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Abstract
Carbon nanotube (CNT)-reinforced 6061Al (CNT/6061Al) composites with directionally aligned CNT were fabricated, and 
their wear behavior was investigated. The results indicate that the wear properties of CNT/6061Al composites exhibited a 
significant anisotropy. A certain CNT concentrations (1 wt% and 2 wt%) could effectively improve the wear resistance of 
CNT/6061Al composites along the CNT circumferential and CNT radial directions for the load transfer, grain refinement 
and self-lubrication effect of CNT. The Brass {011} < 211 > and {112} < 110 > textures inhibited the load transfer effect of 
CNT along the CNT radial direction, resulting in a better wear resistance along CNT circumferential direction than CNT 
radial direction. Along the CNT axial direction, the weak deformability of composites caused by the intensifying < 111 > fiber 
texture was the main reasons for the poor wear resistance of CNT/6061Al composites with increasing CNT concentration.
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1 Introduction

Carbon nanotubes (CNTs) have been considered as one 
of the best attractive reinforcements for aluminum matrix 
composites due to their unique structure and extraordinary 
properties [1–3]. Experiments and simulations indicated that 
CNT has extraordinary mechanical properties, for example, 
the elastic modulus of 1 TPa and strength of 30–100 GPa 
[4–6], as well as excellent self-lubrication and thermal-
electrical conductivity [2]. In recent decades, the research 
of CNT-reinforced Al (CNT/Al) composites have focused 
on the mechanical property. Actually, the extraordinary 
electrical and thermal properties of CNT make the CNT/Al 
composites potential materials for the application of electric 
contact current-carrying parts (e.g., armature in the electric 

contact field) [7, 8]. Obviously, the wear behavior of CNT/
Al composites should be focused, besides the conductivity 
property.

However, most of previous studies demonstrated that 
CNT/Al composites only exhibited obvious improvement of 
the wear resistance under a much low loading level [9–14], 
which was far from the expected level or practical applica-
tion. This was usually attributed to the weak bearing ability 
resulting from CNT agglomeration [11, 13], and thus the 
composites could not take full advantage of the exceptional 
properties of CNT. This could be proved by our previous 
finding that the uniformly dispersed CNTs rather than the 
agglomerated CNTs were beneficial to improve the wear 
behavior of CNT/6061Al composites [15, 16].

As well known, CNT was quasi 1-D material, which 
could lead to anisotropy of CNT/Al composites. For exam-
ple, previous study showed that the best tensile properties 
of CNT/Al composites were achieved along the direction 
of aligned CNT due to the strengthening of load transfer 
[17]. The directionally aligned CNT might also affect the 
wear behavior of CNT-reinforced composites along differ-
ent directions. This was verified by previous finding that the 
directionally aligned CNT/polymer composites showed quite 
different wear performance along different directions [18]. It 
should be mentioned that the process for obtaining direction-
ally aligned CNTs in CNT/Al would result in anisotropy of 

 * Z. Y. Liu 
 zyliu@imr.ac.cn

 * B. L. Xiao 
 blxiao@imr.ac.cn

1 School of Materials Science and Engineering, University 
of Science and Technology of China, Shenyang 110016, 
China

2 Shi-Changxu Innovation Center for Advanced Materials, 
Institute of Metal Research, Chinese Academy of Sciences, 
Shenyang 110016, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s40195-022-01499-z&domain=pdf


815Anisotropy of the Wear Behavior for Carbon Nanotube-Reinforced 6061Al Composites  

1 3

matrix alloy, and the hardness of CNT/Al was much higher 
than the polymer composites. This means the wear behavior 
of the CNT/Al composites could be quite different from that 
of the CNT/polymer composite. Therefore, it is necessary 
to declare the anisotropic wear resistance of CNT/Al com-
posites, which could provide a basis for future application 
in electric contact field.

