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ABSTRACT The mixture powders of carbon nanotubes (CNTs) and aluminum were high–energy
ball–milled, and then the CNT/Al composites with different CNT contents were fabricated using a
power metallurgy method. Microstructure examinations show that a certain volume of CNTs can be
uniformly dispersed in the Al matrix by ball–milling and the CNTs have a close bonding with the
Al matrix. By using an appropriate ball–milling process flow, the CNTs suffer no serious damage.
Tensile tests indicate that the composite reinforced by 1.5% (volume fraction) CNTs exhibits the best
mechanical performance, and the yield strength is improved by 53.6% compared with the Al matrix.
When the CNT volume fraction reaches 3%, lots of clusters are formed in the composite, and therefore
the tensile properties are significantly reduced. Both grain refinement and load transfer are proved to
be the strengthening mechanisms of the CNT/Al composites.
KEY WORDS carbon nanotube (CNT), metal matrix composite, powder metallurgy, ball–milling
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0 1800 GPa, ��F/ 30 GPa, F/>� 100 1, .
@�A/>� 1/6, <;=*(&B�2�� (900—
6000 W/(m·K)), 3</4+,���->4�, [2−6].

$3 CNT 4�(*+,�� (CNT/Al) *(&B
�?-�C@� , A,/Æ=*+,���BD�4.
Zhong � [7] $*�C?*5! CNT/Al +,��, E
@6F, $*,>��CADG5?+,���E�07
2.89 GPa, 48H Al � 20 1. 989B?F#$*1
2&:� Al C, I5>)@8DA;�#'. BD [8−11]

6F, #? CNT �4�G@<7=E�F, �+(GE
B4CE>#�. .) D�?GHG>D)EGH;A
�IFC? CNT (GEB7 Al C7, 409J/G*
�EBB?.

Esawi � [9,10] BD��, $*?JK�BH" 
@K CNT �IL, .D�G5AM CNT �NHEB.
I35B Al *J7LK! 2%(I8EL) � CNT, 5
400 r/min �JEJAD� 30 min OG�! CNT �N

HEB, M*5+,���PN��J Al *J�)!F
50%. 95KBD [12] ��, $*D�?*5� CNT/Al
+,��K 5 CNTLLC30DJMEL;EFBN
�� , 9GQ(EM;A89�N�LO.

5HBD7, $*) D�AD*5!"<JMEL
� CNT/Al +,��, G� CNT 5D�CR�+,�
�7�6S�EIMP!EM, �+,���C@� M
PJOGM,<ADKLJ*5�*J��MP!��,
5LF) D�GM7 CNT �EBO*�QROP, Q
K-T/121�+,����DO*.

1 "#NO
-:SD�D6 Al C/*J��, 5NPU/

13 μm, B�/ 99.5%. CNT /RP'@�Q�5N/

121 (MWNT), PU/ 10—20 nm, O� >5 μm. R
0.75%, 1.5% � 3%(JMEL) � CNT M Al CK,,
Q3 1SP–12 2PTD�O7MP) D�, D�;S/
6 h, D��/ 8 P 1, D�JE/ 300 r/min. RTQD
�K,C5 560 RJEU 1 h �C, +,���CS5
450 RJ5 16 P 1 �UC�UC,T�. /!M Al *
J�C@� ��, 5,<ADJ*5!B Al VS.

$* SUPRA35 U�TUVVW (SEM) VWD�
CR�65WV6S, $* Axiovert 200 MAT Æ,XW
W (OM) VWYUCBZ+,��7 CNT �EBVX,
$* Tecnai G2 F20 )EX[TVW (TEM) VW CNT
�EB5W+,���H.&:MY5X)VX. $*

D/max 2400 X T\]T^ (XRD) EM+,���,
,E, * JY Labram HR 800 Raman YW^EM CNT
�XYVX. +,��T�YUCBZOLA,PU/
5 mm, YZZO/ 25 mm �PNOV, 5 Instron PN

O_O(MPPNJO, )[E[/ 1×10−3 s−1, \*
SEM VW+\]6S.
2 "#ST$U%
2.1 CNT VWX

` 1 / 1.5%CNT� Al �D�CR�656S. G
5^�, O;S�) D�?]ZD6CRJ[,[*E
Z. .[EMD�TK,CR�PUF/ 33 μm, \�F
/ 0.6 μm(` 1 7^`).

