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Abstract: Carbon nanotube (CNT)-reinforced AZ31 matrix nanocomposites were successfully
fabricated using a powder metallurgy method followed by hot extrusion. The influence of CNTs
on microstructures, mechanical properties, and wear properties were systematically investigated by
optical microscope (OM), scanning electron microscope (SEM), X-ray diffraction (XRD), hardness test,
tensile test, and wear test. The results revealed that the nanocomposites showed a slightly smaller
grain size compared with the matrix and uniform distribution that CNTs could achieve at proper
content. As a result, the addition of CNTs could weaken basal plane texture. However, the yield
strength and ultimate tensile strength of the composites were enhanced as the amount of CNTs
increased up to 2.0 wt. %, reaching maximum values of 241 MPa (+28.2%) and 297 MPa (+6.1%),
respectively. The load transfer mechanism, Orowan mechanism, and thermal mismatch mechanism
played important roles in the enhancement of the yield strength, and several classical models were
employed to predict the theoretical values. The effect of CNT content on the friction coefficient and
weight loss of the nanocomposites was also studied. The relationships between the amount of CNTs,
the friction coefficient, and weight loss could be described by the exponential decay model and the
Boltzmann model, respectively.

Keywords: carbon nanotube; metal matrix nanocomposites; texture; strengthening mechanisms;
wear behavior

1. Introduction

The design of lightweight vehicles and aircrafts, is considered one of the most effective strategies
for improving fuel efficiency and reducing anthropogenic climate change. As a result, this area of
research has attracted an increasing amount of attention in recent years [1-3]. Moreover, the compelling
need for lightweight materials is driving the development and motivating a wider spread application
of magnesium (Mg) alloys, the ultra-lightweight materials with low density, a high strength-to-weight
ratio, and superior damping capacity [1,4]. However, some inherent weaknesses, such as low absolute
strength and stiffness, low wear resistance, and inferior creep resistance often restrict the scope of their
applications. The addition of discontinuous reinforcements, especially nano-sized particles, into the
magnesium matrix can significantly improve the physical, mechanical, and damping properties of
magnesium alloys beyond the limits dominated by traditional alloying [5,6].

Carbon nanotubes (CNTs) have been considered an ideal reinforcement for metal matrix composites
since Sumio lijima discovered them in 1991, due to their excellent mechanical and physical properties [7,8].
The incorporation of a small amount of CNTs into the Mg matrix to form nanocomposites can significantly
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enhance mechanical properties [9,10]. Besides, with the development of the synthesis technology of CNTs,
their price point is becoming more and more acceptable, making them available to be extensively used in
Mg matrix nanocomposites [11]. These lightweight nanocomposites with good mechanical properties
have huge potential in the aerospace, automobile, and transportation industries. Thus, it is essential to
investigate CNT-reinforced Mg matrix nanocomposites.

Over the past few years, CNT-reinforced Mg matrix composites have received much attention,
and several methods have been proposed to fabricate these composites with a uniform distribution of
CNTs in the matrix, including powder metallurgy with ball milling [12], stir casting with ultrasonic
vibration [13], disintegrated melt deposition technique (DMD) [14], infiltration method [15], and so
on [16]. Many previous works have proved that a powder metallurgy method can incorporate
more CNTs into the Mg matrix and achieve a more uniform distribution than stir casting and
DMD [17,18]. What’s more, nanocomposites fabricated by powder metallurgy usually have superior
mechanical properties than other methods due to their finer grains [17]. Shimizu et al. [19]
demonstrated that a 1 wt. % short and straight CNT-reinforced AZ91 matrix fabricated by powder
metallurgy could achieve a uniform distribution of CNTs and significantly enhance the tensile
strength of the matrix (from 315 MPa to 388 MPa). Gupta et al. [11] fabricated Al+CNT-reinforced Mg
nanocomposites using a powder metallurgy method involving microwave-assisted rapid sintering
and hot extrusion, and achieved significant grain refinement and minimal porosity compared with
monolithic Mg. Yuan et al. [20] coated magnesium oxide nanoparticles on the surface of CNTs
to increase the interfacial bonding strength, and fabricated CNTs/MgO-reinforced AZ91 matrix
nanocomposites using a powder metallurgy method. This way, both the yield strength and ductility of
the composites were significantly enhanced. All of these research studies were focused on mechanical
properties, especially strength and ductility, but wear property has never been studied. However, it is
also essential for to examine wider applications for these magnesium matrix composites fabricated by
powder metallurgy method [15].