In this study, CNT/6061Al composites with aligned CNTs 
were prepared through high-energy ball milling (HEM) 
technology combined with powder metallurgy technology. 
The effect of CNT orientations (CNT axial, circumferen-
tial and radial directions) and concentrations on the wear 
behavior of CNT/6061Al composites were investigated and 
analyzed in detail. The aim of present work was to declare 
the wear anisotropy of CNT/Al composites and reveal the 
wear mechanisms.

2  Experimental

2.1  Raw Materials and Composites Fabrication

As-received CNTs (purity ~ 98 wt%) with an average outer 
diameter of 10–20 nm and a length of ~ 5 μm were syn-
thesized using chemical vapor deposition (Fig. 1a). Vari-
ous mass fractions of CNT were, respectively, milled with 
6061Al (Al-1.2 wt% Mg-0.6 wt% Si-0.2 wt% Cu) powders 
in an attritor (Fig. 1b), conducting at a rotational speed of 
400 r/min for 6 h and the ball to powder ratio of 15:1. The 
milled CNT/6061Al powders were cold-compacted in a cyl-
inder die, degassed and hot pressed at 853 K for 1 h. Then, 
the hot-pressed billets were hot extruded at 723 K with an 

extrusion ratio of 16:1. Finally, the CNT/6061Al composites 
were solid-solution-treated at 803 K for 2 h, quenched into 
water at room temperature and then artificial aging treated at 
443 K for 6 h (i.e., T6 treatment). For comparison, 6061Al 
alloy was also fabricated under the same condition.

2.2  Sampling Method and Wear Tests of CNT/6061Al 
Composites

The sampling method for the wear testing is shown in 
Fig. 2a. The samples were sectioned along the axis of the 
extruded rod, the CNTs aligned along the extrusion direction 
in the extrusion rod and the wear tests were carried out on 
two different wear surfaces (the red rectangle). During the 
wear tests,  Al2O3 ceramic balls slide along different fric-
tion directions of CNT axial, CNT circumferential and CNT 
radial directions, which were marked in Fig. 2b.

The experimental approach of the wear testing is shown 
in Fig. 3. Wear tests for CNT/6061Al composites were 
performed using a ball-on-disk type reciprocating sliding 
wear tester (RTEC MFT-5000) at room temperature.  Al2O3 
ceramic balls with diameter of 4 mm were applied as the 
wear counterpart. The surface of CNT/6061Al composite 
disks was polished with 1000 mesh SiC paper, degreased 
with acetone and dried before testing. The dry sliding tests 
were performed with a duration of 30 min under a constant 
condition with a sliding frequency of 10 Hz, an amplitude of 
10 mm and an applied load of 10 N. The friction coefficient 
was given by a computer and the wear rate was calculated by 
the product of average cross-sectional area of the wear scar, 
the perimeter of the sliding traces and sliding frequency. The 
cross-sectional area of the scratches was measured using an 

Fig. 1  SEM images of the as-received powders: a CNT and b 6061Al
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Alpha-Step IQ surface profilometer. 15 different areas of 
scratches were randomly selected to calculate the average 
cross-sectional area.

2.3  Characterization of Microstructure and Wear

Transmission electron microscope (wt%; Tecnai G2 20) was 
used to examine the CNT distribution and structure near 
to the CNT-Al interface. The hardness was measured using 
a Vickers hardness tester (FM-700, a load of 200 g and a 
dwell time of 15 s), and eight hardness values were used 
to obtain an average value for each material. The crystallo-
graphic texture was measured using an X-ray diffractometer 
(XRD, Bruker D8) operated at 3 kW. The specimens used 
for texture analysis were sectioned along the extruded rod 
axis and radial directions.

Scanning electron microscopy (SEM, Quanta 450) with 
energy-dispersive spectroscopy (EDS) facility was used 
to characterize the wear surface, cross section of wear 
samples. The 3D morphologies of the wear surfaces were 

examined by a surface mapping microscope (3D Micro 
XAM, KLA, USA). The CNT structure damage on the 
wear surface was characterized by a micro-Raman spec-
troscopy unit (Jobin Yvon HR800) using a laser wave-
length of 532 nm and laser power of 3.2 mW.

