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Abstract: 30–50 wt.% graphite nanoflakes (GNFs)/6061Al matrix composites were fabricated via spark plasma 
sintering (SPS) at 610 °C. The effects of the sintering pressure and GNF content on the microstructure and properties of 
the composites were investigated. The results indicated that interfacial reactions were inhibited during SPS because no 
Al4C3 was detected. Moreover, the agglomeration of the GNFs increased, and the distribution orientation of the GNFs 
decreased with increasing the GNF content. The relative density, bending strength, and coefficient of thermal expansion 
(CTE) of the composites decreased, while the thermal conductivity (TC) in the X−Y direction increased. As the sintering 
pressure increased, the GNFs deagglomerated and were distributed preferentially in the X−Y direction, which increased 
the relative density, bending strength and TC, and decreased the CTE of the composites. The 50wt.%GNFs/6061Al 
matrix composite sintered at 610 °C under 55 MPa demonstrated the best performance, i.e., bending strength of 72 MPa, 
TC and CTE (RT−100 °C) of 254 W/(mꞏK) and 8.5×10−6 K−1 in the X−Y direction, and 55 W/(mꞏK) and 9.7×10−6 K−1 
in the Z direction, respectively. 
Key words: electronic packaging composite; spark plasma sintering (SPS); 6061Al alloy; graphite nanoflake (GNF); 
microstructure; thermal property; mechanical property 
                                                                                                             

 

 

1 Introduction 
 

Miniaturization and high-density packaging of 
microelectronics and power electronic devices 
require high-performance electronic packaging 
materials [1]. Carbon materials/Al matrix 
composites with high thermal conductivities (TCs) 
and low thermal expansion have been developed as 
novel electronic packaging materials. Examples of 
these materials include Al and Al alloy composites 
reinforced by the natural graphite plates (NGPs), 
carbon nanotubes (CNTs), carbon fibers, graphene, 

and diamond [2,3]. However, the fabrication and 
application of these carbon materials/Al matrix 
composites still face many challenges. A brittle 
interfacial phase (Al4C3) may form at high 
temperatures because C−Al is a binary reaction 
system. The formation of this phase has negative 
influences on the microstructure and properties of 
the composites [4]. Although the formation of Al4C3 
can be effectively inhibited by wrapping the carbon 
reinforcements by Ag, Cu, and Ni films [5,6], this 
process is complicated. 

Compared with the one-dimensional carbon 
materials, e.g., CNTs and carbon fibers, the two- 
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dimensional carbon materials such as NGPs and 
graphene are superior for reducing the anisotropic 
structures and properties in composites. However, 
NGPs/Al matrix composites still have low strengths 
and considerably anisotropic TCs and coefficients 
of thermal expansion (CTEs) due to the dramatic 
segmentation of large NGPs from Al matrix [7,8]. 
For example, 50wt.%NGPs/Al matrix composites 
prepared via SPS have a TC of 375 W/(mꞏK) in the 
direction parallel to the graphite basal plane (the 
X−Y direction), whereas their TC in the direction 
perpendicular to the graphite basal plane (Z 
direction) is as low as 40 W/(mꞏK) [9]. Although a 
small amount of graphene (<1 wt.%) can be 
uniformly distributed in the metal matrix by 
ultrasonic stirring [10], ball milling [11], and 
electrostatic adsorption [12], graphene undergoes 
severe agglomeration at high fractions [13]. This 
problem limits the development and application of 
the graphene/metal matrix composites used as the 
electronic packaging materials [14]. 

CHEN et al [15] and NIE et al [16] have 
achieved good results in obtaining uniformly- 
dispersed reinforcements. 5−15wt.%GNFs/6061Al 
matrix composites fabricated by spark plasma 
sintering (SPS) showed satisfactory mechanical and 
thermal properties, and the anisotropies of TCs and 
CTEs of the composites were greatly reduced [15]. 
As an example, the relative density and bending 
strength of a 10wt.%GNFs/6061Al matrix composite 
were 98.5% and 120 MPa, respectively. Meanwhile, 
the TCs and CTEs (RT−100 °C) of the composite 
were 155 W/(mꞏK) and 14.2×10−6 K−1 in the X−Y 
direction, and 61 W/(mꞏK) and 12.1×10−6 K−1 in the 
Z direction; however, the TC of composites is not 
high enough. As reported by ESMATI et al [17], the 
TC/CTE of the graphite/6061Al matrix composites 
can be further increased/reduced with increasing the 
graphite fraction of the composites, because the 
composites have a high relative density and an 
excellent microstructure. 

