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a b s t r a c t

In this study, for the first time few-walled carbon nanotubes (FWCNTs) with ~3 walls were used as re-
inforcements in fabricating high performance aluminum matrix composites (AMCs). FWCNTs/Al com-
posites and referential Al materials were prepared by a powder metallurgy route consisting of high
energy ball milling, spark plasma sintering (SPS) and subsequent hot extrusion. It is found that, by
decreasing SPS temperature and time, FWCNTs/Al composites showed reduced grains with an increased
dislocation density and improved structural integrity of FWCNTs, leading to an increased tensile strength.
Meanwhile, comparatively high strain hardening rates and long strain softening behavior were observed
after necking in the sample sintered at 500 �C, which resulted in a tensile elongation of 11.7% with a high
yield strength of 382 MPa. The experimental results suggested that, compared with traditional multi-
walled carbon nano-tubes (MWCNTs), FWCNTs showed a noticeably enhanced strengthening effect
and provided a good balance of strength and ductility in Al composites. It may make FWCNTs a good
reinforcement candidate for metal matrix composites to achieve improved mechanical properties.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Aluminum (Al) and its alloys are key materials in aerospace and
other transportation fields due to their excellent properties such as
high specific strength, high thermal conductivity and excellent
corrosion resistance. With the increasing properties required by
modern aircrafts and cars, traditional Al alloys gradually fail to
satisfy the demand of high performances. The Al alloys-based
composites not only inherit the excellent properties of Al alloys,
but also can have high specific modulus, good high-temperature
performances, low thermal expansion coefficient, good fatigue
resistance and wear resistance that contributed by reinforcements
[1]. Thus, Al matrix composites (AMCs) progressively become an
important class of materials in aerospace and automobile areas [2].
A simple and easy path to improve the properties of AMCs is to
wisely select the reinforcing phase. Carbon nanotubes (CNTs) are
known for their low density, large aspect ratio, high specific surface
area, ultra-high strength (up to ~100 GPa), ultra-high modulus
1@gmail.com (B. Chen).
(~1 TPa) and excellent thermal/electrical properties [3], which then
are popularly used and studied in Al composites [4,5]. The ever-
obtained results have implied that the CNT-reinforced AMCs are
expected to become the next generation of lightweight and high-
strength structural materials.

According to the shear-lag theory [6,7], to achieve a high
strength of AMCs, CNTs with high strength and large aspect ratios
are desired. As revealed in previous studies [8,9], the strength and
aspect ratio of CNTs can be simultaneously increased by reducing
the number of walls. Therefore, from the viewpoint of theoretical
prediction, the most promising CNTs to show strengthening effect
most efficiently shall be single-walled CNTs (SWCNTs). Yet, in re-
ality it is rather difficult to produce SWCNTs with high aspect ratios
in massive production. Moreover, SWCNTs are quite difficult to
disperse uniformly that may cause agglomeration and reduce their
strengthening efficiency. A previous study reported that the
strengthening effect of SWCNTs in the 5083 Al alloy matrix was
even inferior to multi-walled CNTs (MWCNTs) [10]. As a result,
MWCNTs with much larger diameters (several tens of nanometers)
were used as reinforcements in most of studies on CNTs/Al com-
posites [11e14], mainly owing to their cost-efficient production and
easy dispersion. To demonstrate the effect of CNT diameters, Esawi
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et al. [15] compared the strengthening effect of two multi-walled
CNTs with different diameters of 40 nm and 140 nm. The results
showed that the CNT diameter has a great effect on dispersion
quality and consequent strength of composites. Therefore, an
improved strengthening effect shall be achieved by a careful se-
lection of CNT types with optimized balance of CNT diameter and
strength.

