
Vol.:(0123456789)1 3

Acta Metallurgica Sinica (English Letters) (2022) 35:1765–1776 
https://doi.org/10.1007/s40195-022-01405-7

Wear Behavior of the Uniformly Dispersed Carbon Nanotube 
Reinforced 6061Al Composite Fabricated by Milling Combined 
with Powder Metallurgy

Xiaonan Li1,2 · Zhenyu Liu2 · Zhixin Dai1,2 · Hui Feng2 · Bolyu Xiao2 · Dingrui Ni2 · Quanzhao Wang2 · Dong Wang2 · 
Zongyi Ma2

Received: 1 December 2021 / Revised: 2 January 2022 / Accepted: 10 January 2022 / Published online: 28 April 2022 
© The Chinese Society for Metals (CSM) and Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
The uniformly dispersed carbon nanotubes (CNTs) reinforced 6061Al composites (CNT/6061Al) with different CNT con-
centrations were fabricated by powder metallurgy technology. It was found that the friction coefficient as well as wear rate 
decreased first and then increased as the CNT concentration increasing under 15 N as well as 30 N, and the minimum wear 
rate was achieved at the CNT concentration of 2 wt%. Adhesive wear and abrasive wear were the dominated wear mechanisms 
for the 1–2 wt% CNT/6061Al composites under 15 N and 30 N, while the delamination occurred on the wear surface at 3 
wt% CNT. As the applied load increased to 60 N, the wear rate of composites increased dramatically. The wear mechanism 
transformed from abrasive wear to severe delamination wear, accompanied by the generation of wear debris with sharp edge 
due to the weaker anti-shearing strain capacity of CNT/6061Al composites.
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1  Introduction

Carbon nanotube (CNT) reinforced aluminum matrix (CNT/
Al) composite has drawn extensive concern due to its lower 
density, higher modulus (~ 1 TPa) and higher strength (~ 30 
GPa). Until recently, a great deal of research work has been 
focused on composite preparation [1, 2], structure design 
[3–5] and tensile property [6–9]. Moreover, the extraor-
dinary electrical and thermal properties of CNT make the 
CNT/Al composites potential materials for the applica-
tion of current-carrying parts (e.g., armature in the electric 
contact field). However, the severe wear between Al base 
materials and wear counterpart was the main obstacle to 

the applications for aluminum base materials in the electric 
contact field.

Some studies have examined the wear resistance of CNT/
Al composites [10–16]. Bastwros et al. [14] found that the 
wear rate decreased significantly with the increase of CNT 
concentration for the generation of carbon film during fric-
tion condition. Choi et al. [10] illustrated that the CNT dis-
persion lead in the grain refinement, which also contrib-
uted to enhancing wear property. However, Yildirim et al. 
[17] pointed out that the wear rate decreased first and then 
increased with the increased of CNT concentration. These 
controversial results might attribute to the CNT cluster in 
the mentioned investigations, because the CNT dispersions 
in the composites were not mentioned and the actual disper-
sion state of CNT could only be speculated according to the 
reported preparation methods and experimental results. This 
complicated the relationship of CNT distribution and wear 
behaviors. Overall, the wear behavior of CNT/Al composites 
was still not clear enough.

Under some special service conditions, the adhesion 
between metal and counterpart was a mainly considered 
problem [18–21], especially for the electric contact field. 
Aluminum was easier to cause adhesion wear for its higher 
average adhesion coefficient, as compared with copper or 
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iron [22]. Ferrante et.al [23] summarized the results of adhe-
sion experiment on copper–aluminum alloys with a gold 
(111) single crystal, indicating that even a small percentage 
of aluminum in these alloys could dramatically increase the 
adhesive properties as compared with pure copper, and its 
bonding force rapidly approached that of pure aluminum.