2.4  Finite Element Model (FEM) Calculation

The stress distribution of the CNT/Al composites under 
shear load was studied using FEM calculation. A repre-
sentative volume element (RVE) of a 2 wt% CNT/6061Al 
composite was employed to represent the microstructure. 
The detailed iteration method of the RVE model and the 
materials properties of each phase could be found in our 
previous study [19]. Three different shear load conditions 
were applied on the surfaces of the RVE, to show the influ-
ence of the friction direction on the stress distribution. The 
shear stresses of loads were all set to ~ 50 MPa.

Fig. 2  Schematic illustration for a sampling method and b friction directions of CNT/6061Al composites

Fig. 3  Schematic of the experimental approach of wear test
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3  Results

3.1  CNT Distribution and Vickers Hardness 
of CNT/6061Al

Figure 4 shows the images of typical microstructure for 
the 3 wt% CNT/6061Al composite. It can be seen that the 
CNTs were uniformly dispersed without obvious clustering 
(Fig. 4a). Further, the CNTs approximated aligned along the 
extrusion direction in the 6061Al matrix. That is, the uni-
formly dispersed CNT/6061Al composites with directionally 
aligned CNT were prepared successfully. High-resolution 
image indicates that the interface between CNT and Al 
matrix was well bonded, and the structure integrity of CNT 
maintained well (Fig. 4b).

The vickers hardness change of CNT/6061Al composites 
with different CNT concentrations is shown in Fig. 5a. It 
can be seen that the hardness increased significantly with 
the incorporation of CNT, which mainly attributed to the 
strengthening induced by the uniformly dispersed CNT [20, 
21]. Furthermore, the hardness for the surface along the ver-
tical extrusion direction was higher than that along the extru-
sion direction. Figure 5b shows the ultimate tensile strength 
(UTS) and elongation to fracture (El) of CNT/6061Al com-
posites with different CNT concentrations. It indicates that 
the UTS linearly increased, while the El quickly decreased 
with increasing CNT concentration. These results demon-
strate that the strength and hardness of CNT/6061Al com-
posites increased at the cost of the significantly reduced 
ductility.

Fig. 4  TEM images: a singly dispersed and aligned CNTs; b CNT-Al interface in the 3 wt% CNT/6061Al composite

Fig. 5  a Vickers hardness, b tensile properties and c PSP of CNT/6061Al composites with different CNT concentrations
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The product of strength and plasticity (PSP) of 
CNT/6061Al with different CNT concentrations are listed 
in Fig. 5c. It can be seen that the change of PSP was similar 
to that of El, namely the poor El of CNT/6061Al composites 
resulted in an inferior PSP. Especially, the PSP of 3 wt% 
CNT/6061Al composite was only half as that of 6061Al 
alloy.

3.2  Wear Properties of CNT/6061Al Composites

The friction coefficient and wear rate changing curves of 
CNT/6061Al composites with different CNT concentrations 
along different friction directions are presented in Fig. 6. It 
can be seen that the wear properties of CNT/6061Al com-
posites showed clear dependence on the friction directions. 
The friction coefficient (Fig. 6a) and wear rate (Fig. 6b) 
show a similar changing trend with increasing CNT con-
centration along the CNT circumferential and CNT radial 
directions: namely, the friction coefficient and wear rate 
decreased firstly and then increased, and the minimum value 
was achieved at the CNT concentration of 2 wt%. However, 
the friction coefficient and wear rate showed a totally dif-
ferent changing trend along the CNT axial direction: the 
friction coefficient gradually decreased, while the wear rate 
increased with the increase of CNT concentration.

For the 6061Al alloy, the best wear resistance was 
obtained along the CNT axial direction (namely the extru-
sion direction), but the wear resistance got worse with the 
incorporation of CNT. That is, the CNT would worsen the 
wear resistance of 6061Al alloy along the CNT axial direc-
tion. However, for the CNT/6061Al, the best wear resistance 
was achieved along the CNT circumferential dirction, while 
the worst wear resistance was obtained along the CNT axial 
direction.