As for the SPS process, extra Joule heat can be 
used to rapidly heat the interior of sintered bodies, 
and the heating rate can reach 400 °C/min, which 
allows sintered bodies to be densified quickly [18]. 
In addition, the sintering pressure is a vital factor 
for improving the microstructure and properties of 
composites [19]. In this work, 30−50wt.%GNFs/ 
6061Al matrix composites were fabricated via SPS 
process. The effects of the sintering pressure and 

the GNF fraction on the microstructure, mechanical 
properties, and thermal properties of the high- 
fraction GNFs/6061Al matrix composites were 
systematically investigated. The TC and CTE of the 
composites meet the installation requirement of 
electronic devices (≥30 MPa) [20]. 
 
2 Experimental 
 
2.1 Raw materials 

Nitrogen atomized 6061Al alloy powder 
(average diameter: 15 μm) provided by Tianjiu 
Metal Co., Ltd., Changsha, China, and GNFs (purity 
99 wt.%, average diameter 80 μm and thickness less 
than 100 nm) supplied by Q-CARBON Carbon 
Materials Co., Ltd., Shanghai, China, were used as 
raw materials to prepare the GNFs/6061Al matrix 
composites. The spherical or quasi-spherical 
6061Al alloy powders have a 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 balance. The characteristics of the 6061Al alloy 
powders and the GNFs are available in Ref. [15]. 
 
2.2 Processing 

The GNFs varying from 30 to 50 wt.% were 
first dispersed in the absolute ethanol and then 
ultrasonically stirred for 60 min. After that, 6061Al 
powders were placed into the GNFs−ethanol 
suspension and mechanically stirred for 8 h with 
ultrasonic stirring. A viscous slurry gradually 
formed, and it was dried at 60 °C for 3 h. Finally, 
the dried product was ground lightly in an agate 
mortar to obtain the GNFs/6061Al powder mixture. 

The powder mixtures with GNF fractions of  
30, 40, and 50 wt.% were filled into a graphite mold 
and then sintered through SPS process at 610 °C for 
10 min under pressures of 35, 45, and 55 MPa. The 
maximum loading of 55 MPa was limited by the 
strength of the graphite die. The other parameters 
used in the SPS procedure were the same as those 
in our previous work [15]. 
 
2.3 Characterization 

The microstructures and fracture morphologies 
of the sintered specimens were investigated using 
an MR−3000 optical microscope (OM) and an 
SU8020 field emission scanning electron 
microscope (SEM). Energy-dispersive spectroscopy 
(EDS) was conducted using an Oxford INCA 
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instrument. The phases of the composites were 
detected through X-ray diffraction (XRD) with Cu 
Kα radiation. 

The density of the specimens was measured by 
the Archimedes’ method. The three-point bending 
strength was tested on an AG-X PLUS 
microcomputer-controlled electronic universal 
testing machine, and the specimen dimensions were 
50 mm × 4 mm × 3 mm with a span of 32 mm. The 
coefficient of thermal diffusivity (a) of the 
composites was tested on an LFA457 laser thermal 
conductivity meter. The TC (K) was then calculated 
as 
 
K=aρcp                                                  (1) 
 
where ρ is the density of the composites, and cp is 
the constant pressure heat capacity of the 
composites calculated by the rule of mixtures [21]: 
 
cp=cmmm+crmr                                  (2) 
 
where cm and cr are the constant heat capacities of 
6061Al and GNFs, which were 0.896 and 
0.71 J/(gꞏK), respectively; mm and mr refer to the 
mass fractions of 6061Al and GNFs in the 
composites. The CTEs of the composites (10 mm × 
5 mm × 3 mm) were measured by a TMA402F3 
thermal mechanical analyzer with a test temperature 
ranging from RT to 500 °C at a heating rate of 
5 °C/min. 
 
3 Results and discussion 
 
3.1 Sintering pressure 
3.1.1 Microstructures 

Figure 1 illustrates the microstructures of the 
30wt.%GNFs/6061Al matrix composite sintered at 
610 °C under different pressures. The gray zones 
are the 6061Al alloy matrix, and the black zones are 
mostly the GNFs, besides very few pores. The 
composites were compressed axially with a large 
displacement. The GNFs deflect accordingly along 
with the plastic deformation of the 6061Al alloys 
and were preferentially distributed in the X−Y 
direction, as shown by the ellipse in Fig. 1(a). The 
agglomeration of the GNFs was observed due to the 
high GNF fraction in the composites, as shown in 
the box in Fig. 1(a). The agglomeration of the 
GNFs was the severest, and the greatest number of 
pores was obtained in the composite sintered under 
35 MPa (Fig. 1(a)). Moreover, discontinuously- 
distributed spherical aluminum alloy particles were 