D�T�B Al CR�+,��CR� SEM a\`

2 M]. $3) D��IFC�_HC>*, ` CNT
]8/ 0.75% � 1.5% ;, CNT ^_^a_K7`a.

(b�� Al C`7, K(cb� CNT _BbEI5C
R65 (` 2b � c). ` CNT ]84L7 3% ;, CR
65� CNT ]8XY4L, ('8 CNT c_K7 Al
C, 7.4Z`5 Al C65, CNT c50D�ILMd
E�N (` 2d).

` 3 /�UCT+,��� OM a. G5^�,
5 0.75%CNT/Al � 1.5%CNT/Al +,��VS78
FXIL�N, aIEX� CNT �c5 (` 3a � b).
5 3%CNT/Al +,��7GVW7FX�bde6 (`
3c), 84 CNT �ILM[, ``a.[EMG\, IL
M]5EL/ 1.7%. aÆ, dG^�, YUCBZ CNT
eJN�DZfI.

CReÆ?*5�+,���4�JLL8c50
cbY^. Liu � [13] dc!CReÆ?*5�(*+
,���.=IL72, ��`4�J=d Al Ce.
T, OeLf4�J�IL, f;JMEL/bYJME
L Vcritical. 8c72<V>*3 CNT/Al +,��

Vcritical =

λ(1 − 0.667(D0/d0)3

(1 + 0.874S−2/3D0/d0)(1 + 0.874S1/3D0/d0)
)

(1)

& 1 1.5%CNT � Al ��	
�	
�g�h

Fig.1 SEM image of ball–milled powders of 1.5%CNT and

Al (Inset indicating the thickness of powders)
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& 2 �	f� Al 	
�
���	
��g�h

Fig.2 SEM images of ball–milled pure Al powder (a) and mixture powders of Al and 0.75%CNT (b), 1.5%CNT

(c) and 3%CNT (d)

& 3 CNT/Al 
���� OM g
Fig.3 OM micrographs of the CNT/Al composites with 0.75%CNT (a), 1.5%CNT (b) and 3%CNT (c)

H7, λ / Al [*7 CNT �_'h=[, D0/d0 /L
Z Al C� CNT �PU�, S /[A Al e.�U)�.

O CNT /`a6, CNT �PU/ 20 nm, `+_

j@h=;dc5F]bJ 22% ��i, g λ  h�_
'^/ 0.78. hi λ h_'^, LZ Al CPU/ 13 μm,
ikD�T AlC�6Sjj� AlC�5NU)�/ 57,
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R8kLk�KH (1), G<� CNT �bYJMEL/

2.1%, 8MHG_�E@,j. ` CNT )*kd Al C
e.65, LL8hGbYJMELT, k%LLOe+
, CNT �IL, i.?C@� Jl.
2.2 CNT/Al cdefV'ghi

` 4 M]/ 0.75%CNT M Al �K,CRD�*T
� Raman YW. 1350 � 1580 cm−1 j�lEk/ D l

� G l, D lM G ll4$ C L=� sp2 ÆDM;A
�. D l/Imje+Y7, �)l=m@��2'^. D
l���G k3ÆH C, nn12.=�12&��W
H, D lRol CNT plLo�45.4p[). G l