As for strengthening mechanisms, the previous works generally considered (i) the load transfer
mechanism, (ii) the generation of dislocations by the mismatch in the coefficient of thermal expansions
(CTE) between the matrix and reinforcements, (iii) Orowan looping, and (iv) Hall-Petch strengthening
by grain refinement [5,21-23].

The basis of the load transfer mechanism is the shear lag model, which was initially proposed
by Kelly and Tyson [24]. The applied stress can be transferred from the matrix to reinforcements
(e.g., CNTs) through interfacial shear stresses, and the resulting increase in the yield strength of the
composites due to load transfer can be expressed as the following equation [20]:

24 1) 1)

where oy, is the yield strength of the matrix, [ is the average length of the CNTs, d is the average
diameter of the CNTs, and V¢t is the volume fraction of the CNTs.

The increase in the yield strength of the composites caused by thermal mismatch depends on the
difference in the CTE between the matrix and reinforcements; the higher the difference, the higher the
increase of the strength that can be obtained. Geoge et al. [25] attributed the strength improvement to
the “prismatic punching” of dislocations at the surface, which can promote the work hardening of the
matrix. The improvements to the yield strength due to thermal mismatch can be written as [26]:
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where « is a constant (1.25 in our case) [27], G, is the shear modulus of the matrix (1.66 x 104 MPa),
b is the Burgers vector of the matrix (3.21 x 10719 m) [28], AT is the range of temperature from tensile
test to fabrication process (375 K), AC is the difference in CTE between the matrix and CNTs (the CET
for Mg and CNTs is 2.5 x 10°Kland1 x 1076 K1, respectively) [29]. Vcnr and d are the same as
defined earlier.
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Orowan looping can significantly influence the strengthening of nanoparticle-reinforced metal matrix
nanocomposites, because nano-sized CNTs can inhibit the dislocation motion, leading to the “dislocation
bending” between the CNTs [30]. Zhan and Chen [31] first took the Orowan strengthening effect into
account to propose an analytical model for predicting the yield strength of metal matrix nanocomposites,
and found that the prediction was in good agreement with the experiment data reported in the literature.
The increase of the composites caused by Orowan looping can be given by [20]:

2V,
AOrowan = 0.8MG,b ncdlgT )

where M is the Taylor factor (3.0 for Mg), and Gy, b, d, and Vcnr are the same as defined above.
The decrease of grain size can also enhance yield strength, according to the Hall-Petch relationship,
and its contribution can be described by the following equation [21]:

ATHa11—Petch = K(dc_o}n/z - dlillo/yz) (4)

where deom and dyy are the average grain sizes of the composite and alloy, respectively, and K is the
Hall-Petch coefficient of the Mg alloy (0.1 MPa m!/2).

However, some other factors, such as the CNTs’ distribution, texture, interfacial bonding, and porosity
in composites fabricated by a powder metallurgy method, will influence the strength of the composites
significantly, and thus should also be taken into account.

In this study, we examined AZ31 magnesium alloy matrix nanocomposites reinforced with
varying amounts of CNTs that were fabricated by a powder metallurgy method followed by hot
extrusion. The effects of the amount of CNTs on the microstructure, mechanical properties, and fracture
characteristics of AZ31 matix nanocomposites were systematically investigated. The strengthening
mechanisms were also discussed in detail. In addition, the relationships between the CNTs” content,
the friction coefficient, and the weight loss of the nanocomposites were studied, and the prediction
equations were also established by nonlinear fitting.

2. Materials and Methods

2.1. Materials

AZ31 magnesium alloy with the composition of 3.0 wt. % Al and 1.0 wt. % Zn was used as the
raw material, and was prepared by the metal powders of Mg, Al, and Zn, which were purchased from
CHINO New Material Technology Co., Ltd., Zhuzhou, China. The specifications of these metal powders
are shown in Table 1. The reinforcements, multi-walled CNTs (30-50 nm in outer diameter, 1-2 um in
length, and 98% purity) were supplied by Chengdu Organic Chemistry Co., Ltd., Chengdu, China.

Table 1. Purity and particle sizes of metal powders used in this study.

