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1.5 vol.% and 4.5 vol.% carbon nanotubes reinforced 2009Al (CNT/2009Al) composites with homoge-
neously dispersed CNTs and refined matrix grains, were fabricated using powder metallurgy (PM) fol-
lowed by 4-pass friction stir processing (FSP). Tensile properties of the composites between 293 and
573 K and the coefficient of thermal expansion (CTE) from 293 to 473 K were tested. It was indicated that
load transfer mechanism still takes effect at temperatures elevated up to 573 K, thus the yield strength of
the 1.5 vol.% CNT/2009Al composite at 423–573 K, was enhanced compared with the 2009Al matrix.
However, for the 4.5 vol.% CNT/2009Al composite, the yield strength at 573 K was even lower than that
for the matrix, due to the quicker softening of ultrafine-grained matrix. Compared with the 2009Al
matrix, the CTEs of the composites were greatly reduced for the zero thermal expansion and high mod-
ulus of the CNTs and could be well predicted by the Schapery’s model.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The rapid development of the aerospace industry demands that
the materials used in instrumental structures be lightweight, high
stiffness, and highly thermostable. Aluminium matrix composites
with a high elastic modulus, low coefficient of thermal expansion
(CTE), and good elevated-temperature mechanical properties, are
preferred in those structures which undergo environmental tem-
perature variations between �123 and 473 K in space.

With extremely high elastic modulus (>1 TPa) and high strength
(30–100 GPa) [1–5], as well as low CTE (�0) [6], carbon nanotube
(CNT) is the most attractive reinforcement for lowering the CTE
of the aluminium alloys, as well as for enhancing their elevated-
temperature tensile strength. Most previous research efforts have
focused on the room tensile properties of the CNT reinforced alu-
minium matrix composites [7–9], whereas their thermal expansion
and elevated temperature tensile properties have been rarely
investigated. A fundamental reason for this is the difficulty in
incorporating a higher content of CNTs into the aluminium matrix
in order to fabricate the composites with sound mechanical prop-
erties. Deng et al. [10] reported a 12% reduction in the CTE for a
1.28 vol.% CNT/2024Al composite compared with the Al matrix,
but no CTE investigation was conducted on a composite with high-
er CNT concentrations.

To disperse the CNTs into the metal matrix is a challenge, as the
CNT is prone to aggregating as a result of the extremely strong van
ll rights reserved.
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der Waals force and its large aspect ratio [11]. Many methods have
been developed to incorporate the CNTs into the metal matrix,
among these, the two most important methods are ball milling
[9,12] and CNT pre-treatment [8,13,14]. However, the CNTs would
be severely damaged during milling [15], and with CNT pre-treat-
ment, the CNT concentration is hardly increased, commonly
remaining less than 1 vol.% [8,13,14].

Friction stir processing (FSP) is a relatively new metal-working
technique (Fig. 1). A non-consumable rotating tool with a specially
designed pin and shoulder is inserted into a work-piece and moved
along the desired path to cover the region of interest. The combina-
tion of tool rotation and translation results in severe deformation
and thorough mixing of the material in the processed zone, achiev-
ing localised microstructural modification for specific property
enhancement.

FSP has been demonstrated to be an effective method of incor-
porating the reinforcing particles, e.g., nano-sized particles, into
the metal matrix and homogenising the microstructure of hetero-
geneous materials, such as cast alloys and composites [16–18].
Johannes et al. [19] and Morisada et al. [20] fabricated CNT/alumin-
ium alloy composites using FSP. They inserted the CNTs into the
holes or grooves which were pre-machined on the aluminium
plates and then subjected the plates to FSP. Their results indicated
that the HV hardness of the aluminium alloys was increased after
incorporating the CNTs by FSP. However, the CNT concentration
could not be accurately controlled by pre-setting the CNTs into
the holes or grooves. Furthermore, no reports of the tensile proper-
ties of the composites were included in their studies.
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Fig. 1. The schematic of friction stir processing.
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In our previous study [21], the CNT/2009Al composites rein-
forced with CNTs to 4.5 vol.% were successfully fabricated by a
combination of powder metallurgy (PM) and FSP. The CNT/
2009Al composites exhibited a uniform dispersion of the CNTs
and a considerably improved room-temperature tensile strength.
This makes it possible to evaluate the CTE and elevated-tempera-
ture mechanical properties of the CNT/Al composites. In this work,
1.5 vol.% and 4.5 vol.% CNT/2009Al composites, fabricated using
the PM technique and subsequent FSP, were subjected to elevated
temperature tension and CTE measurements to understand the ele-
vated-temperature strengthening mechanism of the CNT/Al
composites.
2. Experimental procedures