As a compromise, few-walled CNTs (FWCNTs, with a wall
number of <10) is a wise choice since they have a strength com-
parable to that of SWCNTs [16] while having an aspect ratio for easy
dispersion. Yet, the strengthening efficiency of FWCNTs has been
hardly studied yet, not to speak of the optimized processing route
for FWCNTs/Al composites. In this study, an attempt was made to
investigate the strengthening effect of FWCNTs in AMCs, as well as
the appropriate parameters for materials production. FWCNTs of ~3
walls (~5 nm in diameter) were uniformly dispersed into Al pow-
ders by high energy ball milling, and then the powder mixture was
consolidated by spark plasma sintering (SPS) under different con-
ditions followed by hot extrusion. The results showed that
FWCNTs/Al composites had an enhanced balance of strength and
ductility. It is also found that the CNT type and SPS condition both
have a great effect on the strengthening and strain hardening
behavior of CNTs/Al composites. The underlying mechanism was
discussed in relating to their microstructures with an assistance of
proper strengthening and strain hardening models.
Fig. 1. High-resolution TEM images of raw FWCNTs (a, b) and MWCNTs (c, d) at
different magnifications. Marked parallel lines in (b) suggest CNT walls.
2. Experimental methods

2.1. Powder processing

In this study, FWCNTs (~3 walls, ~5 nm in diameter and ~1 mm in
length) powders and pure Al powders (120 g, ~20 mm in diameter,
99.9% in purity) were mixed by high energy ball milling (HEBM)
using a planetary ball milling machine (PULVERISETTE 5, Fritsch,
Germany). The FWCNTs (1 wt%) powders and process control agent
(stearic acid, 1 wt%) were sealed with Al powders in a ZrO2 jar
(500 mL in volume), where ZrO2 milling balls of 10 mm in diameter
with a ball to powder ratio of 5:1 were used. The revolution speed
was 200 rpm and the milling time was 24 h. To suppress extensive
oxidation of powders, the milling jar was aerated with a flow of
argon gas and a cooling-down break of 5 min in every 15 min to
avoid overheating. One sample doped with commonly used
MWCNTs (~20 walls, ~15 nm in diameter and ~1 mm in length) was
used as reference. The morphologies of FWCNTs powders and
MWCNTs powders are shown in Fig. 1. The structure of walls and
hollow channels of FWCNTs and MWCNTs can be clearly observed
in the high-resolution TEM view (Fig. 1b, d). There is an obvious
difference in the wall number and outer-diameter between the two
types of CNTs.
2.2. Composite fabrication

The as-received FWCNTs/Al powder mixture (60 g) was
consolidated by spark plasma sintering (SPS) in vacuum (<5 Pa) at
two conditions, 600 �C for 60 min and 500 �C for 30 min, for which
the corresponding samples are named as SPS600C and SPS500C for
simplicity hereafter. To further improve the composite density, a
hot-extrusion process was applied to the sintered billet. Referential
materials made of raw pure Al powders, milled Al powders and
MWCNT-Al powders were also consolidated under the same con-
ditions, hereafter named as pure Al, milled Al and MWCNT/Al
composite, respectively. More details of the HEBM process can be
found elsewhere [17,18].
2.3. Microstructure characterization

A field emission scanning electron microscopy (FE-SEM, JEM-
6500F, JEOL, Japan) was used to characterize the morphology of
Al-FWCNT powders and composites. In addition, a high-resolution
transmission electron microscope (HRTEM, JEM-2010, JEOL, Japan)
operated at 200 kV was used to examine the microstructure char-
acteristics of the starting FWCNT powder, the Al-CNTs powder and
the Al-CNTs composite. TEM samples of CNTs/Al composites were
prepared using a focused ion beam (FIB) system (FB-2000S, HITA-
CHI, Japan). Grain structure of each sample was also evaluated by
electron backscatter diffraction (EBSD) using a TSL camera (TSL
DigiView IV) attached to the FE-SEM. The texting sample surface is
vertical to the axial direction of the extruded samples. The phase
structures were identified by X-ray diffraction (XRD-6100, Shi-
mazu, Japan). The instrument-induced XRD peak widening was
investigated by the diffraction spectrum of a single-phase silicon
plate (99.99% in purity). The full width at half maximum (FWHM) of
the silicon (111) peak was measured to be 0.097�。
2.4. Tensile test

