V) ik FE AP
ATy AT, AT R AR P [ A8 T I a5 A I AR Tk
lJu_r_l[79]0

/N CNTs S5k e T 2 -GPRHI R R
BN, M CNTs A HoB Ry, SR A 1) 26 BEBOK,
TERZIIRZ R 2, 0 4 S S5 o 2 K 1) LS VE FH 3
Ko NI AL R/ o A Rl 46 1 2y AR it
i, T ARG MRS CE, EEAEME
PIhl et B, CNTs HREFHAGIL iR o, -k
P FEh CNTs Bk A% %0 o I, CNTs 511
2 f ARG FC SR (9 DTRREE /. BRADBURY %5
W T AN[F] 22 BERR MK AE S (5T 70 B0h 1%~9%) 11
Al SER AR RAEERE, Wik XRD 4307 75wt
Hall-Petch 5 5 11 &b S0 52 G AR BE IR 52 10

7E Cus AL FEE ERPE, |1 CNTs FI#AZIK &R
O FMEAR G J HE AR AR AR KR 22 57, DAL
W 2B GNP AR KRN T FIARAE )y o 1
N5 R BIERVEAR T, Ad S G ARE b A A B 2
B, AR R R A TRtk X AE AL A
MRS R 1 T AR K skt

FEAMIIVERTR ) Cus AL FEAAR SR P (A7 HE D5 Bt 0%
Ko A AR LAY R A5 7 s s W R TEON V.
M ETIZE)E] CNTs FFIRT, B+ CNTs HAAH 1
R, ANGER N RADIEW RIS, i bH
13 T AL 3 I S BHE VRO CNTs J [ H EA7
WL, XA TR R R, JFAE CNTs
B BTN, 7737, 24 CNTs J] Bl A7 B BT o S 7
A8 RN I I, ROR A Bl T o (7 5 AN T
SEANTHIEA, FIRAASLL Orowan HLHIZE CNTs
PR X — P i T AR AR R, TR
GV AT, A& T 2SR
SHREEE,

Zx Pk, X7 CNTs #4598 Cu. Al & REES A4
Kh, TESRHSEA SRR, RIS ARt R 5 i
SRR B INAE — S, A TOLNI f 5 55 F 4 e B 42
plie L=< (18

6 R

1) CNTs B m KA S tLsRE . S
SRR AR R R R SR BN R 5y
AR SRV, TR B RN 9 0 1R — ARG KA L
B CNTs b b Az 7 55 AR 1 Bl % AR 1) T
B, A Cu. Al SEEAMEME AR B [
FRVRFF 5 25 (R R B A 180 I FH i 55

2) {E CNTs #3 Cu. Al I AFEHOWTFT L
B A F iR e WIESUZ KRS, CNTs 44
P50 43 3 4 J A2 T 4% i PR RE A A R A,
I CNTs 345k & @ AR AR & 5 456 S
FEVE, FEZAORLSEER B IR, SR
JUEEF CNTs #85% Cu. Al L& AR Z Jeat b B
Ak BUR RE L w3 A FE AR SR BE Y CNTs-Cu
CNTs-Al B E A& SRS

3) NN HZETkYE, T CNTs-Cu. CNTs-Al
G AWM EHEI S EAAAEE RN W, ] SEEL,
RS, A& Pz BRI A i E B 51
MILE ARG, KR CNTs-Al 55 A MR
P, JEHRSEAS KBS AR i s IR Tid B2 T
AIB 4 CNTs-Cu JEE S M BT B S PR S bR N H

REFERENCES

[1] SRIVASTAVA A, DIXIT A R, TIWARI S. A Review on
fabrication and characterization of aluminium metal matrix
composite (AMMC)[J]. International Journal, 2014, 2(2):
516-521.

[21 kAR, VEALERL, sk, AR, SRR, A A Bk R

N FH B FUIIR D). AR vR 4 Tolk, 2013(1): 52-57.
ZHANG Jing-guo, WANG Li-min, ZHANG Shao-ming, WANG
Lin-shan, ZHANG Jing-huai. The copper and copper alloy
powders application and research status[J]. Powder Metallurgy
Industry, 2013(1): 52-57.

