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The superplastic deformation behavior of a carbon nanotube reinforced high-strength aluminium alloy matrix
composite (CNT/7055A1) was investigated at temperatures ranging from 300 to 425 °C and strain rates ranging
from 1072 to 5 s~1. A maximum elongation of 125% was observed for the as-extruded CNT/7055Al at 400 °C and
a high strain rate of 5 s™1. After a T6 treatment (solution and artificial aging treatment), the CNT/7055Al
achieved a higher elongation of 153% at 400 °C and 5 s~! due to the fewer second-phase particles. The strain rate

sensitivity and activation energy were determined to be 0.2 and 171 kJ/mol, respectively. Combined with
microstructural observation, it was demonstrated that the main deformation mechanism for the CNT/7055Al was
lattice diffusion controlled dislocation climb. Further, it was found that CNTs played a negative role in the su-
perplastic deformation, which could be attributed to the large aspect ratio of CNTs and strong CNT-Al interface

bonding.

1. Introduction

The development of high-performance aluminium matrix composites
(AMGs) is increasingly growing in order to meet the stringent require-
ment of aerospace industry [1-4]. Carbon nanotubes (CNTs) with
ultra-high strength and modulus have attracted great research interest
since their discovery in 1991 [5-8]. In the past decade, the CNT rein-
forced aluminium (CNT/Al) composites have been extensively studied
and showed advantages over conventional particulate reinforced AMCs
due to high load-transfer efficiency, good machining ability and low
density [9-11]. These advantages make CNT/Al composites potential
ideal structural materials in the field of aerospace.

However, CNTs enhance the strength and modulus of materials at the
cost of reducing the ductility [12,13]. Choi et al. [13] produced an
ultrafine-grained CNT/2024Al composite with a high yield strength of
780 MPa but a low elongation of 2%. It is found that ultrafine grain
structure and constraint effect of CNTs on the matrix deformation were
responsible for the brittle behavior of CNT/Al composites [14].

At elevated temperatures, dislocation motion becomes easy by
climbing or cross slipping. However, CNT/Al composites still show poor
ductility. Kim et al. [15] reported that a 1 vol% CNT/pure Al composite
merely exhibited an elongation of less than 25% at 250 °C. A 1.5 vol%
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CNT/2009Al composite also exhibited poor ductility (~20%) at 300 °C
[16]. This can be attributable to the strong pinning effect of CNTs on
grain boundaries at elevated temperatures [17] and inappropriate
deformation condition. The poor ductility at room and elevated tem-
peratures brings considerable difficulties to the forming of CNT/Al
composites and precludes their wide applications in fabrication of
commercial parts.

Superplasticity refers to the ability of materials to exhibit large
tensile elongations prior to failure. A wide range of complicated parts
can be easily shaped by utilizing the superplastic forming [18]. In the
past decades, many particulate or whisker reinforced AMCs were re-
ported to exhibit superplasticity under appropriate temperatures and
deformation rates [19-23]. For example, a 20 vol% SizN4,/6061A1
composite with a fine grain size of 1 pm could exhibit a large elongation
of 626% at 560 °C and a high strain rate of 2 s~ 1 [22].

Generally, grain boundary sliding (GBS) is considered as the prin-
cipal superplastic deformation mechanism for the AMCs [22,24,25],
which refers to grain moving along grain boundaries. Usually, GBS could
not work independently. Other mechanisms such as diffusion flow or
dislocation slip assist GBS to accommodate superplastic deformation. In
addition, because of introduction of reinforcements, phase interface
sliding is another superplastic deformation mechanism for the AMCs, as
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evidenced by the whisker debonding on fracture surfaces and
dislocation-free zones adjacent to whiskers in the SiC,,/2124Al com-
posite [14].

Two typical characteristics can be observed in superplastic defor-
mation of the AMCs. First, the AMCs usually exhibit high strain rate
superplasticity (HSRS), which is thought to be highly beneficial to the
forming of materials. Fine grain structure and the presence of liquid
phase are believed to be the principal contributors to the HSRS [14,26].
Second, the optimum superplastic temperature is usually close to or
slightly above the solidus temperature [19]. It was demonstrated that a
small amount of liquid phase was effective in relaxing stress concen-
tration, thereby enhancing GBS or phase interface sliding processes [27,
28].