According to the existed reports on the wear behaviors of 
CNT/Metal composites, the alumina [10, 12], SiC paper [11], 
steel [14–17, 24] were usually chosen as the counterpart mate-
rial, which inhibited the adhesion wear due to the high cohesive 
strength [25]. In the actual electrical field, Cu base material was 
widely used. However, it had a much higher average adhesion 
coefficient as compared with that of iron, which means that 
the adhesion wear between Al and Cu might be serious. To the 
best of our knowledge, there were no researches on the wear 
behavior of CNT/Al composite using the Cu base material as 
the counterpart. Thus, it was necessary to investigate the wear 
behavior of CNT/Al composite against the Cu base counterpart.

In this study, the well dispersed CNT/6061Al composites 
were prepared through high energy milling (HEM) com-
bined with powder metallurgy technology. The CNT distri-
bution, hardness and wear behavior of CNT/6061Al com-
posites against the albronze counterpart were examined. The 
aim of the present work was to study the effect of CNT con-
centration and loading on the wear behavior of CNT/6061Al 
composites under the higher adhesion coefficient system.

2 � Experimental

2.1 � Raw Materials and Composite Fabrication

The as received CNT (Fig. 1a) synthesized using chemical 
vapor deposition had an outer diameter of 10–20 nm and a 
length of ~ 5 μm, with purity higher than 98%. The as received 

6061Al powders had a chemical composition of Al–1.2 wt% 
Mg–0.6 wt% Si–0.2 wt% Cu, with an average diameter of about 
13 μm (Fig. 1b). The CNT/6061Al composites were prepared 
through HEM combined with powder metallurgy technology. 
Firstly, CNTs with different concentrations (1–3 wt%) were 
respectively milled with 6061Al powders in an attritor for 
6 h, and conducted at a rotational speed of 400 RPM with a 
ball powder ratio of 15:1. Secondly, the milled CNT/6061Al 
powders were respectively cold-compacted into a cylinder die, 
degassed and hot pressed at 853 K for 1 h. Then, the as-hot 
pressed billets were hot extruded at 723 K with an extrusion 
ratio of 16:1. Finally, the CNT/6061Al composites were solu-
tion treated at 803 K for 2 h, quenched into water at room tem-
perature and then artificial aged at 443 K for 6 h (i.e., T6 treat-
ment). For comparison, 6061Al alloy was also fabricated under 
the same preparation and heat treatment conditions.

2.2 � Wear Tests and Characterization 
of the CNT/6061Al Composites

Wear tests for the CNT/6061Al were performed using a 
pin-on-disk type wear tester (MM-W1A vertical friction 
and wear testing machine) at room temperature. The wear 
samples of CNT/6061Al composites were sectioned along 
the hot extrusion direction and machined into cylindri-
cal pins with a diameter of 4.7 mm and height of 15 mm. 
Albronze annular disks with an average hardness of 253 HV 
were chosen as the wear counterparts. Both of the cylindrical 
pin and counterpart surface were polished with 1000 mesh 
SiC paper and then degreased with acetone before testing. 
The tests were carried out under dry sliding condition at a 
constant sliding speed of 0.5 m/s, constant sliding distance 
of 600 m under different applied loads of 15, 30 and 60 N, 
respectively. The wear rates of CNT/6061Al composites 
were determined by the following equation:

Fig. 1   SEM images of the as-received a CNT, b 6061Al powders
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where K (mm−3 m−1) is the wear rate, ∆m (g) is the mass loss of 
composite sample after the wear test, ρ (g cm−3) is the density 
of composite, L (m) is the sliding distance. The weight of the 
specimens before and after the wear tests were measured using 
a digital balance with an accuracy of 0.001 mg.

The hardness was measured 10 times with a Vickers hard-
ness tester (FM-700, a load of 200 g and a dwell time of 15 s) 
to obtain the average value. A transmission electron microscope 
(TEM, Tecnai G2 20) was used to examine the CNT distribu-
tion of CNT/6061Al composites. Scanning electron microscopy 
(SEM, Inspect F50) with energy-dispersive spectroscopy facil-
ity was used to characterize the wear surface, cross section of 
the wear samples, counterpart surfaces and wear debris. The 
3D morphologies of the wear surfaces were examined by a sur-
face mapping microscope (3D Micro XAM, KLA, USA). The 
CNT strain states on the wear surfaces were characterized by 
a micro-Raman spectroscopy unit (Jobin Yvon HR800) with a 
laser wavelength of 532 nm and power of 3.2 mW.