[3] CAI An-hui, XIONG Xiang, LIU Yong, AN Wei-ke, ZHOU
Guo-jun, LUO Yun, LI Tie-lin, LI Xiao-song. A Cu-based bulk
amorphous alloy composite reinforced by carbon nanotube[J].
Transactions of Nonferrous Metals Society of China, 2012, 22(9):
2191-2197.

[4] LI Hai-peng, FAN lJia-wei, KANG JIAN-li, ZHAO Nai-qin.


http://dl.wanfangdata.com.cn/Magazine?magazineId=fmyjgy
http://dl.wanfangdata.com.cn/Magazine?magazineId=fmyjgy

1216

hEA SR R

2015 4E5 H

(3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

In-situ  homogeneous synthesis of carbon nanotubes on

aluminum matrix and properties of their composites[J].

Transactions of Nonferrous Metals Society of China, 2014, 24(7):

2331-2336.

HAO Xiao-ning, ZHANG Hai-ping, ZHENG Rui-xiao, ZHANG
Yi-tan, AMEYAMA K, MA Chao-li. Effect of mechanical
alloying time and rotation speed on evolution of CNTs/Al-2024
composite powders[J]. Transactions of Nonferrous Metals
Society of China, 2014, 24(7): 2380-2386.

Ao, XIEk, REINE, BR L, AHREE BRIE DTS00 2B
BRAVKE TSR GEM 5 ma (], 7P A 10 G s 2 3Rk, 2012,
22(12): 3421-3427.

MENG Zhen-giang, LIU Ru-tie, XIONG Yong-jun, ZHAO
Fu-an, LI Xi-bin. Effect of ball milling on morphology and
structure of multi-walled carbon nanotubes[J]. The Chinese
Journal of Nonferrous Metals, 2012, 22(12): 3421-3427.
VRS, HA04E, RS, B30T, BN mRREREE LS &
(R A K 1 iR B I S AR O AL AN 0 22 PR RELD]. <&
JE AR, 2012, 48(7): 882—888.

XU Shi-jiao, XIAO Bo-lii, LIU Zhen-yu, WANG Wen-guang,
MA Zong-yi. Microstructures and mechanical properties of
CNT/Al composites fabricated by high energy ball-milling
method[J]. Acta Metallurgica Sinica, 2012, 48(7): 882—888.
CIAMBELLI P, ARURAULT L, SARNO M, LEONE C, DATAS
L, SANNINO D, LENORMAND P, PLOUY S L B D.
Controlled growth of CNT in mesoporous AAO through
optimized conditions for membrane preparation and CVD
operation[J]. Nanotechnology, 2011, 22(26): 265613.

YANG Feng, WANG Xiao, ZHANG Da-qi, YANG Juan, LUO
Da, XU Zi-wei, WEI Jia-ke, WANG Jian-qiang, XU Zhi, PENG
Fei, LI Xue-mei, LI Ruo-ming, LI Yi-lun, LI Mei-hui, BAI
Xue-dong, DING Feng, LI Yan. Chirality-specific growth of
single-walled carbon nanotubes on solid alloy catalysts[J].
Nature, 2014, 510: 522-524.

MAZLOUMI M, SHADMEHR S, RANGOM Y, NAZAR L F,
TANG X W. Fabrication of three-dimensional carbon nanotube
and metal oxide hybrid mesoporous architectures[J]. ACS Nano,
2013, 7(5): 4281-4288.

SUNDARAM R M, KOZIOL K K, WINDLE A H. Continuous
direct spinning of fibers of single-walled carbon nanotubes with
metallic  chirality[J]. 2011, 23(43):
5064-5068.

LUKASZ K, AGNIESZKA L R, JEFF P, KRZYSZTOF K.

Advanced Materials,

Replacing copper wires with carbon nanotube wires in electrical
transformers[J]. Advanced Functional Materials, 2014, 24:
619-624.

CHO W, SCHULZ M, SHANOV V. Growth and characterization
of vertically aligned centimeter long CNT arrays[J]. Carbon,
2014, 72: 264-273.

BAKSHI S R, LAHIRI D, AGARWAL A. Carbon nanotube

[15]

[16]

[17]

[19]

(21]

(22]

(23]

[24]

[25]

[26]

reinforced metal matrix composites-a review[J]. International
Materials Reviews, 2010, 55(1): 41-64.