Figure  7 reveals the wear surface morphology of 
CNT/6061Al composites with various CNT concentrations 
along different friction directions. For the 6061Al alloy, the 
peeling pits had relatively small size and depth along the 
CNT axial direction (Fig. 7a, d and g), which was in accord-
ance with the lowest wear loss. Delamination wear was the 
dominated wear mechanism for the matrix alloy during the 
wear process of reciprocating sliding.

For the CNT/6061Al composites, the wear surface was 
relatively smoother along the CNT circumferential and 
radial directions, as compared with that of the 6061Al alloy 
(Fig. 7b, c, e and f). With increasing CNT concentration, 
the size and depth of peeling pits decreased firstly and then 
increased, and the flattest wear surface was achieved at a 
CNT concentration of 2 wt%. The abrasive wear and delami-
nation wear were the dominated wear mechanisms for the 
CNT/6061Al composites, when the friction direction was 
along the CNT circumferential and radial directions. As the 
friction test was along the CNT axial direction, the size and 
depth of peeling pits increased with increasing CNT con-
centration (Fig. 7h and i). And the dominated wear mecha-
nism was delamination wear for the CNT/6061Al compos-
ite, when the friction direction was along the CNT axial 
direction.

For a better ways presenting the macro morphology of 
wear tracks, 3d profilograms along different friction direc-
tions are given in Fig. 8. It indicates that the maximum 
depth of wear tracks decreased firstly and then increased 
along the CNT circumferential and radial directions. As a 
result, the minimum depth was achieved at the CNT con-
centration of 2 wt%. But the depth of wear tracks increased 
with the increase of CNT concentration along the CNT 
axial direction. Further, the minimum depth for the 6061Al 
matrix alloy was achieved along the CNT axial direction, 

Fig. 6  Friction coefficient a and wear rate b changing curves of CNT/6061Al composites with different CNT concentrations along different fric-
tion directions
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while the minimum depth for the CNT/6061Al compos-
ites was achieved along the CNT circumferential direction. 
These results were consistent with the wear rate change of 
CNT/6061Al composites, namely, the wear tracks usually 
exhibited a larger width and depth for the composites with 
poorer wear resistance.

4  Discussion

IT has been reported that the wear resistance of aligned 
CNT/epoxy composites was highly dependent on the 
wear directions [18]. Their study indicated that CNT/

epoxy composites achieved the highest improvement of 
wear resistance along the CNT radial direction, whereas 
the least improvement was observed along the CNT axial 
direction. However, the wear anisotropy of CNT/6061Al 
composites was quite different (Fig.  6b). For the 
CNT/6061Al composite, the composite achieved the best 
wear resistance along the CNT circumferential direction. 
Especially, its wear resistance was even worse than the 
6061Al alloy along the CNT axis direction. For analyzing 
the wear anisotropy of CNT/Al composites, the following 
analyses were carried out.

Fig. 7  SEM images of wear surfaces for CNT/6061Al composites with different CNT concentrations along different friction directions: a–c 
CNT circumferential direction, d–f CNT radial direction and g–i CNT axial direction
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4.1  Effect of CNT on the Wear Behavior 
of CNT/6061Al Composites

As reported by previous studies, the load transfer could 
enhance the strength and hardness of CNT/Al composites 
with the incorporation of CNT [20, 22–24], which could 
improve the wear resistant of CNT/6061Al composites. For 
analyzing the influence of load transfer of CNTs on the fric-
tion, FEM calculation under shear loading along different 
directions was carried out and the Mises stresses of the CNT 
and the Al matrix are shown in Fig. 9.