To the best of our knowledge, only limited investigations have been
conducted on superplastic behavior of CNT/Al composites. Huang et al.
[29] firstly reported the superplastic behavior in CNT/6061Al com-
posites. By combining hot-extrusion and hot-rolling processes, the
composite with an average grain size of 580 nm showed a small elon-
gation of 89% at 400 °C and a strain rate of 4.17 x 10~! s™L. Fan et al.
[30] further refined grain structure of the composite to 300 nm by
cold-rolling and improved the elongation to 150% at 375 °C and a higher
strain rate of 2.08 s~!. The effects of grain structure and liquid phase
were discussed in these studies, but neither of them reported the role of
reinforcement in the superplastic deformation since no comparison with
their matrix counterparts was made.

Obviously, it is still necessary to improve the superplastic elongation
of CNT/Al composites and simplify deformation process. Liu et al. [31]
reported that a homogenization to as-cast 7075Al alloys by friction stir
processing produced a better superplasticity for the smaller and less
second-phase particles. Ma et al. [32] also suggested that reducing
second-phase particle size could effectively suppress cavity nucleation
during superplastic flow.

Therefore, in this study, the CNT/7055A1 composites underwent a
simple hot-extrusion process and were subjected to a T6 treatment
(solution and artificial aging treatment) to reduce second-phase parti-
cles. The superplastic behaviors of the as-extruded and the T6 treated
CNT/7055A1 composites were examined. The aim of this study is to (a)
achieve optimum deformation parameters of the CNT/7055A1 compos-
ites, (b) improve the superplastic elongation by optimizing second
phases, and (c) understand the role of CNTs in the superplastic
deformation.

2. Experimental

The CNT/7055A1 composite was fabricated by powder metallurgy
route combined with ball-milling. 7055Al alloy (Al-8.1 wt% Zn-2.2 wt%
Mg-2.2 wt% Cu) powders with an average diameter of 10 pm were ball-
milled with 1 vol% multi-walled CNTs (about 10 nm in diameter, 2-5 pm
in length) in an attritor at 400 rpm for 6 h [11]. Stainless steel balls (5
mm in diameter) were used as milling media. The ball-to-powder ratio
was 15:1. Prior to milling, 1.6 wt% stearic acid (CH3(CH3)14COOH) was
added to powders as process control agent to prevent excessive
cold-welding of powders [17]. The milling was conducted under an
argon atmosphere and the attritor was cooled using circulating water
during the process.

The milled powders were cold compacted in a cylinder die, degassed
at 400 °C for 1 h and then hot-pressed at 500 °C for 1.5 h under vacuum
of 107! Pa to form cylinder billet (®75 mm x 80 mm) [33]. The
as-pressed billet was then extruded at 420 °C into bar with an extrusion
ratio of 17:1. Parts of the extruded composite samples were subjected to
a T6 treatment (solution treated at 470 °C for 1 h, water quenched, and
aged at 120 °C for 24 h) [34]. For comparison, 7055Al alloy samples
were prepared under the same process conditions and subjected to the
same T6 treatment.

Tensile specimens were machined from the extruded samples along
the extrusion direction. Room temperature (RT) specimens 3 mm in
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diameter and 15 mm in gauge length were tested on an Instron 5982
tester at the initial strain rate of 10~% s71. Elevated temperature speci-
mens 2.5 mm in gauge length, 1.4 mm in width and 1 mm in thickness
were tested on an Instron 5848 tester at temperature range from 300 to
425 °C with initial strain rate range from 1072 to 5 s~ 1. 5 s~ was the
maximum strain rate that could be obtained in this experiment due to
the limitation of the testing machine. Before elevated temperature
testing, the specimens were held at the test temperature for 10 min to
establish thermal equilibrium. The flow stress at each strain rate for
strain-rate sensitivity calculation was taken at maximum load (UTS),
where the microstructure change at this stage of hot deformation could
be ignored [35].