KRUUSENBERG 1, ALEXEYEVA N, TAMMEVESKI K,
KOZLOVA J, MATISEN L, SAMMELSELG 'V,
SOLLA-GULLON J, FELIU J M. Effect of purification of
carbon nanotubes on their electrocatalytic properties for oxygen
reduction in acid solution[J]. Carbon, 2011, 49(12): 4031-4039.
WEPASNICK K A, SMITH B A, SCHROTE K E, WILSON H
K, DIEGELMANN S R, FAIRBROTHER D H. Surface and
structural characterization of multi-walled carbon nanotubes
following different oxidative treatments[J]. Carbon, 2011, 49(1):
24-36.

SURI A, COLEMAN K S. The superiority of air oxidation over
liquid-phase oxidative treatment in the purification of carbon
nanotubes[J]. Carbon, 2011, 49(9): 3031-3038.

SHIRAZI'Y, TOFIGHY M A, MOHAMMADI T, PAK A. Effects
of different carbon precursors on synthesis of multiwall carbon
nanotubes: Purification and functionalization[J]. Applied Surface
Science, 2011, 257(16): 7359-7367.

kR, FrEe, O, BUER. BRGDKE A AL B BT 5T
HERE[T]. MORHSHR, 2011, 25(9): 6-9.

ZHANG Yi, QI Shu-hua, WANG Zhou, DUAN Guo-chen.
Research  progress of carbon
nanotubes[J]. Materials Review, 2011, 25(9): 6-9.

KAROUSIS N, TAGMATARCHIS N, TASIS D. Current

on purification methods

progress on the chemical modification of carbon nanotubes[J].
Chemical Reviews, 2010, 110(9): 5366—5397.

SITKO R, ZAWISZA B, MALICKA E. Modification of carbon
nanotubes for preconcentration, separation and determination of
trace-metal ions[J]. TrAC Trends in Analytical Chemistry, 2012,
37:22-31.

SOKP, LEEIH, DUONGDL,KIMTH, LIM S C, AN K H,
LEE Y H. Improving the wettability of aluminum on carbon
nanotubes[J]. Acta Materialia, 2011, 59(9): 3313-3320.

ADAMS T, DUONG B, SERAPHIN S. Effects of catalyst
components on carbon nanotubes grown by chemical vapor
deposition[J]. Journal of Undergraduate Research in Physics,
2012(1): 1-8.

MAQBOOL A, HUSSAIN M A, KHALID F A, BAKHSH N,
HUSSAIN A, KIM M H. Mechanical characterization of copper
coated carbon nanotubes reinforced aluminum matrix
composites[J]. Materials Characterization, 2013, 86: 39—48.
O, BRNE, RISOR, B o, BUREHE. IRER IR
AR I [0 UM CFEMRL, 2011, 35(4): 38-41.
WANG Wei, CHEN Xiao-hua, LIU Yun-quan, YI Bin, YAN
Hai-mei.  Preparation of copper

composite  particles

inner-embedded with carbon nanotubes[J]. Materials for
Mechanical Engineering, 2011, 35(4): 38—41.
CHU Ke, JIA Cheng-chang, JIANG Li-kun, LI Wen-sheng.

Improvement of interface and mechanical properties in carbon



F25 B S W

ARG, S BROKAET ISR Cu Ml AL ZEE SR RHTT 573k R

1217

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

nanotube reinforced Cu-Cr matrix composites[J]. Materials and
Design, 2013, 45: 407-411.

CHU Ke, WU Qing-ying, JIA Cheng-chang, LIANG Xue-bing,
NIE Jun-hui, TIAN Wen-huai, GAI Guo-sheng, GUO Hong.
Fabrication and effective thermal conductivity of multi-walled
carbon nanotubes reinforced Cu matrix composites for heat sink
applications[J]. Composites Science and Technology, 2010,
70(2): 298-304.

NIE Jun-hui, JIA Cheng-chang, JIA Xian, LI Yi, ZHANG
Ya-feng, LIANG Xue-bing. Fabrication and thermal conductivity
of copper matrix composites reinforced by tungsten-coated
carbon nanotubes[J]. International Journal of Minerals,
Metallurgy, and Materials, 2012, 19(5): 446—452.

