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Two types of graphite nanoflakes (GNFs), GNFA for 30-100 lm in diameter and less than 100 nm in
thickness, and GNFB for 0.5-10 lm in diameter and less than 20 nm in thickness, were used to fabricate
GNF/6061Al matrix composites with GNF fractions ranging from 5 to 15 wt.% via spark plasma sintering
(SPS) at 610 �C under a load of 35 MPa. The effects of GNF size and content on microstructures and
properties of the composites were investigated. The results show that uniform mixing of GNFs in the 6061Al
powder was achieved through mechanical and ultrasonic stirring. When the GNFs were well dispersed, the
composites were dense. An interfacial zone of 15-18 nm in thickness was formed and composed of two
layers, a poorly crystalline layer and an amorphous layer. No Al4C3 was detected in the interfacial zone.
The relative densities, bending strengths, thermal conductivities (TCs), and coefficients of thermal
expansion (CTEs) (room temperature to 100 �C) of the 10 wt.% GNFA/6061Al matrix composites were
98.5%, 120 MPa, 155 W m21 K21 in the X–Y direction and 61 W m21 K21 in the Z direction, and
14.2 ppm K21 in the X–Y direction and 12.1 ppm K21 in the Z direction, respectively. Those of the 10 wt.%
GNFB/6061Al matrix composites were 97.8%, 70 MPa, 110 W m21 K21 in the X–Y direction and
90 W m21 K21 in the Z direction, and 15.4 ppm K21 in the X–Y direction and 14.7 ppm K21 in the Z
direction, respectively. The GNFB/6061Al matrix composites showed lower differences of TC and CTE
between the X–Y and Z directions. Therefore, the anisotropy of the microstructures and properties of the
composites in three dimensions were significantly reduced.
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1. Introduction

Miniaturization and high-density packaging of microelec-
tronics and power electronics bring new and notable challenges
to electronic packaging materials (Ref 1-4). To solve this
problem, carbon materials/Al matrix composites have been
proposed, which have been shown to possess tremendous
application potential in novel electronic packaging materials.
Many carbon materials, such as natural graphite flakes, carbon
nanotubes, carbon fibers, and graphene, have been successfully
used as reinforcements to manufacture Al matrix electronic
packaging composites of high thermal conductivities (TCs),
low coefficients of thermal expansion (CTEs), and accept-
able mechanical properties (Ref 5-10).

Generally, two-dimensional carbon materials among the
above-mentioned carbon reinforcements, e.g., natural graphite
flakes and graphene, are superior to one-dimensional carbon
materials, such as carbon nanotubes and carbon fibers, in
anisotropic reduction in the Al matrix composites, at least in the
X–Y direction (parallel to the in-plane graphite flake). However,
the anisotropy of Al matrix composites reinforced with large
natural graphite flakes remains significant. For example,
50 vol.% natural graphite flakes/Al matrix composites synthe-
sized via spark plasma sintering (SPS) show a low TC of
40 W m�1 K�1 in the Z direction (perpendicular to the in-plane
graphite flake), though it has an excellent TC in the X–Y
direction (Ref 5). The uniform dispersion of graphene in the Al
alloy matrix is still an insurmountable problem, although the
uniform dispersion of a small amount of graphene (< 1 wt.%)
in the Al alloy matrix seems possible using ultrasonic stirring
(Ref 7). However, for the purposes of improving TC and
reducing CTE of Al matrix electronic packaging composites
significantly, higher loadings of graphene are required. In this
situation, graphene aggregation in the composites is a difficult
challenge, and, therefore, the performances of the composites
are significantly reduced (Ref 11, 12). Accordingly, GNFs of a
size between natural graphite flakes and graphene are expected
to be more effective in improving the uniform distribution of
the reinforcements, and thereby, reducing the anisotropy of the
Al matrix composites (Ref 13).

C-Al is a binary reaction system where brittle, needle-like
Al4C3 has been frequently reported as the interfacial reaction
product in carbon materials/Al matrix composites fabricated via
normal sintering and infiltration processes, which has a
negative effect on the properties of the composites (Ref 9,
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10, 14). SPS technology has many advantages including low
sintering temperature, short holding time, and rapid heating and
cooling rates (Ref 15, 16). It can be used to achieve rapid
densification of GNF/Al matrix composites at low sintering
temperatures, with the intent that the formation of Al4C3 can be
effectively inhibited or even prevented, and further, the
microstructures and properties of the composites are improved.

