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Abstract The carbon nanotubes coated with TiO, rein-
forced 7075 Al composites were fabricated by ultrasonic-
assisted casting in this study. The heat treatment behav-
ior, microstructure and mechanical properties of TiO,@
CNTs/7075 Al composites were investigated by X-ray
diffraction (XRD), scanning electron microscopy (SEM),
energy dispersive X-ray spectrometry (EDS), transmission
electron microscope (TEM), tensile and hardness tests. The
experimental results reveal that CNTs accelerate the pre-
cipitation process of the TiO, @CNTs/7075 Al composites
owing to the formation of dislocations caused by TiO,@
CNTs. 7075 Al alloy reaches the peak aging time at 24 h
with the hardness of 152.3 HV, while TiO, @CNTs/7075 Al
composites reach the peak aging time at 18 h with the hard-
ness of 171.1 HV. Meanwhile, the aging strengthening effect
of the TiO,@CNTs/7075 Al composites is less significant
than that of matrix alloy, due to the introduction of TiO, @
CNTs leading to a significant reduction and an uneven dis-
tribution of the precipitations.
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1 Introduction

Because of their excellent performance such as high spe-
cific strength, specific stiffness, specific modulus and low
linear expansion coefficient, aluminum matrix composites
are extensively used in military, aerospace and automobile
industries [1, 2]. Thus, more attention has been attracted to
the aluminum matrix composites as an emerging material
in recent years. And, carbon nanotubes (CNTs) have been
developed as an ideal reinforcement for aluminum matrix
composites because of extraordinary high mechanical prop-
erties, admirable thermal and electrical conductivity [3].
Nowadays, multiple methods, such as casting [4], powder
metallurgy [5] and friction stir process [6], have successfully
fabricated CNTs reinforced aluminum matrix (CNTs/Al)
composites. Nevertheless, the application of CNTs/Al com-
posites fabricated by above methods is still greatly restricted
by some problems such as easy agglomeration of CNTs,
poor interface bonding and wettability between CNTs and
Al and uncontrollability of CNTs/Al interfacial reaction [7].

Accordingly, CNTs/Al composites fabricated by vari-
ous methods need to be post-treated to further improve their
mechanical properties. Kwon et al. [8] fabricated CNTs/Al
composites by the method of spark plasma sintering and sub-
sequent hot extrusion. They indicated that the hot extrusion
process contributed to further improve dispersity, density
and orientation of CNT and achieved good interface bond-
ing between CNTs and Al. Kai et al. [9] designed a route
combining powder metallurgy with hot extrusion to fabricate
CNT/7055 Al composites. They found that the higher tem-
perature extrusion contributed to the CNT orientation along
the extrusion direction, which was beneficial to increase the
ultimate tensile strength of the materials. As can be seen
from the above, most of the present investigations concen-
trated on the hot extrusion for the post-treatment of CNTs/Al
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composites, which aimed to further improve the dispersion
and orientation of CNTs as well as interface bonding between
CNTs and Al. It is well known that 7075 Al alloy is a typi-
cally heat treatable Al-Zn—Mg—Cu alloy. Some defects such
as segregation rising from forming process will result in a rup-
ture ahead of materials under external load. And, heat treat-
ment is a common process to improve the strength of materi-
als after the forming process. Accordingly, it is necessary to
carry out the heat treatment process for the CNTs/7075 Al
composites. However, there are only a few studies about the
effect of heat treatment on CNTs/Al composites [10], espe-
cially for CNTs/7075 Al composites. Moreover, the influence
of different reinforcements on the heat treatment behavior of
aluminum matrix composites is obviously not clear, though
some scholars have studied the effects of the reinforcements
on the heat behavior of aluminum matrix composites. Li et al.
[11] studied the influence of the TiN nanoparticles addition
on the heat behavior of the Al-Zn—-Mg—Cu alloy. They found
that the TiN nanoparticles promoted the dissolution of alloy
elements and restrained the fine grains during solution heat
treatment process. Besides, the TiN nanoparticles accelerated
the process of the supersaturated solid solution evolving into to
the G.P. zones, but restrained the precipitated phase. Xu et al.
[12] investigated the effect of Ag additions on the precipita-
tion of 7075 Al alloy. They concluded that a small amount of
Ag addition significantly accelerated the precipitation in 7075
Al alloy, decreasing obviously the peak aging time, due to
the formation of Mg—Ag clusters. It is of great importance to
make it clear that the influence of reinforcements on the heat
treatment behavior of aluminum matrix composites contribute
to exert excellent strengthening effect of reinforcements. Nev-
ertheless, investigations on the influence of CNTs addition on
the heat behavior of the CNTs/7075 Al composites have been
little reported.