NIE Jun-hui, JIA Cheng-chang, JIA Xian, ZHANG Ya-feng, SHI
Na, LI Yi. Fabrication, microstructures, and properties of copper
matrix composites reinforced by molybdenum-coated carbon
nanotubes[J]. Rare Metals, 2011, 30(4): 401-407.

CHOI H, WANG L, CHEON D, LEE W. Preparation by
mechanical alloying of Al powders with single-, double-, and
multi-walled carbon nanotubes for carbon/metal
nanocomposites[J]. Composites Science and Technology, 2013,
74:91-98.

JEYASIMMAN D, SIVAPRASAD K, SIVASANKARAN S,
NARAYANASAMY R. Fabrication and consolidation behavior
of Al 6061 nanocomposite powders reinforced by multi-walled
carbon nanotubes[J]. Powder Technology, 2014, 258: 189—197.
HANZEL O, SEDLACEK J, SAIGALIK P. New approach for
distribution of carbon nanotubes in alumina matrix[J]. Journal of
the European Ceramic Society, 2014, 34(7): 1845—-1851.

PHAM V T, NGUYEN V A, BUITH T, LE D C, NGUYEN V C,
NGUYEN V L, DOAN D P, PHAN N M. A method to obtain
homogeneously dispersed carbon nanotubes in Al powders for
preparing Al/CNTs nanocomposite[J]. Advances in Natural
Sciences: Nanoscience and Nanotechnology, 2013, 4(2): 025015.
VR, BRhie, SRR, MR, IR, 5k L BRINK
B G FRIEI#[0]. A R 4R, 2006, 16(3):
406—411.

XU Long-shan, CHEN Xiao-hua, WU Yu-rong, PAN Wei-ying,
XU Hai-yang, ZHANG Hua. Preparation of CNTs/Cu
composite[J]. The Chinese Journal of Nonferrous Metals, 2006,
16(3): 406—411.

XU Xin, LI Zhi-giang, ZHANG Di, CHEN Zhi-xin. In situ
synthesis of nanostructured carbon reinforcement in aluminum
powders[J]. Materials Letters, 2010, 64(10): 1154—1156.

E £, Bohe, RO, 5 ol BRIRE, Xm0, BuE.
TR ANAAE A A ORI ) #4 [0]. Th AT (s Jm 24, 2011,
21(6): 1929-1935.

WANG Wei, CHEN Xiao-hua, XIONG Yi-na, YI Bin, CHEN
Chuan-sheng, LIU Yun-quan, YAN Hai-mei. Preparation of

carbon nanotube embedded in copper composites particles[J].

[37]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

The Chinese Journal of Nonferrous Metals, 2011, 21(6):
1929-1935.

HE C, ZHAO N, SHI C, DU X, L1J, L1 H, CUI Q. An approach
to obtaining homogeneously dispersed carbon nanotubes in Al
powders for preparing reinforced Al-matrix composites[J].
Advanced Materials, 2007, 19(8): 1128—1132.

STEIN J, LENCZOWASKI B, FRETY N, ANGLARET E.
Mechanical reinforcement of a high-performance aluminium
alloy AAS5083 with homogeneously dispersed multi-walled
carbon nanotubes[J]. Carbon, 2012, 50(6): 2264—2272.
SHUKLA A K, NAYAN N, MURTY S V S N, MONDAL K,
SHARMA S C, GEORGE K M, BAKSHI S R. Processing
copper-carbon nanotube composite powders by high energy
milling[J]. Materials Characterization, 2013, 84: 58—66.

Yifiss, Bildi. M AR 448 CNTs $45i 42 38 2 & ARLHh IR B
FHI]. MyARE 4 Tk, 2015, 25(1): 1-7.

YI Jian-hong, BAO Rui. Application of powder metallurgy in
CNTs reinforced metal-based composites[J]. Powder Metallurgy
Industry, 2015, 25(1): 1-7.

XU Wu, HU Rui, LI Jin-shan, FU Heng-zhi. Effect of electrical
current on tribological property of Cu matrix composite
reinforced by carbon nanotubes[J]. Transactions of Nonferrous
Metals Society of China, 2011, 21(10): 2237-2241.