Scanning electron microscopy (SEM, SUPRAS55 and QUANTA 600)
was used to characterize the second phases and cavitation. The area
fraction of second phases in the samples was measured using Image-Pro
Plus (IPP) 6.0 software. Transmission electron microscopy (TEM, Tecnai
F20) was used to characterize the grain structure, CNT morphology and
distribution. TEM specimens were cut by electrical discharge machining,
ground to a thickness of 60 pm, punched to disks with a diameter of 3
mm, then dimpled to a minimum thickness of 20 pm and finally ion-
beam thinned by a Gatan Model 691 ion milling system at 6° and 4.5
keV.

3. Results
3.1. Microstructures and RT mechanical properties of CNT/7055A1

The grain structures of the as-extruded and T6 treated CNT/7055A1
are respectively shown in Fig. 1(a) and (b). After the statistical mea-
surement of about 70 grains in TEM images, the average grain sizes
(average value of length and width of a grain) of the as-extruded and T6
treated samples were determined to be 308 + 96 nm and 330 + 127 nm,
respectively. The enlarged TEM images indicate that the grains in the
both composites were in irregular shape (Fig. 1(c) and (d)). The distri-
bution of CNTs in the composite is shown in Fig. 1(e). It can be seen that
CNTs were uniformly dispersed and were approximately aligned along
the extrusion direction in the Al matrix. The average length of CNTs was
estimated to be ~100 nm.

The engineering stress-strain curves of the T6 treated CNT/7055Al
and 7055Al1 alloy at RT are shown in Fig. 2. The composite exhibited a
high tensile strength of 760 MPa with 60 MPa enhancement over the
7055Al1 alloy, proving that the CNT/Al composites based on 7xxx series
Al alloys had strength advantage over those based on pure Al, 2xxx or
6xxx series Al alloys prepared using the similar route [10,17,36-38].

3.2. Phase variation at RT and elevated temperatures

Fig. 3 shows second phases in the as-extruded and T6 treated CNT/
7055Al at RT and 400 °C held for 15 min (this time is approximately
equivalent to the total time of holding and testing time for superplastic
tension). At RT, a large number of second phases with sizes of 0.2-1 pm
were densely distributed in the Al matrix for the as-extruded sample
(Fig. 3(a)). These second phases, identified from energy spectrum, were
mainly composed of MgZn, phase which was a common precipitate in
7xxx series Al alloys [39,40]. The representative energy spectrum data
are shown in the insets in Fig. 3. For the T6 treated sample (Fig. 3(b)),
the second phases were much less and they were identified as MgZn,
phase (small, marked in rectangle) and impurity phase Al;CuyFe (large
and bright, marked in arrows) [41,42].

After holding at 400 °C for 15 min, as shown in Fig. 3(c) and (d), the
number of second phases in the as-extruded sample decreased dramat-
ically while those in the T6 treated sample decreased slightly. Statistics
indicated that second phases in Fig. 3(c) and (d) accounted for 4.9% and
2.6% in area fraction, respectively, based on IPP software. This suggests
that the as-extruded sample had more particles than the T6 treated one
during tension at 400 °C.
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Fig. 1. TEM images showing grain structures of (a, c¢) as-extruded and (b,d) T6 treated CNT/7055Al, and (e) distribution of CNTs.

3.3. Superplastic behavior of CNT/7055A1

3.3.1. True stress-strain curves

Fig. 4 shows the true stress-strain curves of the T6 treated 7055Al
and CNT/7055Al samples at 400 °C with strain rates ranging from 102
to 5 s~L. The stress-strain curves of 7055A1 and CNT/7055Al exhibited
the same trend irrespective of strain rates, indicating the same defor-
mation mechanism for them. Of all the curves, the flow stresses reached
a maximum value at first and then decreased slowly until the occurrence
of localized necking. These curves belonged to a “nearly steady-state”
curve type. Similar curves were observed in the mechanical alloyed Al-
8 wt% Ti alloy [43].