In the current study, two types of GNFs of different sizes,
named GNFA and GNFB, were used as reinforcements to
produce 6061Al matrix composites. The sizes of them are both
at nanoscale, situated between those of the natural graphite
flakes and graphene. The GNF amount is no more than
15 wt.%, ensuring enough strength and TC of the composites
acting as electronic packaging materials. The GNFs were mixed
with 6061Al powder via ultrasonic and mechanical stirring, and
then, the GNF/6061Al powder mixtures were consolidated
using the SPS technique. The effects of GNF size and content
on the microstructures and mechanical and thermal properties
of the GNF/6061Al matrix composites were investigated in
detail. Moreover, the interfacial bonding characteristics of the
GNF/6061Al matrix composites were also clarified. This work
is believed to provide a useful reference for understanding the
performance of graphite flakes/Al matrix composites.

2. Experimental Procedure

Nitrogen atomized 6061Al alloy powder, manufactured by
Changsha Tianjiu Metal Co., Ltd., China, and two kinds of
GNFs, provided by Q-CARBON Carbon Material Co., Ltd.,
China, were used as raw materials to prepare the GNF/6061Al
matrix composites. As shown in Fig. 1(a) and (b), both GNFA
and GNFB are nearly disk-like in shape. The edge of each GNF
is slightly curled as a result of surface tension. GNFA was 30-
100 lm in diameter and less than 100 nm in thickness, and
GNFB was 0.5-10 lm in diameter and less than 20 nm in
thickness. The purities of the GNFs were both more than 99%.
The 6061Al powder has an average particle size (D50) of 15 lm
and an average chemical composition of 0.975 wt.% Mg,
0.59 wt.% Si, 0.092 wt.% Fe, 0.289 wt.% Cu, 0.08 wt.% Mn,
0.031 wt.% Zn, and Al the balance.

The GNFs were added at varying ratios of 5-15 wt.% to the
6061Al powder mixture and first dispersed in absolute ethanol
and ultrasonically treated for 60 min using a KQ-50E-type
ultrasonic disperser. After that, the 6061Al powder was placed
into the GNFs–ethanol suspension. The suspension was then
mechanically stirred for 8 h using a JJ-1-type precision

hydraulic stirrer, in tandem with ultrasonication. In the process
of mechanical and ultrasonic stirring, a viscous slurry was
gradually formed as ethanol volatilized. The slurry was then
dried at 60 �C for 3 h in a GZX-9023MBE-type electrothermal
blast drying box. Finally, the dried product was ground lightly
in an agate mortar to obtain the GNFs and 6061Al powder
mixture.

The powder mixture was filled into a graphite mold and
isolated from the upper/lower pressure head of the graphite
mold with graphite paper. The assembled graphite mold was
placed in a LABOX-350-type discharge plasma sintering
furnace. The sintering temperature, holding time, and axial
load were fixed at 610 �C, 10 min, and 35 MPa, respectively.
The sample was consistently heated to the set temperature at a
rate of 100 �C min�1. After sintering, it was cooled in the SPS
chamber at an average cooling rate of 30 �C min�1 from the
sintering temperature to room temperature. The axial load was
removed simultaneously. A vacuum degree of 10 Pa in the SPS
chamber was maintained throughout the heating/cooling pro-
cess. Finally, the sample with a diameter of 30 mm and a
thickness of 6 mm was obtained.