KIM J D, KIM J H, ZHANG X H, PARK J H, CHA J H, JUNG
S 1. Control of mechanical properties according to content ratio
of copper coated carbon nanotubes in alumimum composites[J].
J Chem, 2012, 6: 455-461.

BRI, 2, JOMGE, 1L Ak, 5K 3k BRODKAE TR
E OB HORBE ] #EHFR, 2012, 26(11): 40-46.
HAN Xiao-dong, LI Zhi-qiang, FAN Gen-lian, JIANG Lin,
ZHANG Di. Progress in fabrication technique of carbon
nanotubes reinforced Al matrix composites[J]. Material Review,
2012, 26(11): 40—46.

SIMOES S, VIANA F, REIS M A L, VIEIRA M F. Improved
dispersion of carbon nanotubes in aluminum nanocomposites[J].
Composite Structures, 2014, 108: 992—1000.

PHAM V T, BUI H T, TRAN B T, NGUYEN V T, LE D Q,
THAN X T, NGUYEN V C, DOAN D P, PHAN N M. The effect
of sintering temperature on the mechanical properties of a
Cu/CNT nanocomposite prepared via a powder metallurgy
method[J]. Advances in Natural Sciences: Nanoscience and
Nanotechnology, 2011, 2(1): 015006.

SHIN S E, CHOI H J, BAE D H. Micro-alloying assisted
consolidation of aluminum/carbon nanotubes powder[J].
Materials Science and Engineering A, 2014, 599: 46—50.

KWON H, SAARNA M, YOON S, WEIDENKAFF A,
LEPAROUX M. Effect of milling time on dual-nanoparticulate-
reinforced aluminum alloy matrix composite materials[J].
Materials Science and Engineering A, 2014, 590: 338—345.
KWON H, LEPAROUX M. Hot extruded carbon nanotube


http://ss.zhizhen.com/s?sw=author%28%E9%9F%A9%E6%99%93%E4%B8%9C%29authorcompy%28%E4%B8%8A%E6%B5%B7%E4%BA%A4%E9%80%9A%E5%A4%A7%E5%AD%A6%E9%87%91%E5%B1%9E%E5%9F%BA%E5%A4%8D%E5%90%88%E6%9D%90%E6%96%99%E5%9B%BD%E5%AE%B6%E9%87%8D%E7%82%B9%E5%AE%9E%E9%AA%8C%E5%AE%A4%29
http://ss.zhizhen.com/s?sw=author%28%E6%9D%8E%E5%BF%97%E5%BC%BA%29authorcompy%28%E4%B8%8A%E6%B5%B7%E4%BA%A4%E9%80%9A%E5%A4%A7%E5%AD%A6%E9%87%91%E5%B1%9E%E5%9F%BA%E5%A4%8D%E5%90%88%E6%9D%90%E6%96%99%E5%9B%BD%E5%AE%B6%E9%87%8D%E7%82%B9%E5%AE%9E%E9%AA%8C%E5%AE%A4%29
http://ss.zhizhen.com/s?sw=author%28%E8%8C%83%E6%A0%B9%E8%8E%B2%29authorcompy%28%E4%B8%8A%E6%B5%B7%E4%BA%A4%E9%80%9A%E5%A4%A7%E5%AD%A6%E9%87%91%E5%B1%9E%E5%9F%BA%E5%A4%8D%E5%90%88%E6%9D%90%E6%96%99%E5%9B%BD%E5%AE%B6%E9%87%8D%E7%82%B9%E5%AE%9E%E9%AA%8C%E5%AE%A4%29
http://ss.zhizhen.com/s?sw=author%28%E6%B1%9F%E6%9E%97%29authorcompy%28%E4%B8%8A%E6%B5%B7%E4%BA%A4%E9%80%9A%E5%A4%A7%E5%AD%A6%E9%87%91%E5%B1%9E%E5%9F%BA%E5%A4%8D%E5%90%88%E6%9D%90%E6%96%99%E5%9B%BD%E5%AE%B6%E9%87%8D%E7%82%B9%E5%AE%9E%E9%AA%8C%E5%AE%A4%29
http://ss.zhizhen.com/s?sw=author%28%E5%BC%A0%E8%8D%BB%29authorcompy%28%E4%B8%8A%E6%B5%B7%E4%BA%A4%E9%80%9A%E5%A4%A7%E5%AD%A6%E9%87%91%E5%B1%9E%E5%9F%BA%E5%A4%8D%E5%90%88%E6%9D%90%E6%96%99%E5%9B%BD%E5%AE%B6%E9%87%8D%E7%82%B9%E5%AE%9E%E9%AA%8C%E5%AE%A4%29
http://ss.zhizhen.com/s?sw=JournalTitle%28%E6%9D%90%E6%96%99%E5%AF%BC%E6%8A%A5%29