3.3.2. Elongation at different parameters

Fig. 5 shows the variations of elongation with the initial strain rate at
different testing temperatures for 7055A1 and CNT/7055Al. For all
samples, the optimum strain rate for maximum elongation increased
with increasing temperature. The maximum elongations were respec-
tively obtained at 400 °C at 55! and at 400 °C at 3 s~! for the composite
samples and the alloy samples. The maximum elongations of the T6
treated 7055Al, as-extruded CNT/7055Al and T6 treated CNT/7055A1
were 407%, 125% and 153%, respectively. When the temperature was
higher than 400 °C, the elongations decreased for all samples. The
elongation data obtained from the T6 treated CNT/7055Al are equiva-
lent to those from the CNT/6061Al (150%) reported by Fan et al. [30],
but the material fabrication process in this study was simpler. The
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Fig. 2. Engineering stress-strain curves of T6 treated CNT/7055A1 and
7055Al alloy.
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elongation at 400 °C for CNT/7055Al might be further improved if
larger strain rates were allowed, according to the change trend of
elongation (Fig. 5(c)).

3.3.3. Flow stress
Fig. 6 shows the variations of flow stress with initial strain rate for
7055Al and CNT/7055Al. The slope of the curve stands for the strain-

rate sensitivity m (= %g‘é’;, where ¢ is the flow stress and ¢ is the strain

rate). Generally, a high m value indicates a large elongation for super-
plastic materials. As shown in Fig. 6, at lower strain rates (<107t s’l),
very low m values (<0.1) were observed for all samples. With increasing
the strain rate, the m value increased. The maximum m value was ob-
tained for either the alloy samples or the composite samples at the op-
timum temperature of 400 °C and the strain rate larger than 3 x 107?
s~1, which was in accordance with the maximum elongations. It is noted
that the optimum elongation of the alloy samples was higher than 400%,
but the m value was much lower than 0.33, indicating the existence of
threshold stress in these materials [43,44].

3.4. Observation of cavitation

Fig. 7 shows the lateral surfaces of the polished CNT/7055A1 samples
after tension at 400 °C and 5 s~1. The images with low magnifications in

Element | Weight%
MgK 195 251

AlK 7318 84.91
FeK 571 3.20

CuK 14.66 7.23

nK 4.50 215

Totals 100.00

Atomic%

Fig. 3. Back scattered SEM images of (a) as-extruded and (b) T6 treated CNT/7055Al at RT; (c) as-extruded and (d) T6 treated CNT/7055A1 held at 400 °C for 15 min

(the rectangle denotes MgZn, phases, the arrows denote Al,CuyFe phases).
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Fig. 6. Variations of flow stress with initial stain rate for (a) T6 treated 7055Al, (b) as-extruded CNT/7055Al and (c) T6 treated CNT/7055Al.

Fig. 7(a) and (b) demonstrate that the cavities for both composite
samples were concentrated near the fracture tips and the cavities in the
as-extruded sample were larger than those in the T6 treated sample.
These cavities were in the typical “V” shape with sizes of several mi-
crometers (marked by arrows). “V”-shaped cavities are usually formed
under high stress condition and caused by stress concentration [45].
From the magnified images (Fig. 7(c) and (d)), granular structure was
observed on the surfaces of both samples, implying the GBS during

superplastic deformation. Similar structure was also observed in the
superplastic deformation of mechanically alloyed materials [43,44].

3.5. Determination of threshold stress

The threshold stress o is determined from a linear extrapolation of
the superplastic data to zero strain rate by plotting é™ against ¢ on linear
axes. This method requires the introduction of assumed m values and the
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Fig. 7. SEM images of lateral surfaces of tensile samples tested at 400 °C and 5 s~ :

denote the “V”-shaped cavities).

best value for m is determined from the best linear fit of the data. The
calculated values of m in various materials are shown in Fig. 8. The
results indicate that the threshold stresses existed in the alloy and
composites. With the increase of assumed m values, the threshold
stresses increase. For the alloy, the m value was determined to be 0.33.
However, for the composites, both the m values were determined to be
0.2. This indicates the dominant deformation mechanisms for 7055Al
and CNT/7055Al1 were related to dislocation motion rather than GBS (m

=0.5).