Two phenomena could be observed. Firstly, the Mises 
stress of the Al matrix was much lower than that of CNT. 
This was in accordance with the load transfer from Al matrix 
to CNTs. Secondly, the stress of the CNTs and Al matrix had 
the highest and lowest values, respectively, as the friction 

shear direction was along the CNT radial direction. As the 
friction shear direction was along the CNT circumferential 
direction, the stress of the CNTs and Al matrix had the low-
est and highest values, respectively. This indicates that the 
load transfer could be more effective, as the wear was along 
the CNT radial direction, thereby improving the wear resist-
ance of CNT/6061Al composites. By comparison, the load 
transfer along CNT circumferential direction had a relative 
poor effect, which was not beneficial to increase the wear 
resistance. However, the CNT/6061Al composites actually 
exhibited the best wear resistance along CNT circumferen-
tial direction (Fig. 6b). This conflict indicates that the load 
transfer was not the main reason for the anisotropy for the 
wear behavior of CNT/6061Al composites.

The self-lubrication effect of CNT could also reduce 
the friction coefficient and wear rate of CNT/Al [9], 

Fig. 8  3D morphologies of wear tracks for the CNT/6061Al composites with different CNT concentrations along different friction directions: 
a–c CNT circumferential direction, d–f CNT radial direction and g–i CNT axial direction. The maximum depth of wear tracks are also marked 
in this figure
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CNT/polymer [18, 25] and CNT/Ni composites [18, 26]. 
In general, the carbon would enrich the wear surface 
forming a ‘carbon film’ during the wear process, which 
could act as a solid lubricant enhancing the wear behav-
ior significantly. In order to study the carbon content 

change of CNT/6061Al composites before and after 
the wear test along different friction directions, Raman 
spectral analysis was conducted on the wear surface 
(Fig. 10). It can be seen that the carbon content on the 
wear surface apparently increased, as the wear test was 

Fig. 9  The Mises stresses of a–c CNT and d–f 6061Al matrix along three different shear directions for 2 wt% CNT/6061Al composite

Fig. 10  Raman spectra of the a 2 wt% and b 3 wt% CNT/6061Al composites before and after the wear tests along different friction directions
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along CNT circumferential or radial directions for the 2 
wt% CNT/6061Al composite, while the carbon content 
reduced as the wear test was along the CNT axial direc-
tion. This indicates that the self-lubrication effect could 
well take effect along the CNT circumferential and radial 
directions, rather than the CNT axial direction.

For the 3 wt% CNT/6061Al composite, the carbon con-
tent decreased on the wear surface along different friction 
directions (Fig. 10b), indicating that the self-lubrication 
effect of CNT/6061Al composite was weakened when the 
CNT beyond a certain concentration. Previous research 
contributed this phenomenon to the presence of voids and 
cracks, which acted as a source for severe delamination 
wear [9, 13, 27]. Obviously, the presence of voids and 
cracks was not just the primary reason for the poor wear 
resistance in this study. The weakening of self-lubrication 
effect of CNT was believed to play a negative role for the 
wear resistance of the 3 wt% CNT/6061Al composite.

4.2  Effect of Grain Size on Wear Behavior

Figure 11 shows the grain size of the CNT/6061Al compos-
ites. It indicates that the grain size of CNT/6061Al compos-
ites slightly decreased with the incorporation of CNT along 
different directions. Further, the grain size decreased with 
increasing CNT concentration, and the minimum grain size 
was achieved at a CNT concentration of 3 wt%. This was 
mainly attributed to the effective pinning effect of the nano-
sized CNT on the grain boundaries [28, 29].

On one hand, the refined grain would significantly 
increase the strength and hardness (Fig. 5a), which should be 
beneficial to improve the wear resistance to a certain extent. 
On the other hand, grain size had a significant effect on the 
toughness of nanocrystalline materials. It was reported the 
toughness of composites decreased with decreasing grain 
size, as the grain size was greater than 5 nm [30, 31]. The 
toughness of a material is defined as the PSP, which could 
effectively represent the ability to absorb energy in the 
plastic deformation before failure [32, 33]. Obviously, the 

Fig. 11  Transmission electron microscopy (TEM) images showing grain structure of the CNT/6061Al composites with different CNT concentra-
tions along: a–c extrusion direction and d–f vertical extrusion direction
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deteriorated toughness of 3 wt% CNT/6061Al composite 
(Fig. 5c) would bring negative impact on the wear resist-
ance [34, 35].