The microstructures and fracture surfaces of the composites
were observed using an MR2000-type optical microscope and a
SU8020-type field emission scanning electron microscope
(SEM). Energy-dispersive spectroscopy (EDS) using an Oxford
INCA instrument was conducted to analyze the micro-area
composition. A thin plate of a thickness less than 50 lm was
taken from the 5 wt.% GNFA/6061Al matrix composite through
high-speed wire electrical discharge machining. After grinding
and polishing of the thin plate, a 3-mm-diameter disk was taken
from the plate sample. Finally, the disk was recessed to about
10 lm in thickness and continuously reduced till perforation,
using a Gatan-691-type ion thinner. A JEM-2100F-type field
emission high-resolution transmission microscope (HRTEM)
was then used to observe the interfacial morphologies of the
composites. A LabRAM HR Evolution-type high-resolution
Raman spectrometer was employed to analyze the carbon state
of the GNFs. An X�Pert PRO MPD-type x-ray diffractometer
(XRD) was used during phase analysis of the GNF/6061Al
matrix composites with Cu Ka radiation. The conditions were
as follows: tube voltage, 20 kV; current, 200 mA; scanning
rate, 3�/min; and scanning range, 10�-90�. The Archimedes�
method was used to measure the densities of the GNF/6061Al
matrix composites. The samples (50 mm 9 4 mm 9 3 mm)
were used in the bending strength test in accordance with the
Chinese national standard GB/T 6569-2006 (ISO 14704:2000)
‘‘Fine ceramics test method for flexural strength of monolithic
ceramics at room temperature.’’ The test was conducted using

Fig. 1 SEM images showing the morphologies of (a) GNFA and (b) GNFB
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an AG-X PLUS-type microcomputer control electronic univer-
sal testing machine with a testing span of 32 mm and a beam
displacement rate of 0.5 mm min�1. A LFA457-type laser
thermal conductivity meter was used to measure the coefficient
of thermal diffusion (a) of the composites using Ø6 mm 9 3
mm disk-like samples. The TC of the composites was
calculated as TC ¼ aqcp, where a is the coefficient of thermal
diffusivity (mm2 s�1), and q is the density (g cm�3) of the
composites. cp is the constant pressure heat capacity
(J g�1 K�1) of the composites, which was calculated via the
rule of mixtures (Ref 17), i.e., cp ¼ cmmm þ crmr, where cm
and cr are the constant heat capacities of 6061 Al and GNFs,
0.896 and 0.71 J g�1 K�1, respectively. Mm and mr refer to the
mass fractions of 6061Al and GNFs of the composites,
respectively, mm + mr = 1. Then, the cp values of the 5, 10,
and 15 wt.% GNF/6061 Al matrix composites were calculated
as 0.886, 0.877, and 0.868 J g�1 K�1, respectively. The CTEs
of the composite samples (10 mm 9 5 mm 9 3 mm) were
tested using a TMA402F3-type thermal mechanical analyzer
with a test temperature ranging from room temperature to
500 �C at a heating rate of 5 �C min�1. The test was protected
in a N2 atmosphere at a flow rate of 20 mL min�1.

3. Results and Discussion

3.1 Powder Characteristics

The 6061Al particles are mostly spherical and spheroidal
(Fig. 2). After mechanical and ultrasonic stirring, the morphol-
ogy of GNFA in the GNFA/6061Al powder mixture was
unchanged. The GNFA is randomly distributed in the 6061Al
powder due to its larger size and smaller amount than the GNFB
(Fig. 2a). The GNFB in the GNFB/6061Al powder mixture has a
smaller size than the 6061Al powder, where portions of it were
fragmented and aggregated during the mixing process (Fig. 2b).

As shown in Fig. 3, two peaks at 1350 and 1580 cm�1 in
the Raman spectra are assigned to the characteristic D and G
bands of the GNFs, respectively. The G band corresponds to the
sp2-bonded graphitic carbon, while the D band is related to the
structural defects including boundary vacancies, impurities, and
voids (Ref 18, 19). The intensity ratio of the D band to the G
band (ID/IG) can be employed to evaluate the defect densities of
the GNFs. It is 0.2 (145.9/728.5) for the GNFA and 0.23 (268.5/
1138.4) for the GNFB, respectively, meaning that the GNFA has
a higher degree of graphitization, and thus a higher thermal
conductivity, compared with the GNFB.