: (a, ¢) as-extruded CNT/7055Al and (b, d) T6 treated CNT/7055Al1 (the arrows

3.6. Fracture surface examination

The fractographs of the T6 treated CNT/7055Al after tension at RT
and 400 °C are shown in Fig. 9(a) and (b), respectively. For the RT
fracture surface, a large number of CNTs (shown in white arrows) were
pulled out and distributed at the bottom of dimples. The dimples were
small and shallow, which was in accordance with the low elongation at
RT. At elevated temperature, the dimples on the fracture surface became
larger, indicating that large deformation happened at grain interiors.
Several pulled-out CNTs with random orientations were observed. And
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Fig. 8. Determination of threshold stress at 400 °C using different assumed m values for (a) T6 treated 7055Al, (b) as-extruded CNT/7055Al1 and (c) T6 treated
CNT/7055Al.
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Fig. 9. Fractographs of T6 treated CNT/7055Al samples tested (a) at RT and 103 s~ ! and (b) at 400 °C and 5 s~ ! (the arrows denote CNTs).

the length of pulled-out CNTs was larger than that on the RT fracture
surface, which suggests the occurrence of the phase interface sliding
between CNTs and the Al matrix during deformation process for the T6
treated CNT/7055A1.

3.7. Microstructure after superplastic deformation

Fig. 10 shows the microstructure of T6 treated CNT/7055Al
deformed at 400 °C and 5 s~1. The grains after superplastic deformation
were obviously elongated, as shown in Fig. 10(a) (marked by yellow dot
line). Some grains were even up to 1 pm in length compared to the grains
with average length of less than 500 nm before deformation. This
microstructure change indicates that grains deformed along the tensile
direction during testing process, supporting the observation on the
fracture surfaces (Fig. 9(b)). A close examination at the grain interior is
shown in Fig. 10(b). A high density of dislocations and substructures
were observed. This indicates that a higher density of dislocations was
generated by plastic deformation in CNT/7055Al. It demonstrates that
dislocations played a significant role in accommodating superplastic
deformation.

4. Discussion
4.1. Deformation mechanism for CNT/7055A1

The deformation mechanism for superplastic materials is closely
associated with activation energy. The activation energy can be ob-
tained by the following equation which is derived from the well-
established strain rate-stress equation [46].

dln[(c — 6y)"/G"'T]

o=k 301/T) M

where Q is the activation energy, ¢ is the flow stress, o is the threshold
stress, n is the stress exponent (reciprocal to the strain rate sensitivity m,
i.e. m = 1/n), T is the temperature and G is the shear modulus. G is
dependent on the temperature and can be described as [47]:

G = 4.2535 x 10* - 14T (2

Fig. 11 shows the plot of R In[(¢ — 6)" /G™ 1 T] versus 1/T at a strain
rate of 107! s™! with m = 0.2 for the T6 treated CNT/7055Al. The
activation energy for the T6 treated CNT/7055A1 was determined to be
171 kJ/mol. This value is higher than the activation energy for lattice
self-diffusion in Al (142 kJ/mol) [29]. Similar results were also observed
in other superplastic AMCs [19,48]. The high activation energy for the
AMCs was attributable to the introduction of reinforcements. Firstly,
interfacial sliding between reinforcements and matrix needs diffusion
process to accommodate [49]. Secondly, the load transfer from the
matrix to the reinforcements depending on temperature also makes a
contribution to the activation energy, as demonstrated by Li et al. [50].

Based on aforementioned experimental observations and calculation
(m = 0.2 and Q = 171 kJ/mol), three possible deformation mechanisms
were responsible for the superplasticity of CNT/7055Al. The first
mechanism was interfacial sliding, which was common in the defor-
mation of the AMCs. However, this mechanism was not dominant for the
CNT/7055A1 because no many pulled-out CNTs were observed after
deformation [14]. Also, the volume fraction of CNTs was not high
enough to support such a large deformation.

The second mechanism was GBS proved by the granular structure on
lateral surface of the deformed samples (Fig. 7(c) and (d)). However,
GBS was not the primary mechanism due to the following two reasons.
On one hand, the volume fraction of cavities at the fracture tip was
small, indicating that only part of the high-angle grain boundaries could
slide during deformation [44]. On the other hand, the flow stresses of
CNT/7055A1 were very high as compared to the typical superplastic

Fig. 10. Microstructure of T6 treated CNT/7055Al after tension at 400 °C and 5 s™': (a) grain structure and (b) dislocations at grain interior.
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7055Al alloys [51,52], indicating that the intragranular deformation
(dislocation motion, etc.) played a main role in the superplastic defor-
mation [44].