This present work aimed to study the influence of heat
treatment on the microstructure and mechanical properties of
TiO,@CNTs/7075 Al composites. In addition, the influence of
CNTs addition on the heat behavior of TiO, @CNTs/7075 Al
composites was analyzed. This study has an important guid-
ing function for developing the high performance CNTs/Al
composites.

2 Materials and Methods

The commercial 7075 Al alloy was employed as the matrix
material in this experiment. And, the chemical composi-
tion of 7075 Al alloy is shown in Table 1. The as-received
CNTs with an outer diameter of 30 ~80 nm and a length

of several microns were used as the reinforcements, which
were supplied by Chengdu organic chemistry co., Lt, Chi-
nese academy of sciences.

In order to improve the wettability between Al and
CNTs, the surface modification method of electroless
plating was used to coat a layer of TiO, particles on the
surface of CNTs. And, the AI-TiO,@CNTs intermediate
block was prepared by the method of ball milling and cold
compacting. Then, the AI-TiO, @CNTs intermediate block
was added into the 7075 Al alloy melt with the assistance
of high-energy ultrasonic vibration. Finally, the as-cast
0.9 wt.% TiO,@CNTs/7075 Al composites were success-
ful fabricated. According to our early research group, the
performance of 0.9 wt.% TiO, @CNTs addition of CNTs/
Al composites was better. The billets were machined into
cylindrical metal sheets with the diameter of 10 mm and
the height was 10 mm. Firstly, the TiO,@CNTs/7075 Al
composites were solution-treated at 480 °C for 4 h, and
then quenched in water as soon as possible, finally aged at
120 °C from 6 to 24 h. The specific heat treatment scheme
is presented in Table 2.

The microstructure and fracture surfaces were observed
by SEM (Tescan-Vega3). The element distribution
was detected by EDS (Tescan-Vega3). XRD (Rigaku)
was employed to detect material composition. TEM
(TalosF200X) was employed to observe the CNTs and
precipitation. The Vickers hardness of the samples was
measured on a HV-1000 microhardness tester applying a
load of 300 g for 10 s. The hardness values of each sample
were calculated by averaging seven test results in order
to eliminate the random error. The tensile samples under
different conditions were processed into tensile bars, for
which the gauge length was 45 mm and the diameter was
9 mm, according to the national standard GB/T 228-2002.
The tensile tests were carried out by an UTMS5105 tensile
tester at a strain rate of 0.001 s'. In order to ensure the
reliability of measured results, at least three samples were
tested for each condition.

Table 2 The heat treatment process scheme

No Heat treatment scheme

1 (480 °C,4 h) + water quench (25+5 °C)
2 (480 °C.4 h)+water quench (25+5 °C)+(120 °C,6 h)
3 (480 °C,4 h) + water quench (25+5 °C)+ (120 °C,12 h)
4 (480 °C,4 h) +water quench (25 +5 °C)+ (120 °C,18 h)
5 (480 °C,4 h) + water quench (25+5 °C)+ (120 °C,24 h)