3.2 Microstructural Analyses

As shown in Fig. 4, the light gray zone is the 6061Al matrix
and the black areas are GNFs. In the 10 wt.% GNFA/6061Al
matrix composites, most of the GNFA is not in a distributed
state (Fig. 4a). Since the 6061Al powder is approximately
spherical, the GNFA does not have specific orientation in the
GNFA/6061Al powder mixture. However, in the SPS process,
the sample is greatly compressed in the axial direction under a
large axial load (35 MPa). Significant displacement of the Al
alloy particles and GNFs occurs in three dimensions, accom-
panying detectable plastic deformation of the 6061Al particles.
It results in the deflection of the GNFA, which is preferentially
distributed in the X–Y direction. However, a portion of GNFA
has no apparent preferential orientation because it is curved and
subjected to the extrusion of 6061Al particles shown in
previous studies (Ref 20). Owing to the smaller size of GNFB
compared to GNFA, the GNFB in the 10 wt.% GNFB/6061Al
matrix composites is prone to agglomerate as it is much smaller
than the 6061Al powder in size (Ref 21). However, the
uniformity and dispersion of the GNFB in the composite are
promoted (Fig. 4b). The GNFB distributes uniformly at the
6061Al grain boundaries, so the 6061Al matrix is severely
separated. As a result, the atomic diffusion in the 6061Al
matrix is dramatically inhibited in the SPS process of the
composite. Thereby, the cross-sectional image of the 6061Al
matrix is similar to the original 6061A powder, as shown in
Fig. 4(b). Full densification of the 6061Al matrix in the
composite is challenging (Ref 22).

As shown in Fig. 5(a) and (c), the 6061Al matrix of the 10
wt.% GNFA/6061Al composite is dense and shows a dimple
aggregated ductile fracture mode. The GNFA in the composite
exists in two states: (1) The GNFA lies on the fracture surface of
the composite. As the composite fractures, the main fracture
crack extends between the basal planes of the GNFA. Two basal
planes of the GNFA are connected by p-bonding, which has an
extremely low bonding strength (Ref 23). In the fracture of the
composite, the fracture energy assimilated by the GNFA is very
low. (2) The basal plane of the GNFA is perpendicular to the
fracture surface of the composite, showing that the GNFA
particles were torn or pulled out in the X–Y direction in the
fracture process of the composite. This phenomenon is due to
r-bonding in the basal plane of the GNFA, which has a high
bonding strength (Ref 23). Hence, tearing of the GNFA
consumes a large amount of energy, which greatly increases
the main crack propagation resistance in the composite.
Moreover, the difference of the plastic deformation ability of
the GNFA and that of the 6061Al matrix is so large that the
GNFA/6061Al interface of the composite is easily debonded

Fig. 2 SEM images of the morphologies of the 10 wt.% GNF/6061Al powder mixtures (a) GNFA/6061Al and (b) GNFB/6061Al
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under an applied load (Ref 24), resulting in deep secondary
cracks formed at the interface in the fracture process of the
composite (Fig. 5c).

As mentioned above, the fine GNFB is semi-continuously
distributed in the 10 wt.% GNFB/6061Al composite, which
separates the 6061Al matrix and prohibits Al atomic diffusion.

Fig. 3 Raman spectra of the GNFs (a) GNFA and (b) GNFB

Fig. 4 Optical microscopy cross-sectional images of the 10 wt.% GNF/6061Al matrix composites (a) GNFA/6061Al and (b) GNFB/6061Al

Fig. 5 SEM images showing bending fracture surfaces of the 10 wt.% GNF/6061Al matrix composites (a) GNFA/6061Al; (b) GNFB/6061Al;
and (c, d) high-magnification images of (a) and (b), respectively
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Also, the density of the composite is low, as indicated by small
spherical pores in the 6061Al matrix (Fig. 5d). As a result,
brittle fracture of the 6061Al alloy matrix of the composite is
dominant (Fig. 5b). Meanwhile, owing to the inhomogeneous
deformation between the GNFB and the Al alloy matrix, the
GNFB/6061Al interface is also debonded (Fig. 5d).

3.3 Interfacial Studies

As shown in Fig. 6(a), the GNFA/6061Al interface in the
10 wt.% GNFA/6061Al matrix composite is tight without any
pores, and the interdiffusion of Al and C across the interface is
not apparent in the SPS process. Similarly, in the 10 wt.%
GNFB/6061Al matrix composite, there is no obvious elemental
interdiffusion at the GNFB/6061Al interface. However, the
interface is not close-knit, where couples of pores were found at
the interface, as shown by the arrow in Fig. 6(b).