Materials Mg Al Zn
Purity (%) >99.9 >99.8 >99.8
Particle size (um) 45 10 10

2.2. Fabrication of AZ31-CNTs Composites

The composites and matrix were fabricated by powder metallurgy method (as shown in Figure 1).
The nano-reinforcements (0.5 wt. %, 1.0 wt. %, 2.0 wt. %, and 4.0 wt. % CNTs, respectively) and
99 wt. % metal powders (AZ31) were added into a stainless steel container and mixed under the
protection of argon atmosphere in a glove box to minimize the oxidation. The mixture was then milled
in a PBM-4A planetary mill (ZOOKIN, Changsha, China) at 400 rpm for 2.5 h at room temperature
using stainless steel balls of 5 mm and 10 mm as the grinding medium, and a ball to powder ratio
of 10:1. The planetary mill was turned off for 8 m after every 20 m of work to prevent overheating.
To avoid the excessive cold welding of the powders during milling, 0.3 wt. % of stearic acid of
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analytical reagent grade purity was added into the container as the process control agent. The milled
mixture powders were taken out and put into a cylindrical steel die of 60 mm inner diameter in the
glove box. The powders were then cold compacted by slowly increasing the pressure up to 600 MPa,
and sintered for 3 h at 500 °C under the protection of argon atmosphere without demold. After the
temperature of the die decreased to 400 °C, the compacts were hot pressed at a pressure of 300 MPa
to obtain the resulting compacts with 45 mm height and 60 mm diameter. Finally, all of the resulting
compacts were extruded at 400 °C with an extrusion ratio of 16:1 to obtain rod samples with a diameter
of 15 mm. For comparison, the AZ31 matrix samples were prepared by the same conditions.

Ar atmosphere
‘ Mould
1

1.Ball milling 2. Obtain composite powder 3. Cold compact
400 rpm, 2.5h; Ar atmosphere 600MPa,
ball to powder ratio is 10:1 Diameter: 60mm

P
|

4. Sintering 5. Hot compact 6. Hot extrusion
500°C, 3h 400°C, 300MPa 400°C,
Ar atmosphere extrusion ratio: 16:1

Figure 1. Sketch diagram of the fabrication process.

2.3. Characterization

The density of the polished samples was measured based on the Archimedean principle using an
electronic density meter (ESJ182-4, Longteng, Shenyang, China) with an accuracy of 0.1 mg, and distilled
water as an immersion fluid. Three samples were randomly selected from extruded rods and weighed
both in air and while immersed in distilled water. Theoretical densities of the samples were calculated
using the rule-of-mixture principle and assuming that there was no Mg/ Al-CNTs interfacial reaction.
The phases of the samples were examined by X-ray diffraction (XRD, PANalytical, B.V., Almelo, Holland)
using Cu K« radiation for a 10~90° range (scan step size 0.033°, time per step 12 s, and scan type was
continuous). The samples were cut from the extrusion bars, ground on the 2000# SiC abrasive papers,
polished to a mirror-like finish, and etched using 4% nitric acid alcohol solution. The microstructure of the
samples was characterized using an optic microscope (OM, ZEISS, Oberkochen, Germany) and a scanning
electron microscope (SEM, FEI, Hillsboro, OR, USA). The average grain size, G, was calculated using
intercept line methods (G = L x 1.73; L, the average length of intercept line). Three tensile specimens with
a diameter of 5 mm and a gauge length of 25 mm were machined from each material by electro-discharge
cutting parallel to the extrusion direction. The tensile tests were carried out on an MTS-CMT5105 universal
testing machine (SANS, Shenzhen, China) at room temperature with an initial strain rate of 0.001 s1
(according to ASTM: E8/E8M-11 standards). The hardness was tested using Vickers hardness tester
(Aiceyi, Dongguan, China) at a load of 1000 gf with a dwell time of 15 s. The wear behavior of the matrix
and composites were investigated by using ball-on disk-wear test equipment (CETR UMT-2, Wode, Beijing,
China) under air and dry sliding conditions. A high-carbon chromium-bearing steel ball with 10 mm
diameter and a hardness of HRC57 was used as the counter material. The tests were conducted under
the applied loads of 5N, 10 N, and 50 N, respectively. The linear reciprocating frequency, displacement
amplitude, and friction time were 0.5 HZ, 1000 um, and 40 min, respectively. The test samples with
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15 mm diameter and 5 mm height were cut from the extrusion bars, ground, polished, and cleaned using
ultrasonic cleaning in ethanol before the test. Mass loss was measured with an electronic density meter
(ESJ182-4, Longteng, Shenyang, China) with an accuracy of 0.1 mg. The coefficients of friction were
obtained by measuring the friction torque between the ball and the disk. Three samples were tested for
each load and material, and the average of three readings was considered as the results of weight loss and
the coefficients of friction.