Table 1 Chemical composite

c ‘ Element Zn Mg
of 7075 Al alloy in wt.%

Cu Mn Ti Cr Si Fe Al

wt.% 523 2.1

1.45 0.3 0.16 0.23 0.22 0.22 Bal
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3 Results and Discussion
3.1 Microstructure of TiO,@CNTs/7075 Al Composites

The SEM micrographs and EDS analysis results of TiO, @
CNTs/7075 Al composites are displayed in Fig. 1. As can
be observed from Fig. 1a, the microstructure of the TiO,@
CNTs/7075 Al composites consists of a-Al matrix, grain
boundary eutectic phases and black phase. Also, it can be
observed that eutectic structure consists of bright lamellar
phase, black line-shaped phase and gray block-shaped phase,
as illustrated in Fig. 1b and ¢ showing eutectic structure
at high magnification. The EDS analysis result of bright
lamellar phase displayed in Fig. 1d indicates that its stoi-
chiometry is 60.22 at.% Al, 5.89 at.% Zn, 5.89 at.% Mg,
and 3.84 at.% Cu. This is due to the reason that Cu and
Al atoms have dissolved back into the MgZn, phase and
formed the Mg(Zn,Cu,Al), phase whose crystallographic
lattice constant is identical to the MgZn, phase. As exhib-
ited in Fig. le, the EDS result of gray block-shaped phase
indicates that its stoichiometry is 85.02 at.% Al, 1.73 at.%
Zn, 1.55 at.% Mg, 5.20 at.% Cu, 3.66 at.% Fe, corresponding
to the stoichiometry of the Al,Cu,Fe phase. As depicted in
Fig. 1, the EDS result of black line-shaped phase reveals
that its stoichiometry is 6.81 at.% Mg, 4.84 at.% Si, corre-
sponding to the stoichiometry of Mg,Si phase. In addition,
the element surface scanning analysis of TiO, @CNTs/7075

Fig. 1 SEM micrographs and
EDS analysis results of TiO, @
CNTs/7075 Al composites a
micrograph of the compos-

ites at low magnification b-c¢
micrograph of eutectic structure
at higher magnification d EDS
result of bright lamellar struc-
ture e EDS result of gray block
phase f EDS result of black line
phase

Al composites is conducted, as displayed in Fig. 2. The
result shows that Ti, C, and O elements are concentrated in
the black phase, proving that the black phase is the TiO,@
CNTs. Therefore, the as-cast TiO, @CNTs/7075 Al compos-
ites consist mainly of a-Al, TiO,@CNTs, Mg(Zn,Cu,Al),,
Al,Cu,Fe and Mg,Si phases.

Fig. 2 Element surface scanning analysis of TiO,@CNTs/7075 Al
composites a SEM image b-i corresponding element distribution
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3.2 Effect of Heat Treatment on Microstructure

The SEM micrographs and EDS analysis result of TiO, @
CNTs/7075 Al composites under different heat treatments
are depicted in Fig. 3. As can be noted from Fig. 3a, the
second phases at the grain boundaries evolve into discon-
tinuous phases after solution heat treatment. In addition, the
bright lamellar phases disappear while only insoluble phases
are left. This is because the Mg(Zn,Cu,Al), phase with low
melting point gradually dissolves back into a-Al matrix,
which results in a reduction of the second phases segregating
at the grain boundaries. The EDS result of gray block-shaped
phase presented in Fig. 3c indicates that its stoichiometry
is 83.31 at.% Al, 1.15 at.% Zn, 1.82 at.% Mg, 6.04 at.%
Cu, 4.69 at.% Fe, closing to the stoichiometry of Al,Cu,Fe
phase. Because of its high melting point, no change in the
Al,Cu,Fe phase occurs though the materials are solution-
treated at 480 °C for 4 h. A number of coarse black phases
are formed during solution heat treatment process. The EDS
result of coarse black phase exhibited in Fig. 3d reveals that
its stoichiometry is 5.64 at.% Mg, 3.49 at.% Si, closing to
the stoichiometry of Mg,Si phase. According to our previous
study [13], the diffusion coefficients of Cu and Zn are faster
than those of Si and Mg in Al(s). Zn and Cu elements can
easily go into solid solution with Al matrix, while Mg and
Si elements segregate at dislocations caused by CNTs and
form coarse Mg,Si phase [10]. Besides, the EDS result of
black phase depicted in Fig. 3e shows that its stoichiometry
is 84.64 at.% C, 6.14 at.% O, 5.58 at.% Al, 0.05 at.% Ti,
which is confirmed as TiO, @CNTs.