3 � Results and Discussion

3.1 � Structure of Grain and Precipitation Phase

The microstructures of CNT/6061Al composites with differ-
ent CNT concentrations are shown in Fig. 2. It can be seen 
that the grains of CNT/6061Al composites (Fig. 2a–d) were 

K =
Δm

� ⋅ L
,

elongated slightly as the result of hot extrusion deforma-
tion, and the grains were refined gradually with the increase 
in CNT concentration, which was a common phenomenon 
in CNT/Al composites. Further, many needle-shape nano-
precipitates (β′′), which were common precipitate phase 
in Al–Mg–Si series alloy, could be seen in all composites 
(Fig. 2e–h). It should be mentioned that, the precipitates 
shape, size and distribution did not show significant differ-
ences, with increasing CNT concentration.

3.2 � CNT Distribution and Vickers Hardness 
of CNT/6061Al Composites

Figure 3a shows the distribution of CNTs in the 3 wt% 
CNT/6061Al composite along the extrusion direction. On 
the whole, no obvious agglomeration of CNT could be 
observed and CNT were individually dispersed in the Al 
matrix, which mainly attributed to the repeated deforma-
tion, cold welding and fracture processes during HEM [26, 
27]. With increasing CNT concentration, the Vickers hard-
ness increased significantly as the result of the strengthening 
induced by the uniformly dispersed CNTs and grain refine-
ment [28], while the elongation of CNT/6061Al composites 
decreased (Fig. 3b).

3.3 � Friction Coefficient and Wear Rate

Figure  4 shows the friction coefficient curves of 
CNT/6061Al composites with different CNT concentrations 

Fig. 2   TEM images showing the grain and precipitation phase of CNT/6061Al composites with different CNT concentrations: a, e 0 wt%, b, f 1 
wt%, c, g 2 wt%, d, h 3 wt%
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under different applied load of 15 N, 30 N and 60 N, respec-
tively. It can be seen that the friction coefficient curves under 
15 N showed a large fluctuation (Fig. 4a), and the friction 
coefficient curves became smoother as the load increased 
to 30 N (Fig. 4b). However, the fluctuation of the friction 
coefficient at the initial stage was large and then tended to 
smooth under the applied load of 60 N (Fig. 4c).

The friction coefficient changing curves of CNT/6061Al 
composites under different applied load are shown in Fig. 5a. 
The friction coefficient curves under 15 N and 30 N showed 
similar changing trend with increasing CNT concentration. 
The composites with 1 wt% CNT achieved the lowest fric-
tion coefficient, and then the friction coefficient increased 
apparently with the increase in CNT concentration. How-
ever, the friction coefficient decreased gradually with the 
increase in CNT concentration under the applied load of 
60 N, and it reached the lowest friction coefficient as the 
CNT concentration increased to 3 wt%. This phenomenon 
was also found in many metal pairs under the high load. The 
very smooth surfaces and a large quantity of wear debris 
were believed to be responsible for the friction coefficient 
decrease [29–31].

The wear rate changing curves under 15 N, 30 N and 60 N 
are shown in Fig. 5b. Under the applied load of 15 N and 

30 N, the wear rate decreased slightly first and then increased 
rapidly as the CNT concentration increased from 0 to 3 wt%, 
which was also observed by Jiang et al. [15] under a relative 
lower load of 1 N and 3 N. One thing should be mentioned 
that, the wear rates of the CNT/6061Al composites in this 
study reduced by about four fifths under the same applied 
load of 15 N, as compared with those of the CNT/6061Al 
composites with CNT clustering in our previous study [32]. 
The significantly increased wear resistance was believed to 
originate from the individually dispersed CNTs.