3. Results and Discussions

3.1. Density Measurements

The theoretical and experimental densities of the as-extruded AZ31 and its nanocomposites are listed
in Table 2. It can be seen that the measured experimental density of AZ31 was slightly lower than the
theoretical density, indicating a good diffusion of metal atoms at this sintering temperature, and that
the parameters employed in cold compaction and hot extrusion were feasible. However, the porosity in
all of the nanocomposites was much higher than that in the matrix. What’s more, the porosity level of
the nanocomposites increased as the weight percentage of the CNTs increased, and the porosity level
remained at about 2.5% when the CNTs addition increased from 0.5 wt. % to 2.0 wt. %. Besides, when the
CNTs addition was 4.0 wt. %, the porosity increased dramatically up to 5.3%, which may be caused by
the agglomeration of CNTs [32].

Table 2. Theoretical and experimental densities of AZ31 and its nanocomposites. CNTs: carbon nanotubes.

Material Theoretical Density (g/cm3 ) Experimental Density (g/cms) Porosity (%)
AZ31 1.7703 1.7637 &+ 0.0011 0.4 4+ 0.06
AZ31-0.5 wt. % CNTs 1.7719 1.7327 + 0.0017 2.2 +0.09
AZ31-1.0 wt. % CNTs 1.7734 1.7291 + 0.0035 2.54+0.20
AZ31-2.0 wt. % CNTs 1.7766 1.7298 + 0.0013 2.6 +0.07
AZ31-4.0 wt. % CNTs 1.8136 1.7173 4+ 0.0024 5.3 £0.13

3.2. X-ray Analysis

The X-ray diffraction patterns of the as-extruded AZ31 and its nanocomposites taken perpendicular
to extrusion are shown in Figure 2, and the texture results based on the X-ray diffraction are listed in Table 3.
The diffraction peaks were analyzed using standard XRD procedures to determine phase components.
It is seen that all of the samples contain x-Mg and (3-Mg;7Al;; phases, and no X-ray diffraction patterns
of CNTs is observed in all of the nanocomposites. However, the existence of CNTs can be confirmed by
comparing the peak intensities of x-Mg with different crystallographic planes. In addition to the x-Mg
and 3-Mg7Al;o phases, the MgO phase was also detected in all of the specimens, which likely resulted
from in situ reactions between Mg and stearic acid, or between Mg and oxygen contamination on the
surface of the metal powders and CNTs [33]. Besides, the intensity of the MgO peak increased as the
weight percentage of the CNTs increased, which indicates that the zone with clusters of CNTs can be more
easily oxidized. The formation of aluminum carbide was observed in previous research [34]. The absence
of peaks of Al/Mg carbide phases in the XRD patterns may be attributed to the detection limit of the
X-ray diffraction equipment [35]. Whether Al/Mg carbide phases formed in the composites needs to be
further studied by transmission electron microscope (TEM).

It can be observed from Table 3 that with the addition of CNTs, the normalized peak intensities of
the basal {0002} plane decreased, indicating a weakening of basal texture. These results are consistent
with other reported texture results of Mg matrix nanocomposites that were fabricated by a powder
metallurgy method, followed by extrusion [36,37]. In general, samples with weaker basal textures
contained more grains with soft orientation, leading to an easier basal slip in the early stages of yielding
and decreasing yield strength (0.2% proof stress) during the tensile test [38]. Therefore, the weakening
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basal texture may compensate for the strengthening effect of the nano-reinforcements in the matrix to
some extent.
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Figure 2. XRD (X-ray diffraction) patterns (taken perpendicular to the extrusion direction) of the AZ31
magnesium alloy and its nanocomposites.

Table 3. Texture results of AZ31 and its nanocomposites (taken perpendicular to the extrusion direction)
based on X-ray diffraction.

Material Plane I/Imax

{0002} Basal 0.10

AZ31 {1010} Prism 1.00

{1011} Pyramidal 0.67

{0002} Basal 0.04

AZ31-0.5 wt. % CNTs {1010} Prism 1.00
{1011} Pyramidal 0.49

{0002} Basal 0.03

AZ31-1.0 wt. % CNTs {1010} Prism 1.00
{1011} Pyramidal 0.69

{0002} Basal 0.04

AZ31-2.0 wt. % CNTs {1010} Prism 1.00
{1011} Pyramidal 0.97

{0002} Basal 0.04

AZ31-4.0 wt. % CNTs {1010} Prism 1.00
{1011} Pyramidal 0.94

3.3. Microstructure Characterization

Figure 3 illustrates the OM graphs of the as-extruded AZ31 matrix and its nanocomposites,
and Figure 4 shows the average grain size of the matrix and composites with different weight
percentages. Adding CNTs to the matrix had a marginal grain refinement effect (about 20% reduction)
in this study. Besides, with an increase of the amount of CNTs from 0.5 wt. % to 2.0 wt. %, the grain size
of the composites gradually decreased, but the reduction degree was pretty limited. The refinement
of grains can be attributed to two reasons: (a) the larger strain due to the addition of CNTs in the
particle bands can promote the occurrence of dynamic recrystallization (DRX) during the extrusion;
(b) CNTs distributing on the grain boundaries can significantly inhibit the grain boundaries” migration