Fig. 3 SEM micrograph and @) T
corresponding EDS spectra of G R et
TiO,@CNTs/7075 Al com- s B

posites under different heat AL R E
treatment a SEM micrograph
under solution heat treatment b
SEM micrograph under T6 heat
treatment ¢ EDS result of gray o
block phase d EDS result of

~
J il

coarse black phase e EDS result : _ . Mngg = % i
of black phase ; S b
o 3L 2 S Totm
i e ol e e P
(b) =

TiO:@CNTs , - A17CmFe< "
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The aging heat treatment was carried out to re-precipitate
the solute elements, following the solution heat treatment.
The SEM micrograph of TiO, @CNTs/7075 Al composites
at 120 °C aged for 18 h is illustrated in Fig. 3b, after solu-
tion heat treatment at 480 °C for 4 h. It can be noted that the
microstructure of the T6-treated composites almost exhib-
its no change, compared to the solution-treated composites,
which is limited by the resolution of SEM. According to
previous study [14], the size of aging precipitation in 7075
aluminum matrix composites is nanoscale, whose results in
the precipitations can not be observed using SEM.

Figure 4 is the TEM morphology of TiO,@CNTs/7075
Al composites under T6 heat treatment. It can be noted
that the MgZn, phases precipitate at the interface between
CNTs and Al, as depicted in Fig. 4a. In addition, the pre-
cipitate-free zones (PFZ) are observed around CNTs, as
shown in Fig. 4b, which is consistent with the study of
Zhao et al. [10]. It was reported [15] that the precipita-
tions preferred to nucleate at the defects such as grain
boundaries and dislocations during the aging process. It
is well known that the difference of the thermal expansion
coefficient between Al and CNTs would lead to the for-
mation of dislocations, where the thermal expansion coef-
ficient of CNTs and Al are 0.7 X 10~%k and 25.9 X 107°/k,
respectively [16]. Thus, a number of dislocations are easy
to be formed at the interface between Al and CNTs, as
shown in Fig. 4c. Therefore, MgZn, phases precipitat-
ing at the interface between CNTs and Al are observed.
Moreover, the MgZn, phases tend to precipitate around
CNTs, which result in an uneven distribution of the
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Fig. 4 TEM images of TiO,@CNTs/7075 Al composites after T6 heat treatment a HRTEM image b precipitation-free zones (PFZ) ¢ disloca-
tions image
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Fig. 5 XRD patterns of TiO,@CNTs/7075 Al composites under dif-
ferent heat treatment

precipitations. Accordingly, the precipitate-free zones are
formed around CNTs, which is adverse to the mechanical
properties of the materials.

Figure 5 is the XRD patterns of TiO,@CNTs/7075 Al
composites under different heat treatments. The C peak
can be found in all XRD patterns, which further proves
that CNTs have been successfully added into 7075 Al
alloy. But TiO, peak can not be observed in all XRD pat-
terns, due to low content. Also, the MgZn, peak can be
found in the XRD patterns of the TiO,@CNTs/7075 Al
composites with and without T6 heat treatment, which
indicates MgZn, phase dissolving into matrix after solu-
tion heat treatment and re-precipitating followed by aging
heat treatment.