To evaluate the mechanical properties, room temperature ten-
sile tests were carried out for each material along the extrusion
direction. Tensile specimens were machined out from the extruded
rods with a gauge length of 15 mm and a diameter of 3 mm. The
tensile tests were performed on a universal testing machine
(AUTOGRAPH AG-I 50 KN, Shimadzu Co. Ltd., Japan) at a strain rate
of 5 � 10�4 s�1. At least three specimens for each material were
tested to assure reproducibility.
3. Results and discussion

The morphologies of the composite powders after HEBM for
24 h are shown in Fig. 2. It can be observed that the obtained
powder particles have an average dimeter of ~20 mm (Fig. 2a),



Fig. 2. Morphology of Al-1 wt.% FWCNTs composite powder after ball milling at different magnifications.
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which is equivalent to that of starting powders. However, the
composite powder particles exhibited a special shape, which is
distinct from the tear-like shape of the starting powder [17]. From
an enlarged view of the powder (Fig. 2b), it is seen that each
composite powder particle consists of several parts. It suggested
that the cold-welding phenomenon [19] occurred at the present
HEBM condition. By previous experience, it can also be deduced
that the Al-CNTs powder particles must experience the flattening,
fracturing and cold-welding process during HEBM, which is similar
to that of Al-MWCNTs powders at similar conditions [20].

To illustrate the effect of consolidation conditions on ball milled
powders, the XRD patterns of the FWCNTs/Al composites (SPS500C
and SPS600C) as well as the milled FWCNTs-Al powder are dis-
played in Fig. 3. Two significant characteristics could be found from
the XRD patterns. First, a small amount of Al4C3 phase formed in the
composites, as seen from the low intensity of Al4C3 peaks. The
morphology of Al4C3 will be shown later. Second, the dislocation
density (r) decreased from the as-milled powder to the SPS500C
sample and then to the SPS600C sample, evidenced by the decrease
of the FWHM of the Al (111) peak (Fig. 4). Since the grain size of the
composites was measured as ~400 nmwhich was much larger than
100 nm, r can be estimated from Ref. [21].

r¼ b2

4:35b2
; (1)

where b is the true FWHM of Al(111) peak and b is the Burgers
vector (0.29 nm) of Al. Moreover, b ¼ bmeasured-binstrumental. The
dislocation density of FWCNTs/Al (SPS500C) and FWCNTs/Al
Fig. 3. XRD patterns of FWCNTs-Al powder and FWCNTs/Al composites with nomi-
nalized Al (111) peaks. FWHM is full width at half maximum of Al (111) peaks.
(SPS600C) can be estimated as 12.3 � 1012 m�2 and 6.6 � 1012 m�2.
The noticeable decrease of dislocation density at higher tempera-
ture and longer time was attributed to the annealing effect during
SPS on the stored dislocations in HEBM powders.

The grains and dislocation features are also investigated by EBSD
(Fig. 4). It can be observed that in the FWCNTs/Al composites, the
grain orientation is most pronounced at <111> (Fig. 4a and d),
suggesting that the extruded materials exhibit a similar texture.
This is in good agreement with the texture observations on
extruded pure Al and MWCNTs/Al composites [22]. Comparing
Fig. 4a and d, it is apparent that there is no significant difference in
the grain orientation of SPS600C and SPS500C. However, as the SPS
time and temperature increased, the final grain size increased for
the extruded samples, where SPS600C had an average grain size of
0.46 mm and SPS500C had a value of 0.38 mm. The kernel average
misorientation (KAM) figures that reflect the density of geometri-
cally necessary dislocations are displayed for both FWCNTs/Al
composites in Fig. 4c and f. It is clear that the SPS500C sample had a
higher dislocation density level compared to SPS600C, shown as
the overall decrease of the high dislocation density areas (in green
color). This result confirmed the noticeable dislocation density
difference measured from XRD peaks.

The dislocation morphology of the composites were further
investigated by TEM. Fig. 5 shows the HRTEM images of FWCNTs/Al
composite (SPS500C). Some dispersed FWCNTs were visible at the
grain boundaries, as indicated by arrows in Fig. 5a. An enlarged
view of a typical FWCNTs in black contrast is shown in Fig. 5b. The
wall structure of FWCNTs (Fig. 1b) were hardly observed because of
the overlap of Al and carbon atoms. There was no physical gap
between Al and CNTs visible. From the atom planes of Al shown in
Fig. 5c, a high dislocation density was observed at the matrix near
FWCNTs.