As the applied load increased to 60 N, the wear rate 
increased dramatically, as compared to those under 15 N 
or 30 N. Further, the wear rate increased continuously as 
incresing the CNT concentration from 0 to 3 wt% under 
60 N, which was quite different from those under 15 N and 
30 N. Until recently, no relevant wear behavior under such 
high applied load have been reported.

The wear rate of the counterpart materials was also 
examined (Fig. 5c). It can be clearly seen that the wear rate 
of counterpart material gradually decreased with increas-
ing CNT concentration under any applied load. Especially, 
under the applied load of 60 N, the wear rate decreased 
significantly with increasing CNT concentration. This 

Fig. 3   a TEM image of individually dispersed CNTs in the 3 wt% CNT/6061Al composite; b Vickers hardness and elongation of CNT/6061Al 
composites with different CNT concentrations

Fig. 4   Friction coefficient versus the sliding time for the CNT/6061Al composites with different CNT concentrations under a 15 N, b 30 N, c 
60 N
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indicates the incorporation of CNT could effectively pro-
tect the counterpart.

3.4 � Characters of Wear Surfaces

Figure 6 shows the typical wear surface morphology of 
CNT/6061Al composites with different CNT concentra-
tions under 30 N and 60 N. It was found that many coun-
terpart materials (the bright color) adhered to the wear 
surface (Fig. 6a–d). In general, the material transfer was 
preferential from the flat disk to the pin for a pin-on-disk 
system, unless the unworn disk was much harder than the 
unworn pin [25, 33]. As the result of the lower hardness 
and weaker cohesive strength of albronze as compared 
with those using alumina, SiC paper or high strength steel 
[21, 25, 34], the material transfer from the counterpart to 

the pin was relatively easier in the wear process. Further, 
many grooves could be observed on the wear surface of 
CNT/6061Al samples, which was the typical character-
istic of abrasive wear. As the applied load increased to 
60 N, the grooves (Fig. 6e–h) decreased gradually with 
the increase in CNT concentration.

Figure 7 shows the magnified wear surface morphology 
of CNT/6061Al composites with different CNT concen-
trations under an applied load of 30 N. The ploughing 
grooves and microcracks could be observed on the wear 
surfaces (Fig. 7a–c). As the CNT concentration increased 
from 0 to 2 wt%, the number of microcracks decreased 
gradually (Fig. 7e–g). As the CNT concentration further 
increased to 3 wt%, the number and size of microcracks 
increased dramatically. It is believed that the subsurface 
deformation under repeated loading was the principal 

Fig. 5   a Friction coefficient, b wear rate of CNT/6061Al composites, c wear rate of counterpart material under different applied loads and CNT 
concentrations

Fig. 6   SEM images showing the wear surface morphology of CNT/6061Al composites with different CNT concentrations under 30 N: a 0 wt%, 
b 1 wt%, c 2 wt%, d 3 wt%, 60 N: e 0 wt%, f 1 wt%, g 2 wt%, h 3 wt%
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reason for the generation of microcracks. As the microc-
racks propagated to the surface (at certain weak positions), 
long and thin wear sheets (delamination) generated [35, 
36]. This means that the microcracks with larger size and 
number would cause severe delamination wear (Fig. 7h). 
According to the above analysis, the wear mechanism of 
the CNT/6061Al composites under 30 N were dominated 
by adhesion and abrasive wear, while the delamination 
wear occurred as the CNT concentration increased to 3 
wt%.

Figure 8 shows the magnified wear surface morphol-
ogy of the CNT/6061Al composites with different CNT 
concentrations under an applied load of 60 N. Both of the 
ploughing grooves and microcracks could be observed on 
the wear surface, however, the ploughing grooves gradu-
ally disappeared with increasing CNT concentration, as 
shown in Fig. 8c and d. In addition, with the increase in 
CNT concentration, the number of microcracks decreased 
gradually (Fig. 8f–h).