3.3 Effect of Heat Treatment on Mechanical Properties

The hardness values of 7075 Al alloy and TiO,@CNTs/7075
Al composites aged at 120 °C for different times after solu-
tion heat treatment at 480 °C for 4 h are depicted in Fig. 6a.
As can be observed, the hardness of TiO,@CNTs/7075 Al
composites rises with increasing aging time and then reaches
the peak, while begins to decrease with the aging time con-
tinuing to increase. The similar phenomenon is observed
in 7075 Al alloy. The hardness of 7075 Al alloy reaches
the peak value of 152.3 HV when aging time reaches 24 h.
While TiO,@CNTs/7075 Al composites aged at 18 h reach
the peak value with the hardness of 171.1 HV. It can be
noted that the peak aging time of TiO, @CNTs/7075 Al com-
posites is significantly earlier than that of 7075 Al alloy.
The introduction of CNTs can accelerate the precipitation
process of the 7075 Al alloy because of the formation of dis-
locations caused by CNTs. This is because the dislocations
serve as channels for element diffusion, which contributes
to accelerate the precipitation process [17].

The hardness values of 7075 Al alloy and TiO,@
CNTs/7075 Al composites under different heat treatments
are displayed in Fig. 6b. Compared to the 7075 Al alloy, the
hardness of TiO,@CNTs/7075 Al composites reaches 126
HYV, increasing by 32.22%. This is owing to the comprehen-
sive strengthening of multi-mechanisms such as grain refine-
ment strengthening, dislocation strengthening, load transfer
strengthening and Orowan strengthening. The hardness of
the composites reaches 163.8 HV after solution heat treat-
ment, a 30% improvement in the as-cast composites, due
to the Zn and Cu elements dissolving into Al matrix and
forming supersaturated solid solution. While the hardness
of the T6-treated composites is 171.1 HV, only showing a
minor improvement, compared to the solution-treated com-
posites. This insignificant effect is shown in two aspects.
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Fig. 6 Hardness values of 7075 Al alloy and TiO,@CNTs/7075 Al composites a aging-treated at 120 °C for different time b under different heat

treatment

Firstly, coarse Mg,Si phase is formed during solution heat
treatment, which results in the Mg element being consumed.
Thus, Mg element can not engage the subsequent aging heat
process, which leads to a reduction of the MgZn, precipi-
tations. Secondly, the introduction of CNTs results in an
uneven distribution of the precipitations.

Figure 7 is the mechanical properties of 7075 Al alloy
and TiO,@CNTs/7075 Al composites under different heat
treatments. As can be observed, the mechanical proper-
ties of TiO,@CNTs/7075 Al composites exhibit a signifi-
cant improvement after solution heat treatment, where the
yield strength, ultimate tensile strength and elongation of
the composites are significantly increased from 201.2 MPa,
261.7 MPa and 1.6% to 262.4 MPa, 338.1 MPa and 3.5%,
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7075 Soluti
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respectively, compared to the as-cast TiO, @CNTs/7075 Al
composites. While the yield strength and ultimate tensile
strength of the T6-treated composites are 298.9 MPa and
379.7 MPa, respectively, only increasing by 36.5 MPa and
41.6 MPa, respectively, which is in accordance with the
hardness tests trends. However, the elongation of the sample
is only 2.7% after aging heat treatment, decreasing by 22.9%.
This is because the precipitations hinder dislocation motion,
which decreases the plasticity of the materials.

The fractographs of TiO,@CNTs/7075 Al composites
after different heat treatments are characterized in Fig. 8.
As depicted in Fig. 8a, it can be found that the fractograph
of the solution-treated composites indicates predominantly
quasi-cleavage rupture, in which ductile dimples and tearing

(b)s00
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=300 -
‘E,,{ 250
8 — 7075
& 200 - Composite
150 Solution-treated composite
—— T6-treated composite
100
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0 1 1 1 1
0 1 2 3 4 5
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Fig. 7 Mechanical properties of 7075 Al alloy and TiO,@CNTs/7075 Al composites under different heat treatment a Histogram statistics b