Materials 2017, 10, 1385 7 of 17

during the sintering and extrusion processes [21]. However, with a further increase of the content
of CNTs up to 4.0 wt. %, a large black area can be observed on the grain boundaries, which may be
attributed to the clusters of CNTs [20]. Besides, the clusters of CNTs not only slightly compensate
for the refinement of grains on the matrices, they also impede the densification of the composites,
resulting in the deterioration of the mechanical properties of the composites [20].

Figure 3. OM (optical microscope) graph of the as-extruded AZ31 and its nanocomposites: (a) AZ31,

(b) AZ31-0.5 wt. % CNTs (Carbon nanotubes), (c) AZ31-1.0 wt. % CNTs, (d) AZ31-2.0 wt. % CNTs,
(e) AZ31 wt. % CNTs.

12

10.3

—
>
1

Grain size (nm)

Alloy 0.5wt.% 1.0wt.% 2.0wt.% 4.0wt.%

Figure 4. Grain size of the as-extruded AZ31 and its composites.

Figure 5 shows a SEM image of homogeneously dispersed CNTs in the as-extruded composite with
the addition of 1 wt. % CNTs. Individual CNTs (red arrows) were observed, and the clusters were not
observed, which indicates that the CNTs distributed uniformly in the composites. Therefore, this method
can fabricate magnesium matrix nanocomposites with uniform CNTs.
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Figure 5. SEM (scanning electron microscope) images of the CNT distribution in the as-extruded
composites with 1 wt. % CNTs.

3.4. Mechanical Behavior

Figures 6 and 7 show the effect of the addition of CNTs on the mechanical properties of the
composites. The mechanical properties of the as-extruded AZ31 matrix and its nanocomposites are
listed in Table 4. As shown in Figure 6, the microhardness (HV) of the alloy increased with the
increasing amount of CNTs, and reached a maximum value of HV =87.2 £ 1.8 for 1.0 wt. %. However,
the microhardness decreased beyond 1.0 wt. % of CNTs. The increase of the microhardness can be
attributed to: (i) grain refinement [39]; (ii) the high hardness and toughness of CNTs [36]; (iii) the
higher constraint to localized matrix deformation during indentation, because of the presence of
homogeneously dispersed nanoparticles in the matrix [32]. However, the decrease in microhardness
can be explained by two reasons: the first is the presence of an agglomeration of CNTs in the composites,
which can be observed in Figure 3d,e; the other is the lower densification (greater amount of micropores)
of the composites, which leads to a deterioration of the microhardness to some degree.

Table 4. Mechanical properties of the as-extruded AZ31 and its nanocomposites.

Material YS (MPa) UTS (MPa) Elongation (%) Microhardness (HV)
AZ31 188 £5.2 280 + 4.5 144 +1.2 81.1+1.1
AZ31-0.5 wt. % CNTs 215+35 291 £3.8 13.3+138 86.5+21
AZ31-1.0 wt. % CNTs 235+ 4.8 293 £5.5 109+1.1 872+18
AZ31-2.0 wt. % CNTs 241 +43 297 £3.6 92420 81.4+17
AZ31-4.0 wt. % CNTs 228 £ 6.5 283 £5.8 69 +28 783+ 14

The tensile yield strength (TYS), ultimate tensile strength (UTS), and elongation of the composites
with different amount of CNTs are shown in Figure 7. It can be observed that the addition of CNTs
significantly enhanced the TYS and slightly increased the UTS of the AZ31 matrix, which reached a
maximum value of 241 MPa (+28.2%) and 297 MPa (+6.1%), respectively, with the addition of 2.0 wt. %
CNTs. Both parameters dropped when the weight fraction of CNTs exceeded 2.0 wt. %, which might
be caused by the formation of CNT clusters in the matrix. As reported in previous works, these clusters
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of CNTs can prevent effective bonding between the matrix and CNTs and lead to minute cracks [21],
which can cause an increase in the porosity in the matrix [32], leading to the failure of the composites
with lower strength. The elongation of the composites decreased gradually with as the amount of CNTs
increased; however, the reduction level is much smaller than that in micrometer ceramics-reinforced
metal matrix composites [39,40].
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Figure 6. Curves of microhardness and relative density with the addition of varying amounts of CNTs.
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Figure 7. Effect of the addition of varying amounts of CNTs on the mechanical properties of the composites.