3.5 � Characters of Counterpart and Wear Debris

The wear surface morphologies of the counterpart under 
different applied load are shown in Fig. 9. Many grooves 
and adhered CNT/6061Al composite materials (the dark 
color) were observed on the counterpart wear surface. The 
counterpart wear surfaces were relatively smooth under the 
low applied load of 30 N. But the grooves became deeper 
as the applied load increased to 60 N, and the adhered 
CNT/6061Al composite materials increased with increas-
ing CNT concentration. These results were consistent with 
the wear rate change of counterpart material (Fig. 5c).

The CNT/6061Al composite materials adhered on the 
wear surface of counterpart induced a great degree of wear 
between Al-Al, which played an important role in inhibiting 
the wear loss of counterpart. It was known that Al and Al 
had a much higher adhesion-binding energy ~ 525 × 10–3 J/
m2, which resulted in the severe wear of CNT/6061Al com-
posites [19, 21, 25].

Figure 10 shows the SEM images of the wear debris 
under different applied load of 30 N and 60 N. For the 
CNT/6061Al composites, the counterpart material (the 
bright color) in the wear debris decreased gradually 
with the increase in CNT concentration, which was in 
accordance with the wear rate changing of counterpart 
(Fig. 5c). The wear debris size decreased first and then 
increased with the increase of CNT concentration under 
30 N (Fig. 10a–d), and the 1 wt% CNT/6061Al compos-
ite achieved the minimum size of the wear debris. As 
the applied load increased to 60 N, the wear debris size 
increased significantly (Fig. 10d–h) compared with that 
of 30 N. On the other hand, the wear debris turned from 
flaky shape to irregular shape with increasing CNT con-
centration. The irregular shape of wear debris with sharp 
edge would cause severe delamination during the sliding 
process.

4 � Discussion

4.1 � Change of Friction Coefficient

In general, the shape and size of the wear debris, as well 
as the wear surface roughness could reflect the friction 

Fig. 7   SEM images showing the wear surface morphology of CNT/6061Al composites with different CNT concentrations under 30 N: a, e 0 
wt%, b, f 1 wt%, c, g 2 wt%, d, h 3 wt%
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coefficient change to some extent. Previous studies 
have shown that the wear debris with smaller size and 
rounder shape was easier to roll between the dual wear 
surfaces, which usually resulted in a lower friction coef-
ficient [37–39]. In this study, both of the wear debris size 
(Fig. 10a–d) and friction coefficient (Fig. 5a) decreased 
first and then increased under 30 N, as increasing the CNT 

concentration. Namely, they showed an approximate vari-
ation with the increase in CNT concentration.

For a better explanation of the variation of friction coef-
ficient, the 3d profilograms of the wear surfaces and the 
change of Ra (mean arithmetic deviation of surface rough-
ness) values under 30 N are given (Fig. 11). As depicted 
in Fig.  11a–c, the grooves caused by ploughing could 
be detected, which was consistent with those observed 

Fig. 8   SEM images showing the wear surface morphology of CNT/6061Al composites with different CNT concentrations under 60 N: a, e 0 
wt%, b, f 1 wt%, c, g 2 wt%, d, h 3 wt%

Fig. 9   SEM images showing the wear surface morphology of counterparts for CNT/6061Al composites with different CNT concentrations under 
30 N: a 0 wt%, b 1 wt%, c 2 wt%, d 3 wt%, 60 N: e 0 wt%, f 1 wt%, g 2 wt%, h 3 wt%
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wear surface morphology in Fig.  6a–c. For the 3 wt% 
CNT/6061Al composite, the deeper and wider grooves 
were observed, which usually accompanied with severer 
wear. On the other hand, the value of Ra decreased first and 
then increased with increasing CNT concentration, showing 
a similar variation tendency to that of the friction coefficient. 
This was in accordance with the previous finding that the 
higher value of Ra usually accompanied with higher friction 
coefficient [40, 41].