 

 

Fig. 1 OM images of 30wt.%GNFs/6061Al matrix 

composites sintered under 35 MPa (a), 45 MPa (b) and 

55 MPa (c) 
 
observed, indicating poor sintering densification of 
the composites [22]. With increasing the sintering 
pressure, the relative density of the composites, and 
the orientation degree of the GNFs increased, but 
the GNF agglomeration decreased (Figs. 1(b, c)). 
This was attributed to the tendency of GNFs to 
move axially and orient radially along the Al alloy 
matrix, resulting in the deagglomeration and 
preferential distribution of GNFs in the X−Y 
direction via an interlayer slipping mechanism. 
After significant plastic deformation, the Al alloy 
matrix originally wrapped or segmented by the 
GNFs was connected to form continuous long 
stripes, which appeared to improve the densification 
of the composites. 

Two states of the GNFs on the bending 
fracture surfaces of the 30wt.%GNFs/6061Al 
matrix composites are presented in Fig. 2(a). One is 
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Fig. 2 SEM images of 30wt.%GNFs/6061Al composites 

sintered under 35 MPa (a), 45 MPa (b) and 55 MPa (c) 

 
the GNFs tile on the fracture surfaces, where the 
fracture cracks extend along the GNF layers. The 
other is that the GNFs are perpendicular to the 
fracture surface, and thus they are torn or pulled out 
along the basal plane under the applied load. The 
carbon atoms between the two GNF layers were 
connected by extremely weak π-bonding, 
preventing the GNFs from dissipating the fracture 
energy. Conversely, the carbon atoms in the same 
GNF basal plane were connected by strong σ 
bonding [23]; therefore, the tearing of the GNFs 
across the basal plane must consume large amounts 
of energy. Moreover, incommensurable plastic 
deformation between the GNFs and the 6061Al 
alloy matrix led to the debonding of the 
GNF/6061Al interfaces [24], and the GNFs were 
completely pulled out from the matrix under the 
fracture stress to form severe deep flat secondary 
cracks perpendicular to the fracture surface. 

The Al alloy matrix in Fig. 2(a) was segmented 
by the GNFs. Both the densification and the plastic 
deformation of the Al alloy matrix were low at such 
a low sintering pressure. As the sintering pressure 
increased, the preferential orientation of the GNFs 
tended to be more distinct, and more GNFs were 
oriented perpendicularly to the fracture surface. The 
plastic fracture of the Al alloy matrix also indicates 
a high densification of composites (Figs. 2(b, c)). In 
addition, the GNFs in the composites experienced 
compressive stress, which improved the GNFs/Al 
alloy interfacial bonding strength. More GNFs torn 
across their basal plane appeared on the fracture 
surface, as shown by the arrows in Fig. 2(c). This 
huge energy absorption significantly improved the 
strength and toughness of the GNFs/6061Al matrix 
composites. 
3.1.2 Relative density and bending strength 

As shown in Fig. 3, the relative density and 
bending strength of the 30wt.%GNFs/6061Al 
matrix composites increased almost simultaneously 
with the sintering pressure. This indicated that the 
relative density was the key factor for improving 
the strength of the GNFs/6061Al matrix composites. 
First, the bridging effect between Al alloy particles 
was eliminated under a high sintering pressure, 
which was conducive to the pulse discharge and a 
steady-state current flow in the sintered bodies 
during SPS procedure [25]. Secondly, the 
compression yield strength of the 6061Al was 
55.2 MPa at RT, and it decreased as the temperature 
increased. Therefore, the Al alloy matrix underwent 
plastic deformation in the 30wt.%GNFs/6061Al 
matrix composites during sintering at 610 °C under 
 