4$ C–Cm�Nqmm;A� E2g 7, nl4HJ C �
3nl, Of, ` CNT �EZpl4';, G lR[C[

p. G l� D l���Ek/ IG � ID, H?* IG/ID

06n CNT EZ�[D [14−16]. 0n</ IG/ID o',
CNT �EZomb, nnDM�o). i` 4 G\, D�
6 h T� CNT � IG/ID JLZm� CNT q(lC, 8
4O/) D�? CNT pr!0D�so, 989so
G"XY, � CNT �EZQR"'.

tu Raman YWX] CNT �EZXYG"FX,
9 TEM VW (` 5a) ��, 5+,��*J7��!c
8"<3 CNT �,, +PU/ 15—20 nm, O�"hG
100 nm, HRTEM EM (` 5b) v<89,/ Al4C3.
BD [17−20] 6F, K( CNT �EZprn<XY.;
AEZpl, plj� C M Al *J�AX)oe6,
Al4C3 p�,. 5HBD7, D�KLr*50D�po
s, w Raman YWX] CNT �XYG"n<. O., )
`4c8� CNT EZr7so, M Al *JX)6,!
c8� Al4C3. +,��� XRD EM (` 6) 6F, D�
6 h �+,��7GQ(qJ7 Al4C3 �c5. Gr, +
,��7/D?�84Æ?c�, �+,���� "e
;AFXQR.

& 4 0.75%CNT � Al 
�	
�	xf� Raman sy

Fig.4 Raman spectra of 0.75%CNT and Al mixture pow-

ders before and after ball–milling

2.3 CNT/Al cdefVq(ÆrstuW)
6 1 t�! CNT/Al +,���C@� . G5^

�, CNT �JMELi 0 4L7 1.5% ;, +,���
zu����P��oR4L, ` CNT ]80 1.5% ;,
zu��07 164.8 MPa, �,<ADJ*5� Al *J
�)! 53.6%, �P��07 229.8 MPa, ,� Al *J
�)! 32.1%. k%4L CNT ]87 3% ;, ��XY
Jl7M Al *J,`�{5. +,�����o CNT

& 5 1.5%CNT/Al 
���� Al4C3 ��h

Fig.5 TEM (a) and HRTEM (b) images of Al4C3 in

1.5%CNT/Al composite

& 6 �����	� CNT/Al 
���� XRD y

Fig.6 XRD patterns of CNT/Al composites with different

CNT contents
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]8�4L.4L�LO4, 50D� CNT ]8pos,
CNT  v<7=E�EB, O. v07aN�4�G
@. `+hG!bYJMELT, CNT �'8IL+,
!C@� �Jl. +,���|�o CNT ]8�4L
.F%Jl, p+4� 3%CNT/Al +,��, /121
�'8IL+,|�XYlC.

v 1 �����	� CNT/Al 
��������
Table 1 Tensile properties of CNT/Al composites with dif-

ferent CNT contents

Volume fraction Yield strength Tensile strength Elongation

of CNT, % MPa MPa %

0 107.3 174.1 22.3

0.75 141.8 196.0 17.8

1.5 164.8 229.8 11.2

3 129.8 192.3 6.0

HBD7, CNT �+,���4�G@&35K�
qr. t\, George � [21] 5 200 r/min JEJD�
5 min M*5� 2%CNT/Al +,���zu��K(
99 MPa, 84O/D�� 8Jq, CNT GQ(m^E

B7 Al *J7. . Choi � [12] $*D��/ 15 P 1,
5 400 r/min �JEJD� 6 h �D�AD, *5
� 1.5%CNT/Al �zu��,�3*J���)!F
42%. 84O/GE�D�? CNT �EZpr!n<
XY, i.QR CNT �4�G@. Gr, ,>�D�AD
�3=E�F CNT �4�G@CE<#.