To specify the interfacial structure of the GNF/6061Al
matrix composites and determine the presence of Al4C3 at the
GNF/6061Al interface, the composites were further character-
ized by XRD and HRTEM, respectively. As shown in Fig. 7,
only the graphite and Al diffraction peaks appear in the XRD
patterns of the 10 wt.% GNFA/6061Al and 10 wt.% GNFB/
6061Al matrix composites. Even the strongest diffraction peaks
of Al4C3 (101), (012), and (107) planes, located at 2h = 30.5�-
33.0� and 39.5�-41.0� (Ref 25), are indiscernible in Fig. 7. It
was concluded that no Al4C3 phase was formed, or the amount
of the Al4C3 phase was so small that it could not be detected by
XRD in the GNF/6061Al matrix composites fabricated in the
low-temperature, rapid sintering process of SPS.

Using the 5 wt.% GNFA/6061Al matrix composite as an
example, the GNF/6061Al interfacial structure was clarified by
HRTEM (Fig. 8). An irregular black line in Fig. 8(a) refers to a
6061Al grain boundary, which is composed of high-density
dislocations (Ref 26). In Fig. 8(a), the GNFA/6061Al interfacial

zone can be clearly identified. The GNFA contacts with the
6061Al matrix tightly, where no interfacial pores or needle-like
Al4C3 reaction products were observed (Ref 27). Figure 8(b)
further confirms an interfacial transition zone 15-18 nm thick
existed at the GNFA/6061Al interface. The atomic planes of the
interfacial transition zone are indistinguishable. The selected
area electron diffraction (SAED) spectrum of the GNFA/6061Al
interface zone is shown in Fig. 8(c). There are two different
diffraction patterns in the spectrum, i.e., the central diffuse ring
of graphite and the diffraction spots of Al. It provides evidence
of an amorphous phase in the interfacial zone. According to Ref
25 and 28, the interfacial transition zone may consist of two

Fig. 6 SEM images and EDS elemental linear scanning curves across the GNF/6061Al interfaces of the 10 wt.% GNF/6061Al matrix
composites (a) GNFA/6061Al and (b) GNFB/6061Al

Fig. 7 XRD patterns of the 10 wt.% GNF/6061Al matrix
composites (a) GNFA/6061Al and (b) GNFB/6061Al
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layers, i.e., a poorly crystalline layer close to the 6061Al matrix
and an amorphous layer adjacent to the GNFA. By means of the
interfacial transition zone, the GNFA is closely contacted with
the 6061Al matrix. In contrast, due to the presence of the
amorphous layer, the interfacial thermal resistance of the
composites increases, which has a negative effect on the TCs of
the GNF/6061Al matrix composites.

The Al4C3 phase is primarily generated at the carbon/Al
interface at conditions of high sintering temperature and long
duration at high temperature (Ref 29). If the sintering
temperature and holding time of the composites are decreased,
the formation of the Al4C3 phase can be effectively inhibited or
even prevented (Ref 30, 31). In this work, the SPS technique
was employed to fabricate GNF/6061Al matrix composites at
low temperature of 610 �C for a short holding time of 10 min.
The heating/cooling rates were relatively high, 100 and 30 �C
min�1, respectively. The sintering temperature was about 30 �C
lower, and the holding time was 50 min shorter than those of
the graphite/Al matrix composites fabricated via hot pressing
(Ref 32). One of the benefits of the SPS process for GNF/
6061Al matrix composites is that the formation of the Al4C3

phase is inhibited. Similarly, with the low-temperature, rapid
sintering of the SPS technology, the interfacial transition zone
of the 5 wt.% GNFA/6061Al matrix composites is thinner than
that of the graphite/Al matrix composites (40-50 nm in
thickness) fabricated by the infiltration method (Ref 25).

In summary, the microstructures and interfacial structures of
GNF/6061Al matrix composites are significantly improved via
the SPS technique. Comparatively, the GNFA/6061Al matrix
composites have better microstructures than the GNFB/6061Al
matrix composites, as shown in Fig. 4-6.