Except for FWCNTs, Al4C3 was also detected in the SPS500C
composite under TEM observation identified by selected area
diffraction patterns (Fig. 6). The Al4C3 phases always exhibited as a
nanorod shape and they sporadically distributed in Al matrix,
which formed by a full consumption of FWCNTs. The TEM results on
Al4C3 confirmed the small amount of Al4C3, in agreement with the
XRD result (Fig. 3). The temperature of 500 �Cwasmuch lower than
that required for Al4C3 formation, which is reported to be ~600 �C at
the same route [23]. Yet, HEBM was applied in the present study
while a mechanical coating process was used in Ref. [23]. HEBM
could bring two effects to CNTs. One is an increased structural
damage for CNTs in comparison to the mechanical coating process
[24]. The other effect is that the HEBM process imposed severe
plastic deformation on the Al powders, inducing a higher disloca-
tion density in the Al matrix than the one by the coating process.
These two effects promoted the interfacial reaction between Al and
CNTs and resulted in the formation of Al4C3 nanorods at a relatively
low temperature.



Fig. 4. EBSD analysis of FWCNTs/Al composite sintered at 500 �C for 30 min (a, b, c) and sintered at 600 �C for 60 min (d, e, f): inverse polar figures (a, d), grain misorientation angle
maps (b, e) and kernel average misorientation (KAM) maps (c, f).

Fig. 5. HRTEM microstructures of FWCNTs/Al composite sintered at 500 �C for 30 min (SPS500C) at different magnifications. (c) is an inverse fast Flourier transformation image of
the box area in (b).
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In the SPS600 sample, individual Al4C3 nanorods with similar
morphology were occasionally observed under TEM as well.
However, it is difficult to compare the content of Al4C3 in these two
composites by TEM because of the limited observation areas. As
Fig. 6. TEM microstructures of FWCNTs/Al composite sintered at 500 �C for 30 min
(SPS500C).
revealed in the previous study [25], the amount of Al4C3 pre-
cipitates increases in the composites processed by HEBM with
increasing SPS temperature and time. It is thus understandable
that, compared with SPS500C, more FWCNTs in SPS600C reacted
with Al to form Al4C3. SPS conditions also have an obvious effect on
the dislocation morphology in the composite. Fig. 7 shows the
Fig. 7. TEM microstructures of FWCNTs/Al composite sintered at 600 �C for 60 min
(SPS600C). (b) is an inverse fast Flourier transformation image of the box area in (a).
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HRTEM images of the SPS600C composite sample. Compared with
the 1%MWCNTs/Al composites processed by coating þ SPS þ hot
extrusion [26], the dislocation density near the CNTs-matrix
interface was much higher in the FWCNTs/Al (SPS600C) sample.
In the present FWCNTs/Al (SPS600C) sample, the processing route
is HEBM þ SPS þ hot extrusion and FWCNTs was used as the
reinforcement. Therefore, the HEBM process and FWCNTs
contribute to the increased dislocation density in FWCNTs/Al
(SPS500C). Compared with the SPS500C sample (Fig. 5c), the
dislocation density of SPS600C was much reduced, which was in
good agreement with the measured dislocation values of these two
composites by XRD.

Fig. 8a shows the nominal tensile stress-strain curves of
FWCNTs/Al composites as well as referential Al materials sintered
at different conditions. For both of the FWCNTs/Al SPS600C and
SPS500C composites, over 100% and 60% strength increments were
observed for yield strength (YS) and ultimate tensile strength (UTS),
respectively, indicating a good strengthening effect of FWCNTs in
AMCs. Especially, in the SPS500C composite, the improvement is
135% and 69% in YS and UTS, respectively. Compared with those
sintered at 600 �C, both the samples sintered at 500 �C exhibited an
increased strength. For example, SPS500C displayed an increase of
45 MPa in YS and of 40 MPa in UTS in comparison with SPS600C,
which gave rise to a YS of 387 MPa and a UTS of 396 MPa. It should
be noted that these two composites still possessed a good ductility
with an elongation-to-failure over 10% (12% for SPS500C and 15%
for SPS600C).