Two simple models for material removal during wear pro-
posed by Moore et al. [35], give the material removal vol-
ume per unit contact area by plastic deformation mechanism:

and by fracture mechanism:

where σ is the applied load per unit area (MN  m−2), H is the 
hardness (GN  m−2), d is the abrasive grit diameter (mm) and 
Kc is the fracture toughness (MN  m−3/2).

According to Eqs. (1–2), the fracture mechanism would 
cause about ten times as much wear volume as the plas-
tic deformation mechanism. During the fracture process in 
brittle materials, the wear generally dominates in terms of 
‘block’ slip, where shear takes place homogeneously and 
catastrophically across surfaces of maximum shear stress 
[34]. As a result, the severe delamination wear occurred 
(Fig. 7a, d and i). The grains of CNT/6061Al composites 
(Fig. 11) were gradually refined with the increase of CNT 

(1)V ≈ 0.1�∕H

(2)V ≈ 2�
5∕4

d
1∕2

K
−3∕4
c

H
−1∕2

concentration, which resulted in an inferior PSP and tough-
ness (Fig. 5c). Materials in CNT/6061Al composites, espe-
cially the composite with high CNT concentration (3 wt%), 
were easily peeled off from the samples, and that was the 
main reason why the friction coefficient decreased while the 
wear rate gradually increased.

4.3  Effect of Texture on the Wear Behavior

After hot extrusion, the grain orientation was quite differ-
ent along different directions. In order to study the grain 
orientation of CNT/6061Al composites, XRD pole figures 
were performed along extrusion and vertical extrusion direc-
tions. Figure 12 shows the pole figures and the orientation 
distribution function (ODF) section plot of the CNT/6061Al 
composites with different CNT concentrations along the 
extrusion direction. It can be seen that the CNT/6061Al 
composites had a typical fiber texture along the extrusion 
direction, and the maximum density value of texture signifi-
cantly increased with increasing CNT concentration. This 
fiber texture was common for uniaxially deformed FCC 
metals with high stacking-fault energy [36]. Because CNT 
hinders grain boundary sliding [37], it needs more intrac-
rystalline deformation to coordinate the deformation during 

Fig. 12  Pole figures and ODFs of CNT/6061Al composites with different CNT concentrations along the extrusion direction: a, d 0 wt%, b, e 2 
wt%, c, f 3 wt%
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extrusion, which increases the density of the fiber texture. 
The increasing maximum density value of < 111 > fiber tex-
ture could provide CNT/6061Al composites a higher hard-
ness (Fig. 5b) but lower plastic deformation capability with 
increasing CNT concentration [38].

The pole figures and ODFs of CNT/6061Al composites 
along the vertical extrusion direction are shown in Fig. 13. 
It can be seen that the dominant texture components were 
Brass {011} < 211 > and {112} < 110 > in the CNT/6061Al 
composites, for the three different composites. The maxi-
mum intensity of the main textures for CNT/6061Al com-
posites along the extruded rod radial direction (namely 
the CNT radial direction) was significantly enhanced with 
the incorporation of CNT (Fig. 14). Further, the 3 wt% 
CNT/6061Al composite exhibited a lower maximum inten-
sity of Brass {011} < 211 > and {112} < 110 > textures 
at φ2 = 45° than the 2 wt% CNT/6061Al composite. The 

decrease in brass {011} < 211 > would weaken the plastic 
deformation capacity of material [39], and led to poor frac-
ture strain. This was another reason for the poor wear resist-
ance of 3 wt% CNT/6061Al composite along CNT circum-
ferential and CNT radial directions.