 
Fig. 3 Changes in relative density and bending strength 

of 30wt.%GNFs/6061Al matrix composites with 

sintering pressure 
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pressures varying from 35 to 55 MPa. This is the 
same as Cu in the diamond/Cu matrix composites 
during SPS procedure [26]. In this way, the pores 
were further filled, which densified the composites. 
Finally, as mentioned in Section 3.1.1, the 
deagglomeration and orientation distribution in the 
X−Y direction of the GNFs were promoted. In 
summary, the continuously-distributed Al alloy 
matrix and the well-combined GNFs/Al alloy 
interface simultaneously increased the relative 
density and strength of the composites. 
3.1.3 Thermal conductivity and coefficient of 

thermal expansion 
As shown in Fig. 4, the TC/CTE of the 

30wt.%GNFs/6061Al matrix composites in the X−Y 
direction increased/decreased monotonically with 
the increase of the sintering pressure. The increased 
pressure improved the GNF/6061Al interfacial 
bonding, which led to better coupling between the 
electrons in the Al alloy and the phonons in the 
GNFs [8]. Furthermore, the increase in the relative 
density of the composites indicates a decrease in the 
porosity. As reported by WANG et al [27], taking 
the influence of the pores into account, the TC of 
the composites can be described as 
 
Kc-p=KcVc+KpVp                                     (3) 
 
where V is the volume fraction, and the subscripts 
c-p, c, and p refer to the composites with/without 
pores and the pores, respectively. The TC of air is 
only 0.026 W/(mꞏK), and hence fewer pores cause a 
lower thermal resistance; thus, the TC of the 
composites can be improved by reducing the pores 
as much as possible [28]. Besides, the well- 
combined GNF/6061Al interface also improves  
the ability of the GNFs to inhibit the thermal 
expansion of the 6061Al alloy matrix [29]. 
 

 
Fig. 4 TC and CTE of 30wt.%GNFs/6061Al matrix 
composites in X−Y direction with sintering pressure 

More importantly, the deagglomeration and 
preferential orientation of the GNFs caused an 
apparent increase/decrease in the TC/CTE of the 
composites in the X−Y direction, since the TC of the 
GNFs along the basal plane was extremely higher 
than that of the GNFs perpendicular to the basal 
plane, whereas the CTE of the composites 
displayed the opposite trend [30]. Thus, the 
preferentially-distributed GNFs had a greater 
impact on both improving the TC in the X−Y 
direction and reducing the thermal expansion     
of the 30wt.%GNFs/6061Al matrix composites. 
Compared with the 10wt.%GNFs/6061Al matrix 
composites subjected to SPS process (relative 
density: 98.5%, TC: 155 W/(mꞏK), CTE: 14.2× 
10−6 K−1 (RT−100 °C)) [15], the 30wt.%GNFs/ 
6061Al matrix composites in this work showed 
much higher TCs and lower CTEs. 

In summary, both the mechanical and thermal 
properties of the GNFs/6061Al matrix composites 
were improved by increasing the sintering pressure. 
Therefore, the largest sintering pressure (55 MPa) 
was used in subsequent studies to probe the effect 
of the GNF fraction on the microstructure and 
properties of the GNFs/6061Al matrix composites. 
 
3.2 GNF fraction 
3.2.1 Microstructures 

Microstructures of the GNFs/6061Al matrix 
composites with GNF fractions varying from 30 to 
50 wt.% fabricated by SPS process at 610 °C under 
55 MPa are shown in Figs. 1(c) and 5, respectively. 
With increasing the GNF fraction, severe 
aggregation of the GNFs was observed in the 
composites, and the Al alloy particles were 
distributed more discontinuously in the GNFs 
matrix. Besides, more micropores were present in 
the GNFs and at the GNF/6061Al interfaces, as 
shown by the arrows in Fig. 5(b). More detailed 
microstructural information is available in Ref. [15]. 
Accordingly, the relative densities of the 
composites decreased gradually. 

In the previous work, the interface 
characteristic of the 5wt.%GNFs/6061Al matrix 
composite fabricated by SPS process at 610 °C was 
investigated [15]. A 15−18 nm interfacial transition 
layer connected the GNFs and the 6061Al matrix 
tightly. No Al4C3 was observed at the GNF/6061Al 
interface. In this work, only diffraction peaks of 
graphite and Al in the 30−50wt.%GNFs/6061Al 
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matrix composites were detected by XRD (Fig. 6), 
and the three strongest diffraction peaks of Al4C3 
(101), (012), and (107) were not found in the 2θ 
range of 30.5°−41.0° [31]. Thus, it was concluded 
that no Al4C3 was formed, even in the high-fraction 
GNFs/6061Al matrix composites, because the 
interfacial reactions were prohibited in the 
composites. 
 