2.1. Raw materials and composite fabrication

The as-received CNTs (95–98% purity) provided by Tsinghua
University had an entangled morphology with an outer diameter
of 10–30 nm and a length of several microns (Fig. 2a). No extra
pre-treatment was conducted on the CNTs. 1.5 vol.% and 4.5 vol.%
CNTs were mixed, with 2009Al powders (shown in Fig. 2b, average
diameter of 10 lm, nominal composition of Al–4.5 wt.% Cu–
1.2 wt.% Mg) in a bi-axis rotary mixer at 50 rpm for 8 h, with a
1:1 ball to powder ratio.

The as-mixed powders were cold-compacted in a cylinder die,
degassed and hot-pressed into cylindrical billets with a diameter
Fig. 2. Morphologies of as-received (a
of 55 mm and a length of 50 mm. The billets were then hot forged
in a steel can at 723 K into disc plates with a thickness of about
10 mm. The plates were subjected to 4-pass FSP at a tool rotation
rate of 1200 rpm and a traverse speed of 100 mm/min. A tool with
a concave shoulder 20 mm in diameter and a threaded cylindrical
pin 6 mm in diameter and 4.2 mm in length was used. For compar-
ison, unreinforced 2009Al was also fabricated using the same
method.

2.2. Characterisation of the composites

The as-FSP composites and 2009Al were subjected to a T4-treat-
ment (solutionised at 768 K for 2 h, water quenched and then nat-
urally aged for 4 days). The macroscopic CNT distribution in the
matrix, under various fabrication conditions were examined using
scanning electron microscopy (SEM, Quanta 600). The microscopic
CNT distributions and grain sizes of the composites were observed
using transmission electron microscopy (TEM, Tecnai G2 20). The
CNTs were extracted from 4.5 vol.% CNT/2009Al composite by
using hydrochloric acid, then were examined under TEM.

Tensile specimens with a gauge length of 2.5 mm, a width of
1.5 mm and a thickness of 0.8 mm were machined from the FSP
samples perpendicular to the FSP direction. The tensile specimens
were held at each test temperature for 20 min and then tested at
temperatures of 293–573 K at a strain rate of 1 � 10�3 s�1 on an In-
stron 5848 tester. The fracture surfaces of the composites were ob-
served on a field emission SEM (Leo Supra).

Thermal expansion specimens with a diameter of 5 mm and a
length of 20 mm were machined from the FSP composites along
the FSP direction. Linear CTE was measured using a thermal expan-
sion instrument DIL 402 PC at a heating rate of 5 K/min. All the CTE
specimens were tested from 293 to 473 K.
3. Results and discussion

3.1. Microstructure of the composites

Fig. 3 shows the SEM images of CNT distributions in 4.5 vol.%
CNT/2009Al composites. For the forged CNT/2009Al composite,
obvious CNT clusters with a size of about 5 lm were observed
and almost no aluminium could be found inside the clusters. This
is mainly attributed to the large aspect ratio of the CNTs and the
large van der Waals force among the CNTs. This indicates that a
common PM process is not effective in dispersing the CNTs into
the aluminium matrix, even after forging. After 4-pass FSP, almost
no CNT clustering, nor micro-pores could be found in the compos-
ites, at least under SEM, which implies that the CNTs were dis-
persed into the aluminium matrix.
) CNTs and (b) 2009Al powders.



Fig. 3. CNT distribution in (a) forged and (b) FSP 4.5 vol.% CNT/2009Al composites.
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Fig. 4 shows the TEM images of the FSP 4.5 vol.% CNT/2009Al
composite and the CNTs extracted from the composite. The CNTs
were singly dispersed in the aluminium matrix and randomly ori-
ented (Fig. 4a). Damage of the CNTs during FSP was reported in our
previous investigation [21] and it was found that the CNT structure
damage was not severe. The average length of the CNTs extracted
from the composite still remained above 400 nm, even after 4 pass
FSP, as shown in Fig. 4b. Furthermore, HREM observations
Fig. 4. (a) CNT distribution in aluminum matrix of FSP 4.5 vol.% CNT/2009Al composite
matrix.
indicated that the tube structure of CNTs in the composite was well
retained and the CNT–Al interface was well bonded without void
or defect (Fig. 4c).