3.4 Relative Density and Bending Strength

The relative densities of the two GNF/6061Al matrix
composites are lower than that of the as-sintered 6061Al
(99.1%) and continuously decrease with increasing GNF
fraction from 5 to 15 wt.%; however, they are always greater
than 97% (Fig. 9). In contrast, the relative density of the
5 wt.% GNF/Al composite fabricated via pressureless sintering

is only about 73% (Ref 9). Therefore, the SPS technique is
shown to be very effective in achieving rapid densification of
the GNF/Al matrix composites. In addition, the relative
densities of the GNFA/6061Al matrix composites are higher
than those of the GNFB/6061Al matrix composites at the same
GNF fraction. This result is consistent with the microstructures
of the composites shown in Fig. 4-6. Similarly, the bending
strengths of the GNF/6061Al matrix composites are also lower
than that of the as-sintered 6061Al (310 MPa) and steadily
decrease with increasing GNF fraction. Meanwhile, the GNFA/
6061Al matrix composites show higher bending strengths than
the GNFB/6061Al composites of the same GNF fraction (Fig. 9
and 10), which is related to higher relative densities and better
microstructures of the former. It is worth noting that even
though the GNF fraction is as high as 15 wt.%, the GNFA/6061
Al matrix composites show a bending strength greater than
100 MPa, which is much stronger than the 15 wt.% graphite
flakes/2014Al composite fabricated using the in situ powder
metallurgy technique (23 MPa) (Ref 33). Moreover, at least

Fig. 8 (HR)TEM images and SAED patterns of the 5 wt.% GNFA/6061Al matrix composite (a) TEM bright-field image; (b) HRTEM image of
the circular area in (a); and (c) SAED spectrum of the interfacial zone

Fig. 9 Plots of relative densities and bending strengths of the GNF/
6061Al matrix composites vs. GNF fraction
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30 MPa bending strength is required for undamaged packaging
of semiconductor components and devices during installation
and transport (Ref 34). The bending strengths of all GNF/
6061Al matrix composites developed in this study meet this
standard.

3.5 Thermal Conductivity

The TCs of the GNF/6061Al matrix composites in the X–Y
and Z directions decrease monotonically with increasing GNF
fraction (Fig. 11), and most of them are less than that of the as-
sintered 6061Al alloy (163.6 W m�1 K�1), primarily due to
poor microstructures and interfacial states of the composites
with higher GNF fraction. The TCs of the 5 wt.% GNFA/
6061Al matrix composite in the X–Y and Z directions are 170
and 70 W m�1 K�1, respectively. There is a difference of about
100 W m�1 K�1, the largest one of all GNF/6061Al matrix
composites in this study (Fig. 11). As reported by Oddone
et al., the 50 vol.% (40 wt.%) graphite flakes (500 lm 9 10
lm in size)/Al matrix composite showed a TC up to

370 W m�1 K�1 in the X–Y direction, but a TC as low as
40 W m�1 K�1 in the Z direction. The difference is more than
300 W m�1 K�1, indicating remarkable anisotropy of the
composite (Ref 5). With respect to TC, the anisotropies of
the GNF/6061Al matrix composites are significantly reduced
by choosing smaller-sized GNFs. As shown in Fig. 11, the
GNFB/6061Al matrix composites have higher TCs in the Z
direction than the GNFA/6061Al matrix composites of the same
GNF fraction, although the TCs in the X–Y direction of the
former are lower. The TC difference is as low as
15 W m�1 K�1 in the 15 wt.% GNFB/6061Al matrix compos-
ite, the smallest one of all GNF/6061Al matrix composites
(Fig. 11). The significant reduction in anisotropy of the GNFB/
6061Al matrix composites is attributed to the low distribution
orientation of the GNFB in the composites. It was concluded
that a reduction in GNFs size resulted in a reduction in the TC
difference in the X–Y and Z directions of the GNF/6061Al
matrix composites, generating composites with high TCs in
three dimensions.

The TCs of the GNF/6061Al matrix composites can be
predicted via a modified Maxwell model (Ref 35):

Kc ¼ Km
Kr þ ðn� 1ÞKm þ ðn� 1ÞV Kr � Kmð Þ

Kr þ ðn� 1ÞKm � V ðKr � KmÞ
ðEq 1Þ

where Kc, Km, and Kr are the TCs of the composites, the
6061Al matrix (163.6 W m�1 K�1), and the GNFA and GNFB
(600 and 500 W m�1 K�1 in the X–Y direction estimated by
the XRD results in Fig. 7 in accordance with Ref 36 and 37 and
15 W m�1 K�1 in the Z direction (Ref 38), respectively. V is
the volume fraction of the reinforcements, and n is the shape
factor of the reinforcements, where n ¼ 3=w; and w is the
degree of sphericity of the reinforcements. Regarding the GNFs
as cylinders of a very small thickness, the degree of sphericity