Further, the CNT/6061Al composites along the vertical 
extrusion direction had the texture components of Brass 
{011} < 211 > and {112} < 110 > with higher Schmid 
factors of 0.41, while the composites along the extrusion 
direction had the texture component of < 111 > with lower 
Schmid factors of 0.27 (Fig. 14). It indicates that the slid-
ing systems were easy to start along the vertical extru-
sion direction for the CNT/6061Al composites. Moreover, 
along the vertical extrusion direction, the texture intensity 
increased as increasing CNT concentration, indicating that 
the number of the grains with these favorable orientations 
was also increased. This would make it easier to start the 

Fig. 13  Pole figures and ODFs of CNT/6061Al composites with different CNT concentrations along the vertical extrusion direction: a, d 0 wt%, 
b, e 2 wt%, c, f 3 wt%
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slip system under low stress. It means that the load transfer 
effect of CNT would be inhibited along the CNT radial 
direction during the wear process, resulting in worse wear 
resistance along the CNT radial direction.

From the above analysis, it can be seen that the 
grain refinement simply affected the wear behavior of 
CNT/6061Al composite with high CNT concentration (3 
wt%), the influence on wear anisotropy of CNT/6061Al 
composites could be disregarded. The load transfer along 
the CNT radial direction was more effective than CNT cir-
cumferential direction (Fig. 9), but the CNT/6061Al com-
posites actually exhibited the best wear resistance along 
CNT circumferential direction. This conflict indicates that 
the load transfer effect of CNT was not the main reason for 
the wear anisotropy of CNT/6061Al composites. Actually, 
the self-lubrication effect had a significant influence on 
the wear anisotropy, and the CNT could well take the self-
lubrication effect along the CNT circumferential and radial 
directions, rather than the CNT axial direction. Further, 
with the incorporation of CNT, the maximum intensity of 
Brass {011} < 211 > and {112} < 110 > texture with high 
schmid factor significantly increased along the vertical 
extrusion direction, which made it easier to start the slip 
system under low stress. This means that the load transfer 
effect of CNT would be inhibited along the CNT radial 
direction during the wear process, resulting in worse wear 
resistance along the CNT radial direction, rather than the 
CNT circumferential direction.

5  Conclusions

In this work, the well-dispersed CNT/6061Al composites 
with directionally aligned CNTs were prepared through 
HEM combined with powder metallurgy technology, fol-
lowed by hot extrusion. The effects of CNT and matrix 
structure on the wear behavior of the CNT/6061Al were 
investigated. The main conclusions can be drawn as 
follows:

1. The wear behavior of CNT/6061Al composites exhib-
ited a significant anisotropy. The best and worst wear 
resistance was, respectively, obtained along the CNT 
circumferential and the CNT axial direction for the 
CNT/6061Al composites, which was quite different 
from those of the 6061Al alloy.

2. A certain CNT concentrations (1 wt% and 2 wt%) could 
effectively improve the wear resistance of CNT/6061Al 
composites, as the friction directions were along 
the CNT circumferential and CNT radial directions, 
as the result of the load transfer, grain refinement 
and self-lubrication effect of CNT. Along the verti-
cal extrusion direction, the Brass {011} < 211 > and 
{112} < 110 > textures would inhibit the load transfer 
effect of CNT, resulting in a better wear resistance along 
CNT circumferential direction than the CNT radial 
direction.

Fig. 14  Maximum intensity of main textures in CNT/6061Al composites with different CNT concentrations along the extrusion direction and 
vertical extrusion direction. The maximum schmid factors of the main texture components are also given
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3. Along the CNT axial direction, the weak deformabil-
ity of composites caused by the synergistic effect of 
intensifying < 111 > fiber texture and refined grain size 
were the main reasons for the poor wear resistance of 
CNT/6061Al composites with increasing CNT concen-
tration.

4. For the 3 wt% CNT/6061Al composites, because of the 
low toughness resulted from high CNT concentration, 
the deformability of the composite deteriorated signifi-
cantly under the shear stress during the wear process. As 
a result, the wear resistance got worse, no matter what 
friction direction was.
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