Stress—strain curve
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Fig. 8 SEM morphology of the fracture surfaces of TiO,@
CNTs/7075 Al composites under different heat processes a solution-
treated (480 °C/4 h) b T6-treated (480 °C/4 h+120 °C/18 h)

ridges are observed obviously. This is due to the reason that
the second phases at grain boundaries are dissolved back into
matrix, which significantly improves mechanical properties of
the samples under solution heat treatment. The fracture sur-
face of the T6-treated composites also indicates predominantly
quasi-cleavage rupture, as displayed in Fig. 8b, while only a
few tearing ridges are observed, which is in accordance with
their lower plasticity.

3.4 Strengthening Mechanism

The solute elements at the grain boundaries are dissolved into
matrix after solution treatment, resulting in the lattice distor-
tion and hindering the dislocation motion, which contributes
to an improvement in the yield strength of the materials. The
solid solution strengthening can be expressed by the Fleischer
equation [18]:

3
Ac,, = MGbe’c> (1)

where M denotes the orientation factor (3.06 for the fcc), G
represents the shear modulus (26.9 GPa), b is the Burgers
vector (0.286 nm), &, is the lattice strain and c is the solute
concentration. The differences in atomic radii between solute
and solvent cause the lattice strain. For quantitative calcula-
tion, it has been assumed that Zn, Mg and Cu elements are
all dissolved into the matrix and the effects of different sol-
ute elements can be additive. The contributions to the yield
strength from Zn, Mg and Cu atoms are 2.9 MPa (wt.%™h,
18.6 MPa (wt.%~!) and 13.8 MPa (wt.%~ '), respectively
[18]. Therefore, Ao is estimated to be ~74.2 MPa.

The precipitations interacting with dislocations hinder their
motion, leading to an increase of the strength of the compos-
ites. The precipitation strengthening can be give (2)

0.4Gb In(2r/b)

FAVA ) ﬂp @

Ao, =M

F=q/= 3)

where v is the Poisson ratio (0.33), r denotes the average
circular cross-sectional radius of the spherical precipitate, r
and 4, represent the average radius and spacing of the pre-
cipitations, respectively. According to TEM result of the
precipitation and early study [18], the values of r and 4,
are 16 nm and 35 nm, respectively. So, Ao, is estimated
to be ~93.1 MPa.

It can be seen that the difference between experimental
and theoretical values for Ac is small, because Zn Mg and
Cu elements are not all in solid solution in the T6-treated
condition due to forming the precipitates at the grain bound-
aries. While the difference between experimental and theo-
retical values for Ao, is large, due to a significant reduction
and an uneven distribution of the precipitations caused by
the introduction of CNTs.

4 Conclusions

1. TiO,@CNTs/7075 Al composites at 18 h reach peak value
with the hardness of 171.1 HV, while 7075Al alloy at 24 h
reaches the peak value with the hardness of 152.3 HV, dur-
ing the aging heat treatment process. It suggests that CNTs
accelerate the precipitation process of the TiO, @CNTs/7075
Al composites, due to the formation of dislocations caused
by CNTs.

2. The strength and hardness of the TiO,@CNTs/7075
Al composites exhibit a significant improvement under
solution heat treatment, where the hardness, yield strength
and ultimate tensile strength are increased from 126.0
HV, 201.2 MPa and 261.7 MPa to 163.8 HV, 262.4 MPa
and 338.1 MPa, respectively, compared to the as-cast
composites.

3. The weakening of the aging strengthening of the
TiO,@CNTs/7075 Al composites is observed, due to a sig-
nificant reduction and an uneven distribution of the precipi-
tations caused by the introduction of CNTs. Compared to
the solution-treated composites, the hardness, yield strength
and ultimate tensile strength of the T6-treated composites
are 171.1 HV, 298.9 MPa and 379.7 MPa, respectively, only
increasing by 7.3 HV, 36.5 MPa and 41.6 MPa, respectively.
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