3.5. Strengthening Mechanisms

As mentioned above, the effect of CNTs on the grain refinement in this work is marginal, so the
strengthening effect due to grain refinement can be ignored. The significance of each strengthening
mechanism in the total improvement of the yield strength of the composites were mainly assessed based
on two different models: (i) the linear model [27], and (ii) the root mean square model [22], and the two
models can be expressed by following two equations, respectively:

A‘Tychotal = Aot + Aorpm + Aoorowan &)

A‘Tychotal = \/(A‘TLT)Z + (A‘TTM)Z + (AUOrowan)z (6)

where Aoy 1ot is the total improvement in the yield strength of the composites. Thus, the theoretical
yield strength of the composites (0yc-Totar) can be expressed as follows:

Oyc—Total = Oym + AUychotal 7)
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The two models mentioned above, the modified shear-lag model and the Halpin-Tsai model were
employed in this study to calculate the theoretic yield strength of the composites with different CNT
contents, and the results are shown in Figure 8. The modified shear-lag model [41] mainly considers
the load transfer mechanism and the effect of fiber orientations. The modified Halpin—Tsai model [16]
proposes a semi-empirical description of short fiber-reinforced composites using the rule of mixture
for discontinuous reinforcement, which is specified for metal matrix composites. The comparison of
the experimental values and theoretically calculated values of the yield strength based on the models
mentioned above are plotted in Figure 8. It can be observed that the experimental values are well
matched with the root mean square model. The calculated yield stress is in good agreement with
the experimental values at low CNT additions, and the discrepancy between the experimental and
theoretical results are very small. However, the discrepancy increases dramatically with the increase
of the CNTs content beyond 2.0 wt. %, which may be attributed to clusters of CNTs and higher
porosity [20]. From Figure 8, it can also be found that the experimental values are even higher than the
theoretical values calculated from the modified shear-lag model and the Halpin-Tsai model, which
can predict the yield strength of the CNT-reinforced Al matrix well [42,43]. This might be because
these two models mainly consider the load transfer mechanism, which significantly depends on the
effective bonding between the matrix and reinforcements, but there is no obvious reaction between
Mg and CNTs in Mg matrix composites [13,44]. This indicates that not enough interfacial carbide is
formed during the fabricating process. However, it has been confirmed that interfacial carbide played a
significant role in determining the load transfer efficiency of CNT-reinforced Al matrix composites [45],
so load transfer can not play the completely dominant strengthening role in CNT-reinforced Mg matrix
composites, and thermal mismatch and Orowan looping mechanisms cannot be ignored.

—ll— Experimental
Root-mean-square model
—A— Linear model
—w¥—Modified shear lag model
—«&—Halpin-Tsai Model

400

350

TYS (MPa)
g
T

250 +

200

150 T T T T T
0 1 2 3 4

The content of CNTs (wt.%)

Figure 8. Plots of yield strength of the composites theoretically predicted by different models and
experimentally obtained in this study.

As for the linear model, the theoretical values are much higher than all of the experimental values,
and the discrepancies increased as the amount of CNTs increased, which indicates that the strengthening
effects were overestimated in this model. The discrepancies may be caused by the following reasons:
(i) relatively low load transfer efficiency due to the weak interfacial bonding, as well as the effective CNTs
volume fraction that could actually transfer the load being lower than the total volume fraction because of
the existence of CNT clusters [42], (ii) a part of the CNTs were distributed along the grain boundaries,
which could weaken the Orowan looping strengthening [46], (iii) the weakened basal texture mentioned
above might soften the composites, which has been confirmed by previous works [38], (iv) the pores
with irregular shapes could lead to high stress concentrations and pores located at the interfaces between
CNTs and matrix could decrease the effective bonded area at the interfaces, which also reduced the load
transfer efficiency [42]. Besides, the effect of pores on the strength of the materials fabricated by powder
metallurgy can be expressed by the empirical equation [47]:
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op = opexp(—A0) (8)

where op is the strength of the composites with pores, oy is the strength of the composites without
pores, 0 is the volume fraction of porosity, and A is a constant for all of the materials with porosity.

In order to obtain a more precise prediction model, all of the factors that might influence the
strengthening effects should be taken into account. Therefore, further work is needed to: reveal the
effective load transfer coefficient for CNT-reinforced metal matrix composites with no obvious reaction
between CNTs and the matrix, quantify an effective volume fraction for load transfer and Orowan
looping, and confirm the constant (A) for magnesium alloys.