The tensile strength difference between the composites are
mainly related to their grain size, dislocation density and the
strengthening effect of FWCNTs. Taking YS into account, the
strength difference (Ds) of 45 MPa can be expressed as

Ds¼DsGS þ DsDD þ DsFWCNTs; (2)

where DsGS, DsDD and DsFWCNTs are the increased strength
contributed individually by grain size, dislocation density and
FWCNTs. DsGS can be estimated according to the Hall-Petch for-
mula [27]:

DsGS ¼K
�
d�0:5
1 �d�0:5

2

�
; (3)

where K is a constant (0.07 MPa m0.5 for Al [28]), d1 and d2 are the
average grain sizes of SPS500C and SPS600C, respectively. DsGS is
Fig. 8. Tensile properties of FWCNTs/Al composites and referential Al materials.
thus calculated as 10.3 MPa. Considering dislocations strength-
ening, DsDD can be expressed as [29].

DsDD ¼aGb
�
r0:51 � r0:52

�
; (4)

where a is a constant (1.25 for Al [29]), G is the shear modulus
(25.4 GPa for Al [30]), b is the Burger’s vector (0.286 nm for Al [30]),
and r1 and r2 are the dislocation densities of SPS500C and SPS600C,
respectively. DsDD is then calculated to be 11.2 MPa. Take DsGS and
DsDD values into Eq. (2), DsFWCNTs is 23.5 MPa, which suggests that
FWCNTs contributed extra 23.5 MPamore in the SPS500C than that
in SPS600C, except for the differences caused by grain refinement
and dislocation strengthening mechanisms. From recent studies
[4,18,26], the strengthening mechanism of CNTs was attributed to
load transfer and Orowan looping. Since SPS process did not change
the size of FWCNTs, Orowan looping of FWCNTs did not makemuch
difference in the two composites. Then higher strength in SPS500C
implied larger load transfer effect in SPS500C. Based on the study of
Kelly and Tyson [7], load transfer effect of fibrous FWCNTs is
determined by the length to diameter ratio, interface bonding and
volume fraction of FWCNTs. With decreasing SPS temperature and
time, length to diameter ratio and the interface bonding conditions
will not be improved [23]; however, the reaction between of
FWCNTs and Al will be suppressed, leading to less FWCNTs trans-
forming to Al4C3 and more remained FWCNTs. The results sug-
gested that the integration of FWCNTs structure in the SPS500C
composite was the key factor for the improved strength compared
with the SPS600C composite.

Apart from the different tensile strengths, the two composites
also had distinct strain hardening behavior, as seen from the tensile
stress-strain curves in Fig. 8. To better understand the hardening
behavior, the true stress-strain curves and normalized strain
hardening rates for the two FWCNTs/Al materials were obtained, as
shown in Fig. 9. It is seen that in the SPS500C necking occurs very
early, and the true stress declined rapidly after necking, eventually
to break. However, the necking stage lasted for ~0.1 of strain. While
true yield strength of SPS600C is lower than that of SPS500C, the
necking occurs much later. After the necking, the stress slowly
decreases with an increase of strain.

To under the deformation behavior of SPS600C and SPS500C
after yielding, the normalized strain hardening rate (Q) versus
strain is shown in the inset of Fig. 9. The normalized strain hard-
ening rate (Q) is defined as:
Fig. 9. Comparison between tensile true stress-strain curves of FWCNTs/Al composites
sintered at two conditions. Inset shows strain hardening rate (Q)-true strain curves.



Fig. 10. Fracture morphologies of FWCNTs/Al composite sintered at 500 �C for 30 min
(a, b) and sintered at 600 �C for 60 min (c, d). Inset of (d) shows a high-magnification
view.

Fig. 11. Comparison between nominal tensile stress-strain curves of FWCNTs/Al and
MWCNT/Al composites sintered at 600 �C for 60 min. Inset shows average tensile
property values.