of the GNFs, w¼
ffiffiffiffiffiffiffiffiffiffi

9RH2
2ð Þ3

p

RþH , where R and H are the average radius
and thickness of the GNFs, they are 30 and 0.1 lm for GNFA,
and 2.5 and 0.02 lm for GNFB, respectively. So, the w values
of GNFA and GNFB were calculated as 27.23 and 45.46,
respectively, and thus, the n values of GNFA and GNFB were
obtained. Finally, the relationships between Kc of the GNF/
6061Al matrix composites and the GNF fraction were deduced
in accordance with Eq 1, as shown in Fig. 11. The TCs of the
GNF/6061Al matrix composites are always less than the model
predicted values, and the discrepancies increase as the GNF
fraction of the composite increases. The thermal resistance
increment results from the nonideal microstructures of the
composites, such as pores, aggregation of the GNFs, and the
GNF/6061 interfaces.

3.6 Coefficient of Thermal Expansion

As shown in Fig. 12, the CTE values (RT-100 �C) of two
GNF/6061Al matrix composites decrease monotonically as the
GNF fraction increases from 5 to 15 wt.% and always lower
than that of the as-sintered 6061Al alloy (19 ppm K�1).
Generally, the CTEs of composites depend on the character-
istics and contents of the phase components, the density,
interfacial state, and the residual stress inside the composite
(Ref 17). Overall, interfacial bonding is the key factor affecting
the thermal expansion properties of the GNF/6061Al compos-
ites. The interfacial bonding between the GNFA and the 6061Al
matrix is higher than that between the GNFB and the 6061Al
matrix, so the GNFA has a higher inhibitory effect on the

Fig. 10 Load–displacement curves of 5 wt.% GNF/6061Al matrix
composites via three-point bending tests

Fig. 11 Tested (solid lines) and model predicted (dotted lines) TCs
of GNF/6061Al matrix composites with respect to GNF fraction
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thermal expansion of the 6061Al matrix than the GNFB (Ref
39). As a result, the CTEs of the GNFA/6061Al matrix
composites in both the X–Y direction and the Z direction are
lower than those of the GNFB/6061 Al matrix composites of the
same GNF fraction.

Since the CTE of the graphite flake in the X–Y direction
(� 1 ppm K�1) is much less than that in the Z direction
(28 ppm K�1) (Ref 40), it is assumed that the CTEs of the
GNF/6061Al matrix composites in the Z direction will be
significantly higher than those of the composites in the X–Y
direction. However, the experimental result in this work shows
an opposing trend. The CTEs of the GNF/6061Al matrix
composites in the Z direction are lower than those of the
composites in the X–Y direction. Similar phenomena were
found in the graphite flakes reinforced 7075 Al, Mg-0.9 Ca, and
Cu matrix composites prepared by SPS (Ref 5, 40). Firkowska
et al. (Ref 41) have developed a model concerning the
mechanical and thermal interactions between the graphite
flakes and metal matrix based on elastic theory and the
sandwich structure characteristics of the composites. In the
50 vol.% graphite flakes/Cu matrix composite, the CTE of the
graphite flakes in the Z direction predicted by the model is
� 26 ppm K�1, which is much lower than that of the graphite
flakes in the X–Y direction. It also presents a satisfactory
explanation for the experimental results in Fig. 12.

Generally, the Turner model is used to predict the CTE of
composites undergoing uniform hydrostatic stress (Ref 42):

ac ¼
amð1� V ÞKm þ arVKr

ð1� V ÞKm þ VKr
ðEq 2Þ

where a and V are the CTE and the volume fraction of the
reinforcements. K is the bulk modulus, K ¼ E

3ð1�2tÞ, where E

and v are the Young�s modulus and the Poisson ratio. The
subscripts c, m, and p are the composites, the 6061Al matrix,
and the reinforcements, respectively.

In the Kerner model, both the normal and shear stresses are
taken into account (Ref 43):

ac ¼ amð1� V Þ þ arV þ ð1� V ÞV ðar � amÞ
� Kr � Km

ð1� V ÞKm þ VKr þ 3ðKmKr=4GmÞ
ðEq 3Þ

where G is the shear modulus, G ¼ E
2ð1þtÞ. The values of the

parameters used above for the Turner and Kerner model
calculations are listed in Table 1.