The third mechanism was the lattice diffusion controlled dislocation
climb. The m value of 0.2 indicated the operation of lattice diffusion
controlled dislocation climb mechanism [18,53], which could be evi-
denced by the high density of dislocations in the grain interior after
deformation. In addition, other evidences such as the activation energy
close to that for the self-lattice diffusion in Al, elongated grains and
dimples after deformation also supported this deformation mechanism.

4.2. The effect of second phases on superplastic deformation

As described above, the T6 treated CNT/7055A1 exhibited a higher
elongation (153%) than the as-extruded one (125%). The superplastic
elongation of the CNT/7055Al1 was improved by optimizing second-
phase particles. As discussed above, the superplastic deformation
mechanism of the CNT/7055Al1 was associated with dislocation motion.
The T6 treated CNT/7055A1 had fewer second-phase particles, which
made dislocations easy to pass by during deformation, resulting in the
higher elongation. In addition, once the superplastic deformation could
not be accommodated by dislocation climb or diffusion flow, cavity
initiation would occur. The second-phase particles were the stress con-
centration locations, where cavities easily nucleated [31]. Therefore,
cavities with larger size were observed on the surface of the deformed
samples for the as-extruded CNT/7055A1 than that for the T6 treated
one, which led to the premature fracture of the as-extruded composite.
The above analysis indicates that optimizing second-phase particles
through a T6 treatment is a strategy to improve the superplasticity of the
CNT/Al composites.

4.3. The role of CNTs during superplastic deformation

As shown in Fig. 5, the superplastic elongation of the T6 treated
CNT/7055A1 was much lower than that of the T6 treated 7055Al alloy.
This suggested that CNTs played a negative role in the superplastic
deformation. Low superplastic elongation was also observed in other
CNT/Al composites [29,30]. This could result from the following rea-
sons. Firstly, most of the CNTs were distributed at grain boundaries,
which greatly limited the GBS mechanism. Secondly, interfacial sliding
failed to play a major role in the deformation. Although some of phase
interfaces that facilitated superplastic flow were created by introduction
of CNTs, only a few pulled-out CNTs could be seen after deformation.
This might be due to the strong interfacial bonding between Al matrix
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and CNTs [17]. Thirdly, dislocations played an important role in the
superplastic deformation. CNTs inside grains probably hindered dislo-
cation motion during the deformation. CNTs had large aspect ratios,
which made CNTs cross multiple glide planes, thereby increasing the
interaction between CNTs and dislocations. The above reasons led to the
lower superplastic elongation of the CNT/7055Al1 composite than that of
the 7055Al alloy.

5. Conclusions

The superplastic behavior of CNT/7055Al composites fabricated by
ball-milling and powder metallurgy route was investigated under
different temperatures and strain rates. The deformation mechanism
and the factors affecting deformation were discussed. The following
conclusions can be drawn:

1) By reducing the second-phase particles via a T6 treatment (solution
and artificial aging treatment), the superplastic elongation of the
CNT/7055A1 was improved. The T6 treated and the as-extruded
CNT/7055A1 both achieved their highest superplastic elongations
at 400 °C and 5 s~ !, with maximum elongations of 153% and 125%,
respectively.

2) The activation energy and m value for the T6 treated CNT/7055Al
were determined to be 171 kJ/mol and 0.2, respectively. Combined
with the microstructural observation of plenty of dislocations in the
deformed grains, lattice diffusion controlled dislocation climb was
determined to be the main deformation mechanism for the CNT/
7055Al. Grain boundary sliding and interfacial sliding played minor
roles in the deformation.

CNTs played a negative role in the superplastic deformation due to

the hindrance of CNTs to dislocation motion and grain boundary

sliding. The large aspect ratio of CNTs and strong CNT/Al interface
bonding might be the reasons for the low superplastic elongation in

CNT/7055A1 composites.
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