CNT/Al+,���\]6S\` 7M]. ` CNT
]8/ 0.75% � 1.5% ;, CNT 5 Al *J7NHEB
GM*JE,aN, c8ur�)i CNT(` 7b � d 7
wrM]) 5bc\]65NHEI, M Al ZEj@, c
VW7 CNT IL�N. ` CNT ]84; 3% ;, 5
+,��\](VW7J5 CNT IL, wM Al *JE

& 7 CNT/Al 
������sv

Fig.7 Low (a, c, e) and high (b, d, f) magnified fractographs of CNT/Al composites with 0.75%CNT (a, b),

1.5%CNT (c, d) and 3%CNT (e, f) (Arrows in Figs.7b and d pointing out the single pulled–out CNT and

the arrow in Fig.7e pointing to the crack presented in CNT/Al composite)
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,Jt. ibs6m0^, ] 0.75%CNT �+,��\

](bs'qEIJ/NH, QbsL8J5, EF!a
EB Al \]�3�. ol CNT JMEL�4L, bs&
:[<o0o"NH. ` CNT �]80 3% ;, bsL
8FXxc, Q�[}, Gwyc5'�Kwe6 (` 7e
7wrM]), 84Y CNT ILKw+,�.

` 8 / 1.5%CNT/Al +,��� TEM a. i`
8a 7G5^�, $*) D�*5�+,��, CNT �

IL3(Gso, ? CNT <7JN�EB (` 8a 7w
rMw/ CNT), GwM Al *JE,JN, Q(VW7
Wxu. CNT �NHEB?)i CNT  v(Gvw$
*J#x7 CNT (�xz, i.�F4�G@.

M(,ÆUCT�H.&: [22] ,�, ` 8b M]�
+,��7 Al *JH.CEtq, wYUCBZH.e
OuA, 8MUCGM7 Al *JYUCBZy[Gey
\EI, 5WYUCBZEBfI� CNT v*!*Jy
EHH.�yPO'(0. .[{j� 1.5%CNT/Al +
,���H.p�F/ 1.4 μm.

Liu � [23] �zz{{LA*5� CNT 4�(*
+,����DO*MP!EM, ��!xz#x�tH

& 8 1.5%CNT/Al 
���� TEM g

Fig.8 TEM images of the 1.5%CNT/Al composite showing

CNT distribution (a) and grain microstructure (b)

(Arrows in Fig.8a pointing to the single distributed

CNT)

�D|<0>*��DO*, g

σ = (σ0 + kd−1/2)(1 +
m

4
Vf) (2)

H7, σ / CNT/Al +,���zu��; d /H.&:,
|}HBD7�H.eOuA, )|}4LH.OU�O
P, ikwx [24], H.OU�J';, Hall–Petch 0y
H7� d G5/~/H.�p�, HBDh^/ 1.4 μm;
m / CNT �OU�, F/ 40; Vf /JMEL; σ0 4H

}{{C, k 4 Hall–Petch z[, ikwx [25], �D�
Al, σ0 h/ 98 MPa, k h 2000 MPa/nm−1/2. Q,0
Lk�KH (2) G<�, ` CNT ]8/ 1.5% ;, σ /

174.0 MPa,MG_^{,JN. .` CNT]8/ 3%;,
+,�����zJ^MG_^,tJ', G_^Jl7
K( 129.8 MPa. 84O/�5IL6Hc5� CNT,
xz#x^_"�F>*, fÆ, '8 CNT IL (` 2 �
3) e6,w|k, +,YILKw (` 7e � f), O.3
0��C@� �}EJl.

3 S{
(1) ) D�G5R CNT (G�NHbEB7 Al

C7, 9ol CNT ]8�4L, NHEBG@Jl, `
CNT ]8/ 3% ;, CR65c5'8c _K7 Al
C7� CNT.

(2) WVEZEM6F, `GD� 6 h *5�
1.5%CNT/Al +,��7, CNT <7!NHEB, A(
c8p�, Al4C3 6,.

(3) ` CNT ]8/ 1.5% ;, +,�����07
!_)^, zu��/ 164.8 MPa, �<VADJ*5�
Al *J�)! 53.6%, +�DO*|#~O3xz#x
�tH�D.
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