1218

hEA SR R

2015 4FE5 A

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

reinforced  aluminum  matrix
Nanotechnology, 2012, 23(41): 415701.

YOO S J, HAN S H, KIM W J. A combination of ball milling

composite  materials[J].

and high-ratio differential speed rolling for synthesizing carbon
nanotube/copper composites[J]. Carbon, 2013, 61: 487-500.
AGARWAL A, BAKSHI S R, LAHIRI D. Carbon nanotubes:
Reinforced metal matrix composites[M]. U.S.: CRC Press, 2010.
SERME, VUK, KA, g, A L HUBEREE ol
SEE TARPEG R B AKE AR AR B ARG Tk,
2011, 21(5): 44-50.

NIE Jun-hui, JIA Cheng-chang, SHI Na, ZHANG Ya-feng, LI Yi.
Fabrication of carbon nanotubes/copper composites using
mechanical milling and spark plasma sintering[J]. Powder
Metallurgy Industry, 2011, 21(5): 44—-50.

MAITI A, REDDY L, CHEN F, ZHANG L, SCHOENUNG J M,
LAVERNIA E J, LAHA T. Carbon nanotube-reinforced Al
alloy-based nanocomposites via spark plasma sintering[J].
Journal of Composite Materials, 2014: 0021998314541304.
JAFARI M, ABBASI M H, ENAYARI M H, KARIMZADEH F.
Mechanical properties of nanostructured Al2024-MWCNT
composite prepared by optimized mechanical milling and hot
pressing methods[J]. Advanced Powder Technology, 2012, 23(2):
205-210.

SHUKLA A K, NAYAN N, MURTY S, SCHARMA S C,
CHANDRAN P, BAKSHI S R, GEORGE K M. Processing of
copper-carbon nanotube composites by vacuum hot pressing
technique[J]. Materials Science and Engineering A, 2013, 560:
365-371.

LI Qian-gian, ROTTMAIR C A, SINGER R F. CNT reinforced
light metal composites produced by melt stirring and by high
pressure die casting[J]. Composites Science and Technology,
2010, 70(16): 2242-2247.

N B, B BRAOKE Y SRR B 5T 5 R0 T A B R
U], BHiEHAR, 2008, 29(1): 29-32.

SUN Wei, LI Wen-zhen. Progress of CNTs reinforced
copper-based composite preparation[J]. Foundry Technology,
2008, 29(1): 29-32.

KUCUKYILDIRIM B O, EKER A A. A novel technique for
carbon nanotube reinforced metal matrix composite
fabrication[J]. Conference of the International Journal of Arts
and Science, 2012, 1(2): 171-181.

OB BRNE, R, RRE, W, 5 R, £
W 2 T G R IR BR AR A R ST S A RMIT I [D]. IR R
HOEARFLR), 2009, 36(12): 59-63.

ZHANG Ke, CHEN Xiao-hua, LIU Yun-quan, ZHOU Ling-ping,
XU Long-shan, YI Bin, WANG Wei. Research of carbon
nanotubes-Cu composite with interpenetrating networks[J].
Journal of Hunan University (Natural Sciences), 2009, 36(12):
59-63.

ZHOU Sheng-feng, WU Chao, ZHANG Tian-you, ZHANG

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Ze-zhong. Carbon nanotube-and Fe,-reinforced copper—matrix
composites by laser induction hybrid rapid cladding[J]. Scripta
Materialia, 2014, 76: 25-28.