The friction coefficient showed an inverse changing 
trend under 60 N, namely, the friction coefficient decreased 
gradually with increasing CNT concentration (Fig. 5a). 
As the applied load increased to 60 N, the wear debris 
size increased significantly as compared with that of 30 N 
(Fig. 10). But the size of wear debris decreased gradually 
as increasing the CNT concentration (Fig. 10d–h). There-
fore, the friction coefficient increased significantly as com-
pared with that under 30 N, but decreased gradually with 
the increase in CNT concentration. The 3d profilograms 
(Fig. 12) of the wear tracks under 60 N also gave a similar 
variation tendency of the roughness (Ra) and the friction 
coefficient with increasing CNT concentration. This interest-
ing phenomenon of friction coefficient change under 60 N 
was radically different from that reported by Kim et al. [13]. 
The possible reason for the increasing friction coefficient 
was the high shear stress under 60 N.

4.2 � Effect of Mechanical Mixing Layer (MML) 
on Wear Behavior

Many studies [42–45] have demonstrated that the formation 
of MML could effectively slow down the wear process. For 
understanding the relationship of MML and wear behavior 
of CNT/6061Al composites, the wear subsurface cross sec-
tions of samples under different applied load of 30 N and 
60 N were studied. It can be clearly seen that the MML 
formed on the wear surfaces of the CNT/6061Al compos-
ites under 30 N (Fig. 13). The thickness of MML gradually 
decreased with increasing CNT concentration, which weak-
ened the wear of 1 wt% and 2 wt% CNT/6061Al composites 
to a certain extent. The magnified images indicate that the 
MML composed of fine debris, which fractured and com-
minuted continually from both sides of the contact surfaces 
(Fig. 13e–h). The generation process of MML was similar 
with those reported by Lee et al. [44] and Venkataraman 
et al. [45]. The alternate stacking of composites and coun-
terpart materials was the chief reason for the generation of 
the MML.

Many microcracks could be observed in MML for 0 wt%, 
2 wt% and 3 wt% CNT/6061Al composites, indicating a 
weaker adhesive strength of MML. Moreover, almost all of 
the microcracks initiated around the wear debris of albronze 
with bigger size. The larger microcracks also induced the 
generation of voids (Fig. 13h), which weakened the adhe-
sive strength of MML. As a result, the wear rates of 6061Al 
and 3 wt% CNT/6061Al were higher than those of 1–2 wt% 
CNT/6061Al (Fig. 5b).

Fig. 10   SEM images showing the wear debris morphology of the CNT/6061Al composites with different CNT concentrations under 30 N: a 0 
wt%; b 1 wt%; c 2 wt%; d 3 wt%; 60 N: e 0 wt%; f 1 wt%; g 2 wt%; h 3 wt%
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The EDS information of the typical MML for the 2 wt% 
CNT/6061Al composite is shown in Fig. 14. It indicated 
that the O element (Fig. 14b) and Cu element (Fig. 14c) 
were continuously induced into the MML, during the alter-
nate stacking process of wear debris. The existence of O 
could weaken the adhesive strength of MML to some extent 
[45], which had a negative impact on the wear resistance of 
CNT/6061Al composites.

As the applied load increased to 60 N, the depth and 
width of ploughing significantly increased (Fig. 15a–d). 
Many larger microcracks (Fig. 15e–h) were observed in 
MML for CNT/6061Al composites, and the initiation loca-
tion of microcracks accompanied with large voids. Espe-
cially, for the 3 wt% CNT/6061Al composite, the wear 
debris of counterpart material stacked on the MML had a 
much larger size. The debris with larger size would worsen 
the adhesive strength of MML, meanwhile the presence 
of microcracks and voids also weakened the property of 
anti-shearing strain of MML under a higher applied load 
[10]. Further, the thickness of MML gradually increased 
with increasing CNT concentration, which was contrary to 
those under 30 N. In general, the thin MML could effec-
tively improve the wear resistance. Therefore, the wear rate 
increased as increasing the CNT concentration under 60 N.