Fig. 5 shows the grain microstructures of the T4-treated FSP
2009Al alloy, 1.5 vol.% and 4.5 vol.% CNT/2009Al composites. The
average grain size of the 2009Al alloy was about 4 lm, whilst that
of the 1.5 vol.% and 4.5 vol.% CNT/2009Al composites were 2 and
0.8 lm, respectively. Specifically, our previous investigation [21]
, (b) CNTs extracted from composite and (c) HREM of CNT dispersed in aluminum



Fig. 5. Grain microstructure of (a) 2009Al, (b) 1.5 vol.% CNT/2009Al, and (c) 4.5 vol.% CNT/2009Al.
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showed that in the 4.5 vol.% CNT/2009Al composite, the CNTs were
often found at the boundaries of some even finer grains (�200 nm).
This indicates that the nano-sized CNTs could exert an effective
pinning on the grain boundaries, hindering the growth of the
recrystallized grains during FSP and following solution-treatment.
Thus, the CNT/2009Al composites showed a much finer grain size
compared with the 2009Al alloy. This is in agreement with the re-
sult reported by Lipecka et al. [22]. They found that the CNTs en-
hanced the thermal stability of an ultrafine grained aluminium
matrix. After annealing at 450 �C (0.7 Tm) no evidence of grain
growth was observed [22].

3.2. Tensile properties of the composites

Fig. 6 shows the tensile stress–strain curves of the FSP 2009Al
alloy and CNT/2009Al composites at 293–573 K. Increasing the
testing temperature led to a decreased strength level, for both ma-
trix and CNT/2009Al composites. At room temperature (293 K), a
‘‘tip drop’’ phenomenon occurred on the stress–strain curves, for
both the 1.5 vol.% CNT/2009Al and 4.5 vol.% CNT/2009Al compos-
ites, but not the 2009Al alloy and this could be attributed to the
random orientation of the CNTs, i.e., the CNTs at some oriented
directions might be preferentially de-bonded and thus a tip drop
formed. At temperatures higher than 423 K, the tip drop phenom-
enon disappeared, mainly due to the fact that the stress loaded on
the CNTs could not reach the critical stress value.
Fig. 7 shows the yield strength of the FSP composites at differ-
ent temperatures. At temperatures from 293 to 573 K, the yield
strength of the FSP 1.5 vol.% CNT/2009Al composite was enhanced
compared with that of the 2009Al alloy. However, the strength
enhancement at elevated temperatures was not as obvious as that
at 293 K. For the FSP 4.5 vol.% CNT/2009Al composite, the yield
strength showed different changes. At 293 K, the yield strength
of the FSP 4.5 vol.% CNT/2009Al composite was much higher than
that of the 2009Al alloy and 1.5 vol.% CNT/2009Al composite. As
the temperature increased to 473 K, the yield strength of the
4.5 vol.% CNT/2009Al composite decreased significantly, to a level
equivalent to that of the 1.5 vol.% CNT/2009Al composite. At
573 K, the yield strength of the 4.5 vol.% CNT/2009Al composite
was even lower than that of the 2009Al alloy.

Figs. 8 and 9 show the fractographs of the FSP 1.5 vol.% CNT/
2009Al composite and 4.5 vol.% CNT/2009Al composite at different
temperatures. Two phenomena could be found on the fracture sur-
faces. Firstly, large numbers of uniformly dispersed CNTs were
pulled out on the fracture surfaces of the 293 K tensile specimens.
This means that no clustering existed in the composites. The detail
that the CNTs on the fracture surfaces were identified as the pull-
out CNTs has been reported in our previous study [21]. The num-
bers of the CNTs pulled out greatly decreased as the temperature
increased to 573 K and only a few CNTs could be found on the frac-
ture surfaces tested at 573 K. The pull-out length of the CNTs on
the fracture surfaces at 573 K was also greatly reduced. Secondly,



Fig. 6. Tensile curves of (a) 2009Al, (b) 1.5 vol.% CNT/2009Al, and (c) 4.5 vol.% CNT/2009Al at different temperatures.