For the CNT-reinforced metal matrix composites, the tensile strength of the composites is strongly
influenced by the CNTs’ length, and is always theoretically calculated by the Kelly-Tyson formula [21],
which can be expressed as:

l
oc = Vent X (TCNT(g) + Vi X o )
C

where 0. and oy, are the tensile strength of the composite and the matrix, respectively; ocnr is the
strength of the CNTs; V, is the volume fraction of the matrix; and /. is the critical length of the CNTs,
which can be calculated by the following equation [48]:

o x d
I = 7“’; (10)
m

All of the variables are the same as defined above. From Equation (9), the calculated lc in this work
is about 4.3 um, and the average length of the CNTs used in this study is 1.25 um, indicating that the
calculated stress on the CNTs cannot reach the fracture strength of the CNTs, and Equation (8) can be
used to predict the strength of the composites. The theoretically predicted and experimentally obtained
tensile strength of the composites are shown in Figure 9. It can be observed that the theoretical values
are in good agreement with the experimental values at low CNT content; however, the discrepancies
increase as the amount of CNTs incresae. This may be caused by the agglomerations of the CNTs,
which influence load transfer significantly. Besides, the Halpin—Tsai model was also employed to
calculate the theoretical tensile strength of the composites, and it presents nearly the same trend as the
Kelly-Tyson model.
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Figure 9. Plots of the ultimate tensile strength (UTS) of the composites theoretically predicted by
different models and experimentally obtained in this study.
3.6. Fracture Surface Characterization

Figure 10 illustrates the fracture surface of the as-extruded AZ31 matrix and its nanocomposites after
tensile fracture. It can be observed that the cleavage steps and dimples are present both in monolithic
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AZ31 and its nanocomposite in Figure 10a,b, indicating both the brittle and ductile fractures that occurred
during the tensile test. From Figure 10c—f, some individual CNTs are pulled out from the matrix (red
arrows) and exposed outside the fracture surface, indicating that the load transfer was operative [20].
Besides, bridge phenomena can also be observed when the addition of CNTs is 2.0 wt. % (as seen in
Figure 10e), which can further increase the strength of the composite by improving load transfer efficiency.
The matrix would fracture firstly during the test, while the ultra-high strength CNTs could improve their
load tolerance if they were dispersed uniformly in the matrix. As the load further increased, it would be
transferred to the interface of the reinforcements and matrix, and the reinforcements would be pulled
out from the matrix as the microcracks grew (Figure 10c—f) [49]. In addition, CNT clusters can also be
observed in the fracture surface when the amount of CNTs reached 4.0 wt. %, as seen in Figure 10f
(red box). These clusters of CNTs can significantly deteriorate the mechanical properties of the composites,
which can be proved by the mechanical properties tested in our study.

Figure 10. SEM images of the fracture surfaces of the as-extruded AZ31 composites and its
nanocomposites: (a) AZ31, (b) AZ31-1.0 wt. % CNTs, (c) AZ31-0.5 wt. % CNTs, (d) AZ31-1.0 wt. % CNTs,
(e) AZ31-2.0 wt. % CNTs and (f) AZ31-2.0 wt. % CNTs ((a,b) are low magnification images, and (c—f) are
high magnification images).
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3.7. Wear Behavior

Figure 11 shows the variation of the friction coefficient () of the composites with different CNTs
content at three different applied loads. It can be observed that the friction coefficient decreases with
an increase of the content of CNTs at the same load condition; however, the decrease extent reduces
when CNTs content is beyond 2.0 wt. %. This may be attributed to the self-lubrication effect of CNTs.
When they were pulled out from the matrix during the wear tests, they could contact the counter
material directly and decrease the contact area between the matrix and the counter material, leading to
a decrease of the friction coefficient [50]. Besides, it has been proven in previous research [51-53] that
the formation of carbon film could cover the wear surface and act as a solid lubricant that decreases
the coefficient of friction. However, the lubrication effect was weakened when the addition of CNTs
exceeded 2.0 wt. %, which might be caused by the agglomeration of CNTs and higher porosity.
From Figure 11, it can also be observed that with the increase of the applied load at the same CNTs
addition, the friction coefficient decreases. This might be attributed to the increase in ploughing
force and penetration inside the samples at higher applied load conditions, which can generate more
pull-out of CNTs from the matrix, leading to the improvement of the lubrication efficiency of the
carbon film. What’s more, according to the distribution of the points in Figure 11, the Boltzmann model
was adopted to fit the curves of the friction coefficient versus the content of CNTs, and the R-Square of
the regression equations (as shown in Table 5) are nearly 0.99, indicating that the relationship between
the friction coefficient and the content of CNTs can be well described by the Boltzmann model.
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Figure 11. Friction coefficient variation as a function of CNTs content in the as-extruded AZ31 matrix
at different normal loads.