4.3 � Peeling Ways of Wear Debris

As mentioned above, the MML was composed of wear 
debris, which was formed due to the alternate stacking of the 
comminuted composites and counterpart materials during 
the wear process. The periodic reciprocating wear process 
had a great impact on the embedded CNT. To assess the 
peeling ways of wear debris on the wear behavior, the stress 
states imposed on CNT under different conditions were stud-
ied. As shown in the Raman Spectroscopic results (Fig. 16), 
the peakof the spectrum shifted to the lower value after the 
wear experiment under 30 N.

To the best of our knowledge, compressive stress would 
cause the peak moved toward higher Raman shift, and vice 
versa [46, 47]. For the raw CNT/6061Al composites, CNT 
would suffer compressive stress after cooling during quench-
ing, because CNT had a much lower thermal expansion 
coefficient than the Al matrix. After the wear experiment 
under 30 N, the characteristic peak of 2 wt% and 3 wt% 
CNT/6061Al composites shift to lower peak position. That 
is, the compressive stress on CNT were released, and the 
stress state of CNTs changed under the shear stress effect, 
indicating the plastic deformation occurrence of wear sur-
face in CNT/6061Al composites.

Fig. 11   3D profilogram of wear tracks for the CNT/6061Al composites with different CNT concentrations under 30 N: a 0 wt%; b 1 wt%; c 2 
wt%; d 3 wt%
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Fig. 12   3d profilogram of wear tracks for the CNT/6061Al composites with different CNT concentrations under 60 N: a matrix alloy; b 1 wt%; c 
2 wt%; d 3 wt%

Fig. 13   Wear subsurface cross sections of CNT/6061Al composites with different CNT concentrations under 30 N: a, e 0 wt%; b, f 1 wt%; c, g 2 
wt%; d, h 3 wt%
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But the peak shifting of the spectrum did not occur as 
the load increased to 60 N, indicating that the embedded 
CNT was still under the influence of compressive stress, 
and the compressive stress could not be effectively released 
during the wear process. As shown in Fig. 3b, the elonga-
tion of CNT/6061Al composites significantly decreased 
with increasing CNT concentration. It is believed that, the 
anti-shearing strain ability of CNT/6061Al composite was 
significantly weakened for the poor plasticity. The com-
pressive stress kept on CNT after the wear process under 
60 N indicated that the wear debris were peeled off from 
the wear surface directly and no obvious plastic deforma-
tion occurred for 3 wt% CNT/6061Al composite. So, the 
severe delamination wear occurred and the bigger size of 
wear debris formed, which resulted in severe wear loss.

Fig. 14   EDS analysis of the typical MML for the 2 wt% CNT/6061Al composite

Fig. 15   Wear subsurface cross section of CNT/6061Al composites with different CNT concentrations under 60 N: a, e 0 wt%; b, f 1 wt%; c, g 2 
wt%; d, h 3 wt%

Fig. 16   Raman spectra of the wear surfaces of 2 wt% and 3 wt% 
CNT/6061Al composites under 30 N and 60 N
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5 � Conclusions

1.	 HEM combined with powder metallurgy technology 
uniformly dispersed the CNT into the Al matrix. As a 
result, the vickers hardness increased significantly but 
the elongation decreased with increasing CNT concen-
tration from 0 to 3 wt%.

2.	 Under 15 and 30  N load, the friction coefficient 
decreased first and then increased with increasing 
CNT concentrations. However, the friction coefficient 
decreased gradually with the increase in CNT concen-
tration under the applied load of 60 N, as the result of 
the decreasing surface roughness and the occurrence of 
large but irregular wear debris.

3.	 Under the applied load of 15 N and 30 N, the wear rate 
decreased slightly first and then increased rapidly as the 
CNT concentration increased from 0 to 3 wt%. As the 
applied load increased to 60 N, the wear rate increased 
dramatically under high shear stress effect, due to the 
poorer plasticity of composite with higher CNT concen-
tration.

4.	 The adhesive wear, abrasive wear were the dominated 
wear mechanism under 15 N and 30 N load for the 
CNT/6061Al composites, while albronze was chosen 
as the counterpart material. But the delamination wear 
was the dominated wear mechanism as the applied load 
increased to 60 N.
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