Fig. 7. Yield strength of CNT/2009Al composites tested at different temperatures.
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as the testing temperature increased from 293 to 473 K, dimples
became shallow. When the temperature reached 573 K, the com-
posites showed an obvious intergranular fracture. These two phe-
nomena mean that the fracture mode changed from the CNT
pull-out to the grain boundary damage as the temperature in-
creased from 293 to 573 K. This could also imply that the bonding
strength of CNT–Al interface was still stronger than that of the alu-
minium matrix at temperatures of 293–573 K.

The enhanced strength for the CNT/Al composites results from
two mechanisms. Firstly, the very fine grain size could strengthen
the composite, especially at room temperature [23]. Secondly, the
aspect ratio of the CNTs still remained larger than 20 after FSP,
which implied that load transfer could still operate even at ele-
vated temperatures. At 293 K, the very fine matrix grains contrib-
uted to the strengthening of the composites. However, this
situation changed as the temperature increased to an equi-cohe-
sive temperature [24], above which the grain boundaries are weak-
er than the grain inner. Thus, the strength increase of the 1.5 vol.%
CNT/2009Al composite relative to the 2009Al alloy at 423–573 K,
was not as obvious as that at 293 K, and for the 4.5 vol.% CNT/
2009Al composite with a finer grain size, the strength at 573 K
was even lower than that of 2009Al alloy.

As mentioned in our previous investigation [21], the yield
strength of the CNT/Al composites at room temperature could be
expressed by:

rc ¼ ðr0 þ kd�1=2Þ V fðsþ 4Þ=4þ ð1� V f Þ½ � ð1Þ

where r0 is rationalised as a frictional stress, which could be simply
considered as the strength of the alloy with coarse grains, d is the
matrix grain size in the composite, k is the Hall–Petch slope, rc is
the yield strength of the composite, s is the aspect ratio of CNTs (lar-
ger than 20), and Vf is the volume fraction of CNTs.

Eq. (1) predicts that the CNT–Al interface is stronger than the Al
matrix. At room temperature, the yield strength of the 1.5 vol.%
and 4.5 vol.% CNT/2009Al composites was 385 MPa and 435 MPa,
respectively, close to the calculated values (372 MPa and
452 MPa, respectively). It implies that the bonding strength of
the CNT–Al interface was strong enough to transfer load from the
aluminium matrix to the CNTs.

Considering temperature effects on the Hall–Petch equation
and load transfer efficiency, Eq. (1) is changed into:

rc ¼ sr0 þ gkd�1=2
� �

V fðsþ 4Þ=4þ ð1� V f Þ½ � ð2Þ

where s is the coefficient of the elevated temperature influence on
the intragranular strength, g is the coefficient of the elevated tem-
perature influence on strength increase due to grain refinement.

For the composites reinforced with short fibre or particle rein-
forcement, the interface between reinforcement and matrix has a
great influence on the deformation behaviour of the composites.
A weak reinforcement-matrix bonding would result in preferential
crack initiation and propagation at the interfaces. At elevated tem-
peratures of 423 and 473 K, the tensile curves still exhibited a
hardening behaviour (Fig. 6b and c), this means that the bonding
strength of the CNT–Al interface was still larger than the strength
of the Al matrix at these temperatures. At 573 K, the length of the



Fig. 8. Fractographs of 1.5 vol.% CNT/2009Al composite tested at different temperatures: (a) 293 K, (b) 423 K, (c) 473 K, and (d) 573 K.
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pulled-out CNTs was very short and only the tips of CNTs could be
found, this implies that the fracture mainly occurred at the Al ma-
trix and the bonding strength of the CNT–Al interface was still
stronger than the strength of the Al matrix.

The grain size of the FSP 1.5 vol.% and 4.5 vol.% CNT/2009Al
composites was 2 and 0.8 lm, respectively. This means that the
grain boundary fraction of the composite with 4.5 vol.% CNTs was
more than that of the composite with 1.5 vol.% CNTs. Thus, the
(sr0 + gkd�1/2) value of the 4.5 vol.% CNT/2009Al composite de-
creased more quickly than that of the 1.5 vol.% CNT/2009Al com-
posite. This could also be reflected by the fractographs in Figs. 8
and 9. However, the [Vf(s + 4)/4 + (1 � Vf)] value could be consid-
ered to be little changed as the CNT–Al interfaces were still strong.
Thus, according to Eq. (2), the strength of the 4.5 vol.% CNT/2009Al
composite decreased faster than that of the 1.5 vol.% CNT/2009Al
composite. As a result, between 293 and 423 K, the yield strength
of the 4.5 vol.% CNT/2009Al composite was higher than that of
the 1.5 vol.% CNT/2009Al composite, but as the temperature in-
creased above 473 K, the situation was reversed.