Fig. 12. Comparison between the tensile yield strength and failure strain of FWCNTs/Al
and MWCNTs/Al composites in this study and previous MWCNTs/Al composites based
on the data collected from recent review papers [4,31e33].
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Q¼1
s
,
ds
dε

: (5)

It can be observed that the normalized strain hardening rate of
both materials after the yielding declined rapidly first and then
slowly. According to Consid�ere’s criterion [11], when the strain
hardening rate is equal to the true stress, dsdε ¼ s, or Q ¼ 1, necking
will occur and the true stress begins to decrease until it breaks.
Before the state of Q ¼ 1, the material undergoes uniform defor-
mation and thus the uniform elongation can be estimated at this
point. TheQ of SPS500C composite (red curve in the inset of Fig. 9)
falls fast and reaches the position ofQ¼ 1 (horizontal dotted line in
the figure) at uniform strain εu ¼ 0.014 (inset of Fig. 9). This is
consistent with the position of the necking in the true stress-true
strain curve. After necking, SPS500C still has a comparatively
large Q stage of around �1, which causes the steady drop of true
stress of the SPS500C. After the stable stage, Q started to decrease
slowly and thus deformation could be sustained to a large defor-
mation degree before failure (Fig. 9). With the SPS600C composite,
necking occurred at around ε ¼ 0.034, after which Q decreased
slowly and still maintained at comparatively large values, which
enabled SPS600C to have a stable and long necking process (Fig. 9).
The different strain softening behaviors in the two composites was
probably due to the observed differences in grain size and dislo-
cations. It can be concluded that, although the two composites had
quite different strain hardening/softening behavior, the strain
hardening/softening rates after necking in two composites still
maintained at a high level. This fact resulted in good ductility of the
two composites.

The fracture morphology of the FWCNTs/Al composites is shown
in Fig. 10. On the fracture surfaces of the composites, fine and
shallow dimples are clearly visible, which also confirms the
excellent ductility. The dimple size was in sub-micrometer scale for
both samples (Fig.10b and d), which is basically coincident with the
average grain size of the composites (Fig. 4). Moreover, dispersed
FWCNTs were observed at the dimple boundaries (inset of Fig. 10d).
Considering these facts, it is deduced that each dimple is corre-
sponded to one matrix grain. Therefore, the fine grain size had a
great effect on the deformation behavior and thus contributed to
the good ductility of composites.

Fig. 11 shows the direct comparison between the tensile prop-
erties of AMCs reinforced with FWCNTs and MWCNTs sintered at
600 �C for 60 min. It is observed that FWCNTs/Al had higher YS and
UTS than MWCNT/Al. Compared with the referential Al, the yield
strength improvement in the MWCNTs/Al composites was
remarkably improved from 84% to 122%. Suggesting the superior
strengthening effect of FWCNT toMWCNTs. A comparison between
the tensile properties of CNT/Al composites reported in this study
and previous studies [4,31e33] is shown in Fig. 12. Compared with
previous MWCNTs/Al composites, the two FWCNTs/Al composites
in this work showed well-balanced strength and ductility. It sug-
gests that FWCNTs are a good reinforcement candidate for MMCs
with high mechanical performances.
4. Conclusions

In this study, FWCNTs were used as reinforcement in AMCs and
its strengthening effect in composites was investigated. It was
found that with decreasing SPS temperature and time, FWCNTs/Al
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composites showed finer grains, increased dislocation density and
improved structural integrity of FWCNTs, leading to increased
tensile strength. The addition of 1 wt% FWCNTs led to 135% and 69%
improvement in yield strength (YS) and ultimate tensile strength
(UTS) of the referential Al material, respectively. It resulted in
387 MPa in YS, 396 MPa in UTS and 12% in elongation of a FWCNTs/
Al composite. The good ductility was related to the ultra-fine grains
and resulted comparatively high strain hardening rates after
necking during tensile deformation. FWCNTs/Al composites
developed in this study have improved balance of strength and
ductility compared with conventional MWCNTs/Al composites.
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