Table 5. Regression equations of the friction coefficient versus the content of CNTs (wt. %).

No. Load (N) Equations R-Square
— 0.12
1 5 psn = 0.39 + T exp(T.86 ey —256) 0.9940
10 H1ON = 0.38 + 1+9XP(1-8§?§CNT*2'63> 0.9992
50 pson = 0.34 + g Texp (077 Went —097) 0.9762

Figure 12 illustrates the effect of the amount of CNTs on the wear mass loss of the as-extruded
AZ31 matrix at different loads. It can be observed that the weight loss of the composites decreases with
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as the amount of CNTs increases, and increases significantly with the increase of applied load values
in this work. The decrease in the weight loss can be attributed to two main reasons: (i) the addition
of CNTs can enhance and improve the hardness and strength of the matrix, which can improve its
plastic deformation resistance and weaken the ploughing effect of the counter material on the matrix,
leading to a lower weight loss; (ii) the self-lubrication effect of CNTs corresponds to a lower friction
coefficient of the composites in the matrix, which can also help decrease the weight loss [50]. As for
the influence of the load, the ploughing effect increases with the increase of the load value, leading to
the increase of the weight loss. Further, the reduction level of the weight loss at high load conditions is
much higher than that at low load conditions, which indicates that CNTs play a more significant role
in reducing the weight loss for the composites at a high-applied load level. This may be because more
pulled-out CNTs can be brought into the friction surface due to a higher ploughing force at higher load
conditions, resulting in a better weight loss reduction effect. Besides, the weight loss of the composites
gradually becomes stable when the addition of CNTs exceeds 2.0 wt. %, which may be caused by the
formation of the agglomerations of CNTs and more pores. These agglomerations and pores can not
only weaken the strengthening effect, they can also reduce the self-lubrication effect. What’s more,
according to the distribution of the points in Figure 12, the exponential decay model was adopted to fit
the curves of the friction coefficient versus the content of CNTs, and the R-Square of the regression
equations (as shown in Table 6) are nearly 0.97, which means that this model can be used to predict
weight loss during the CNTs content range between 0.0 to 4.0 wt. % in this work.
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Figure 12. Wear mass loss variation as a function of CNT content in the as-extruded AZ31 matrix at
different normal loads.

Table 6. Regression equations of the mass loss versus the content of CNTs (wt. %).

No. Load (N) Equations R-Square
— 0.12
5 psn = 0.39 + Tt+exp(1. 8%WENT 2.56) 0.97141
10 pion = 0.38 + Troxp(l. 83?3“” 2.63) 0.9595
50 uson = 0.34 + TFexp(077Went —097) 0.9657

4. Conclusions

In summary, AZ31 alloy and CNT-reinforced AZ31 matrix nanocomposites were successfully
fabricated via metallurgy method followed by hot extrusion. The influence of CNTs on microstructures,
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mechanical properties, and the wear behavior of the nanocomposites has been investigated. Based on
the analysis of the results, conclusions can be drawn as follows:

(1) The powder metallurgy method could successfully fabricate CNT-reinforced AZ31 matrix
nanocomposites with uniform distribution of the nano-reinforcements at proper content. Adding
CNTs into AZ31 matrix could also marginally decrease grain size.

(2) The addition of CNTs could weaken the basal plane texture of the AZ31 fabricated via powder
metallurgy method followed by hot extrusion, which might counteract the strengthening effect of
CNTs to some extent.

(3) Compared with monolithic AZ31, the yield strength, ultimate tensile strength, and microhardness
increased by adding CNTs into the matrix. The yield strength and ultimate tensile strength
reached a peak value of 241 MPa (+28.2%) and 297 MPa (+6.1%), respectively, when the addition
content of CNTs was 2.0 wt. %.

(4) The significant enhancement of the yield strength of the nanocomposites was mainly
attributed to the efficient load transfer, Orowan mechanism, and thermal mismatch hardening.
However, the weakened basal plane texture, CNT clusters distributing on the grain boundaries,
micro-pores, and weak interfacial bonding might reduce the strengthening effect of CNTs, which led
to discrepancies between the theoretical values and the experimental values.

(5) Adding CNTs could significantly decrease the friction coefficient and weight loss of the matrix
due to its self-lubrication effect and the formation of the carbon film covering the wear surface.
The relationships between the amount of CNTs and the friction coefficient and weight loss could
be described by the exponential decay model and Boltzmann model, respectively.
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