3.3. CTE of the composites

Fig. 10 shows the CTE of the CNT/2009Al composites. The CTE
decreased significantly due to the incorporation of the CNTs. The
CTE decreased by about 9.3% and 29%, respectively, for the
1.5 vol.% and 4.5 vol.% CNT/2009Al composites. This indicates that
the CNTs could effectively constrain the thermal expansion of the
aluminium matrix in the temperature range from 293 to 473 K.

In order to understand the thermal expansion behaviour of the
composites, it is important to compare the experimental results
with theoretical predictions. Two models, the rule of mixtures
(ROMs) and Schapery’s model [25], have been used to predict the
CTE of the composites. According to the ROMs, the CTE of the com-
posites can be calculated by:

ac ¼ aCNTVCNT þ aM 1� VCNTð Þ ð3Þ

According to Schapery’s model, the approximate CTE of the compos-
ites can be calculated by:

ac ¼
ECNTaCNTVCNT þ EMaMð1� VCNTÞ

ECNTVCNT þ EMð1� VCNTÞ
ð4Þ

where ac, aCNT, aM are the CTE of the composites, CNTs and matrix
alloy; ECNT and EM are the modulus of the CNTs and matrix alloy;
VCNT is an equivalent volume fraction of the CNTs.

The ECNT and EM values of 1 TPa and 76 GPa, respectively, and
the aCNT and aM values of 0 and 23.6 � 10�6 K�1, respectively, were
used for calculation. The results calculated by the ROMs and Scha-
pery’s model are shown in Fig. 10a. It is clear that the ROMs largely
overestimates the CTE, as the model ignores the restriction influ-
ence of the metal matrix. On the other hand, the predictions by
Schapery’s model are in good agreement with the experimental re-
sults. The diameters of the CNTs were of the size of nanometers,



Fig. 9. Fractographs of 4.5 vol.% CNT/2009Al composite tested at different temperatures: (a) 293 K, (b) 423 K, (c) 473 K, and (d) 573 K.

Fig. 10. (a) Comparison between experimental and calculated CTEs at 473 K for CNT/2009Al composites and (b) CTE comparison at 473 K between aluminium matrix
composites reinforced by various reinforcements (the number before reinforcements was the volume fraction of reinforcements, p-particulate, f-short fibre).
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which means that the CNTs had large surface areas. As discussed
above, the elevated temperature tensile tests implied that the
Al–CNT interfaces could still transfer load at the temperatures from
293 to 473 K. Thus, the specific surfaces of the CNTs were able to
restrain the thermal strain during the temperature variation from
293 to 473 K.

For comparison, the CTEs of several composites reported by
other researchers [26–29] are also shown in Fig. 10b. It is indicated
that even a small amount of CNTs was effective in decreasing the
CTE of the composites compared with other particulates, or short
fibres. This is mainly attributed to the large numbers of CNT–Al
interfaces, the CTE value close to zero, and a high modulus of CNTs.
4. Conclusions

CNTs uniformly dispersed in the aluminium matrix by 4 pass
FSP, could effectively hinder the grain growth of the matrix, thus
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the grain sizes remained fine even after solution-treatment. Fine
grain sizes contribute to the strengthening of the composites at
room temperature, but this contribution decreases as the temper-
ature is increased.

The yield strength of the 1.5 vol.% CNT/2009Al composite at
293–573 K was enhanced compared with that of the 2009Al alloy,
which mainly resulted from load transfer mechanism.

At 293 K, the 4.5 vol.% CNT/2009Al composite exhibited signifi-
cantly increased yield strength compared to the 2009Al alloy and
1.5 vol.% CNT/2009Al composite. However, the yield strength in-
crease at 423–473 K was not as obvious as that at 293 K and partic-
ularly its yield strength at 573 K was even lower than that of the
2009Al alloy, mainly due to its finer grain size.

The CTE of the CNT/2009Al composites decreased when increas-
ing the volume fraction of the CNTs, due to the large number of
interfaces between the CNTs and aluminium matrix, which was
in good agreement with the prediction by the Schapery’s model.
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