SUBRAMANIAM C, YASUDA Y, TAKYA S, ATA S,
NISHIZAWA A, FUTABA D, YAMADA T, HATA K. Carbon
nanotube-copper exhibiting metal-like thermal conductivity and
silicon-like thermal expansion for efficient
electronics[J]. Nanoscale, 2014, 6(5): 2669—2674.
SUBRAMANIAM C, YAMADA T, KOBASHI K, SEKIGUCHI

A, FUTABA D N, YUMURA M, HATA K. One hundred fold

cooling of

increase in current carrying capacity in a carbon
nanotube-copper composite[J]. Nature Communications, 2013, 4:
1-7.

B, BRie, ORI, EAa0r. SRR 56 ikl
Wy T Z M LT S[I]. A SRR, 2012, 32(1): 12-14.
ZHAO Hai-tao, CHEN lJi-an, FAN Zhen-min, WANG Quan-bao.
A comparative research on auxiliary processes for copper based
carbon nanotube composite electroplating[J]. Electroplating and
Pollution Control, 2012, 32(1): 12—14.

ARAI S, KANAZAWA T. Electroless deposition of
cu/multiwalled carbon nanotube composite films with improved
frictional properties[J]. ECS Journal of Solid State Science and
Technology, 2014, 3(6): 201-206.

BAKSHI S R, KESHRI A K, AGARWAL A. A comparison of
mechanical and wear properties of plasma sprayed carbon
nanotube reinforced aluminum composites at nano and macro
scale[J]. Materials Science and Engineering A, 2011, 528(9):
3375-3384.

PIALAGO E J T, PARK C W. Cold spray deposition
characteristics of mechanically alloyed Cu-CNT composite
powders[J]. Applied Surface Science, 2014, 308: 63—74.

CHO S, TAKAGI K, KWON H, SEO D, OGAWA K, KIKUCHI
K, KAWASAKI A. Multi-walled carbon nanotube-reinforced
copper nanocomposite coating fabricated by low-pressure cold
spray process[J]. Surface and coatings Technology, 2012,
206(16): 3488—3494.

B, TR, ARIT, XURGT . SRR EERE I L kAl
KA WIREE T A MR Z AWM R, 2011, 28(2):
185-190.

ZHAO Xia, KE Li-ming, XU Wei-ping, LIU Ge-ping. Carbon
nanotubes reinforced aluminum matrix composites by friction
stir processing[J]. Acta Materiae Compositae Sinica, 2011, 28(2):
185-190.

LIU Z Y, XIAO B L, WANG W G, MA Z Y. Singly dispersed
carbon nanotube/aluminum composites fabricated by powder
metallurgy combined with friction stir processing[J]. Carbon,
2012, 50(5): 1843—-1852.

LIU Qiang, KE Li-ming, LIU Fen-cheng, HUANG Chun-ping,
XING Li. and mechanical

Microstructure property of

multi-walled carbon nanotubes reinforced aluminum matrix



F25 B S W

ARG, S BROKAET ISR Cu Ml AL ZEE SR RHTT 573k R

1219

[70]

(711

[72]

(73]

[74]

[75]

composites fabricated by friction stir processing[J]. Materials
and Design, 2013, 45: 343-348.

SONG Xiao-hui, GAN Zhi-yin, LIU Sheng, YAN Nan, LU
Qiang. Computational study of thermocompression bonding of
carbon nanotubes to metallic substrates[J]. Journal of Applied
Physics, 2009, 106(10): 104308.

MEI Lei, HE Xiao-dong, LI Yi-bin, WANG Rong-guo, WANG
Chao, PENG Qing-yu. Grafting carbon nanotubes onto carbon
fiber by use of dendrimers[J]. Materials Letters, 2010, 64(22):
2505-2508.

SILVESTRE N, FARIA B, LOPES J N C. Compressive behavior
of CNT-reinforced aluminum composites using molecular
dynamics[J]. Composites Science and Technology, 2014, 90:
16—24.

AR, BRANKAE Y R RE ST S AR R % S 2L AL RETIT AL
[D]. Ma/RIE: Mg RiE DR, 2007.

DENG Chun-feng. Investigation of fabrication, structure and
properties of carbon nanotube reinforced aluminum matrix
composites[D]. Harbin: Harbin Institute of Technology, 2007.
2O, VA PO W, R BRAKE R s A
SAEFPRH AL FTT]. B B AL R R (B R R
fix), 2013, 27(4): 6-10.