Accordingly, the relationships between the CTEs of the
GNF/6061Al matrix composites and the GNF fraction were
deduced in accordance with Eq 2 and 3, as shown in Fig. 12.
The CTEs of the GNF/6061Al matrix composites are closer to
the results predicted by the Kerner model, but in a low level in
both X–Y and Z directions. It is primarily because the flake
graphite particles, instead of the spherical ones, are used as the
reinforcements in the composites, which exert a more intensive
restraining effect on the thermal expansion of the composites
than the spherical ones (Ref 46). Moreover, the pores in the
GNF/6061Al matrix composites also play a role in restraining
the thermal expansion of the composites.

Compared with other graphite flakes/Al matrix composites
of comparable graphitic flake fractions, the 5 wt.% (6 vol.%)
GNF/6061Al matrix composites in this work have lower CTEs
in both the X–Y and Z directions (Table 1). In Ref 31 and 33,
the large natural graphite flakes were employed to produce the
graphite flakes/Al matrix composites, where the inhibitory
effect of GNFs on the thermal expansion of the Al matrix in
three dimensions is lessened. In this study, the GNF/6061Al
matrix composites were developed using small and thin GNFs.
The CTEs of these composites are significantly less,
attributable to the excellent microstructures and interfacial
bonding states of the composites (Table 2).

4. Conclusions

(1) In terms of ultrasonic and mechanical stirring, uniform
dispersion and mixing of GNFs in 6061Al powder were
achieved. After SPS at 610 �C for 10 min at a load of
35 MPa, the GNFA/6061Al matrix composites were
dense. The GNFA in the composites is preferentially dis-
tributed in the X–Y direction. However, the GNFB in the
GNFB/6061Al matrix composites tends to isotropically
distribute. The GNFB is distributed uniformly along the
6061Al grain boundaries, which strongly discourages
sintering densification of the GNFB/6061Al matrix com-
posites.

(2) In the GNFA/6061Al matrix composites, the GNFA
shows strong bonding with the 6061Al alloy matrix. Un-
der an applied load, the fracture of the Al alloy is a
dimple aggregation ductile fracture mode, where the gra-

Fig. 12 Tested (solid lines) and model predicted (dotted lines)
CTEs of GNF/6061Al matrix composites vs. GNF fraction

Table 1 Physical properties of 6061Al and GNFs
employed in CTE calculations via the Kerner and Turner
models (Ref 41, 44, 45)

a, ppm K21 E, GPa m K, GPa G, GPa

6061Al 19 (this work) 70 0.33 68.55 26.6
GNFs (X–Y) � 1 1020 0.16 500 440
GNFs (Z) � 26 38.5 0.012 13.1 19
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phite flakes are torn and/or pulled out from the Al alloy
matrix. In the GNFB/6061Al matrix composites, the
6061Al matrix is not dense, and the GNFB/6061Al inter-
facial bonding is weak. Under an applied load, the frac-
ture of the Al alloy is in brittle fracture mode,
accompanied by debonding of the GNFB from the
6061Al matrix.

(3) 15-18-nm-thickness interfacial transition zones exist in
the 5 wt.% GNFA/6061Al matrix composites, which are
composed of a poorly crystalline layer close to the
6061Al matrix and an amorphous layer adjacent to the
GNFA. No Al4C3 is generated in the transition zone. In
terms of the interfacial transition zone, strong interfacial
bonding was generated between the GNFA and the
6061Al matrix.

4. The relative densities, bending strengths, TCs, and CTEs
of two types of the GNF/6061Al matrix composites de-
crease with increasing GNF fraction. The GNFA/6061Al
matrix composites show higher densities, strengths, and
TCs in the X–Y direction, and lower CTEs compared to
the GNFB/6061Al matrix composites. In contrast, the
GNFB/6061Al matrix composites show higher TCs in the
Z direction and lower TC and CTE differences in the X–
Y and Z directions. The anisotropy of the microstructures
and properties of the GNF/6061Al (GNFA or GNFB) ma-
trix composites in three dimensions are significantly re-
duced by decreasing the GNF size.
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