XIA Chun, XU Dong, KE Li-ming, XING Li, LIU Fen-cheng.
Study on hot-rolled strengthening of carbon nanotubes
reinforced aluminum composites[J].
Hangkong University (Natural Sciences), 2013, 27(4): 6—10.
SR P R Ak LR ST A AR ORI A SR AL L BRI 5
[D]. FFm: WK, 2011,

GUO Zhong-quan.

Journal of Nanchang

The production and reinforcement of

[76]

[77]

(78]

[79]

(80]

(81]

high-performace copper-based electrical contact composite[D].
Jinan: Shandong University, 2011.

BARAI P, WENG G J. A theory of plasticity for carbon nanotube
reinforced composites[J]. International Journal of Plasticity,
2011, 27(4): 539-559.

NOURI N, ZIAEI-RAD S, ADIBI S, KARIMZADEH F.
Fabrication and mechanical property prediction of carbon
nanotube reinforced Aluminum nanocomposites[J]. Materials
and Design, 2012, 34: 1-14.

BAKSHI S R, AGARWAL A. An analysis of the factors
affecting strengthening in carbon nanotube reinforced aluminum
composites[J]. Carbon, 2011, 49(2): 533—544.

NAM D H, CHA S I, LIM B K, PARK HM, HAN D S, HONG
S H. Synergistic strengthening by load transfer mechanism and
grain refinement of CNT/Al-Cu composites[J]. Carbon, 2012,
50(7): 2417-2423.

BRADBURY C R, GOMON J K, KOLLO L, KWON H,
LEPAROUX M. Hardness of Multi Wall Carbon Nanotubes
reinforced aluminium matrix composites[J]. Journal of Alloys
and Compounds, 2014, 585: 362—367.

LI H, MISRA A, HORITA Z, KOCH C C, MARA N A,
DICKERSON P O, ZHU Y. Strong and ductile nanostructured
Cu-carbon nanotube composite[J]. Applied Physics Letters, 2009,
95(7): 071907.

NAM D H, KIM Y K, CHA S I, HONG S H. Effect of CNTs on
precipitation hardening behavior of CNT/AI-Cu composites[J].
Carbon, 2012, 50(13): 4809-4814.

(wE £ B)


http://ss.zhizhen.com/s?sw=author%28%E5%A4%8F%E6%98%A5%29authorcompy%28%E5%8D%97%E6%98%8C%E8%88%AA%E7%A9%BA%E5%A4%A7%E5%AD%A6%29
http://ss.zhizhen.com/s?sw=author%28%E8%AE%B8%E5%86%AC%29authorcompy%28%E5%8D%97%E6%98%8C%E8%88%AA%E7%A9%BA%E5%A4%A7%E5%AD%A6%29
http://ss.zhizhen.com/s?sw=author%28%E6%9F%AF%E9%BB%8E%E6%98%8E%29authorcompy%28%E5%8D%97%E6%98%8C%E8%88%AA%E7%A9%BA%E5%A4%A7%E5%AD%A6%29
http://ss.zhizhen.com/s?sw=author%28%E9%82%A2%E4%B8%BD%29authorcompy%28%E5%8D%97%E6%98%8C%E8%88%AA%E7%A9%BA%E5%A4%A7%E5%AD%A6%29
http://ss.zhizhen.com/s?sw=author%28%E5%88%98%E5%A5%8B%E6%88%90%29authorcompy%28%E5%8D%97%E6%98%8C%E8%88%AA%E7%A9%BA%E5%A4%A7%E5%AD%A6%29
http://ss.zhizhen.com/s?sw=JournalTitle%28%E5%8D%97%E6%98%8C%E8%88%AA%E7%A9%BA%E5%A4%A7%E5%AD%A6%E5%AD%A6%E6%8A%A5%28%E8%87%AA%E7%84%B6%E7%A7%91%E5%AD%A6%E7%89%88%29%29
http://ss.zhizhen.com/s?sw=JournalTitle%28%E5%8D%97%E6%98%8C%E8%88%AA%E7%A9%BA%E5%A4%A7%E5%AD%A6%E5%AD%A6%E6%8A%A5%28%E8%87%AA%E7%84%B6%E7%A7%91%E5%AD%A6%E7%89%88%29%29