 

Fig. 5 OM images showing microstructures of 40 wt.% 

(a) and 50 wt.% (b) GNFs/6061Al matrix composites 

 

 

Fig. 6 XRD patterns of GNFs/6061Al matrix composites 

with different GNF fractions 

 
3.2.2 Relative density and bending strength 

As shown in Fig. 7, the relative densities and 
bending strengths of the GNFs/6061Al matrix 

composites decreased monotonically with 
increasing the GNF fraction. As the GNF fraction 
increased, the GNFs aggregated more severely 
(Fig. 1(c) and Fig. 5), and the pores were difficult to 
be welded or filled with the Al alloy [13]. On the 
other hand, the Al alloy matrix was separated by the 
GNFs to form more GNF/Al alloy interfaces and 
interfacial pores, which caused the relative densities 
to decrease. In this situation, microcracks in the 
composites preferentially propagated both in the 
GNF agglomerates and GNF/Al alloy interfaces due 
to the low microcrack propagation resistance. The 
bending strengths of the composites therefore 
considerably decreased. The 50wt.%GNFs/6061Al 
matrix composite showed a bending strength of 
72 MPa, which was much higher than that of the 
NGPs/2014Al matrix composites (23 MPa) [32]. 
Compared with other graphite flakes (GFs)/Al 
matrix composites with similar GF fractions, the 
GNFs/6061Al matrix composites have a higher 
bending strength (Table 1). Despite the different 
methods and conditions used to prepare these 
composites, the main results in this work 
demonstrated that the factors affecting the strength 
of the composites were mainly their relative density 
and microstructure. The orientation distribution of 
the GNFs and the segmentation of the Al alloy 
matrix by the GNFs were greatly reduced in the 
GNFs/6061Al matrix composites due to the much 
smaller diameter and thickness of the GNFs. As a 
result, the bending strengths of the composites 
considerably increased. 
 

 

Fig. 7 Relative density and bending strength of 

GNFs/6061Al matrix composites with different GNF 

fractions 
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Table 1 Bending strengths of GFs/Al matrix composites 
GF 

fraction/ 
wt.% 

GF 
diameter/ 

μm 

GF 
thickness/

μm 

Sintering 
condition 

Bending 
strength/

MPa 
Source

42 300 30 
HP, 

620 °C,  
50 MPa 

42 [33]

42 500 20 
HP, 

640 °C, 
 30 MPa 

35 [7]

42 500 30 
HP, 

620 °C,  
50 MPa 

39 [33]

52 150 — 
SPS, 

600 °C,  
50 MPa 

22 [34]

52 500 40 
HP, 

655 °C, 
 45 MPa 

29 [35]

52 500 — 
HP, 

648 °C,  
40 MPa 

41 [36]

40 80 0.1 
SPS, 

610 °C, 
 55 MPa 

78 
This 
work

50 80 0.1 
SPS, 

610 °C, 
 55 MPa 

73 
This 
work

HP: Hot pressing 

 

3.2.3 Thermal conductivity and coefficient of 
thermal expansion 

As shown in Fig. 8, with increasing the GNF 
fraction, the TCs of the GNFs/6061Al matrix 
composites in the X−Y direction increased, while 
those of the composites in the Z direction decreased 
slightly. Since the TC of the GNFs in the basal 
plane (600 W/(mꞏK)) [15] was much higher than 
that of the 6061Al alloy (163.6 W/(mꞏK), heat 
conduction in the composites along the X−Y 
direction was mainly implemented by the basal 
plane of the GNFs. Since the GNF fraction was 
higher than 30 wt.%, the GNFs in the composites 
tended to be continuous (Figs. 1(c) and 5);  
therefore, the TCs of the high-fraction GNFs/ 
6061Al matrix composites in the X−Y direction 
increased greatly. The continuously-distributed 
GNFs separated in the Al alloy matrix; thus, the 
contribution of the Al alloy matrix to the TCs of the 
composites in the Z direction gradually decreased. 
The TC of the composites in the Z direction mainly 
depended on that of the GNFs perpendicular to the 
basal plane (15 W/(mꞏK)) [37]. Therefore, the TCs 
in the Z direction were much lower than those in the 

X−Y direction in the high-fraction GNFs/6061Al 
matrix composites. As the GNF fraction increased 
from 30 to 50 wt.%, the TCs of the composites in 
the Z direction decreased slightly. Compared with 
the low-fraction GNFs/6061Al matrix composites, 
the high-fraction composites had much higher TCs 
in the X−Y direction and approximately equaled 
TCs in the Z direction. Thus, the composites 
generally exhibited a remarkable improvement in 
thermal conductivity. 
 

 

Fig. 8 Measured (solid lines) and model-predicted 

(dashed lines) TCs of GNFs/6061Al matrix composites 

as function of GNF fraction 

 
The TCs of the GNFs/6061Al matrix 

composites were predicted via a modified Maxwell 
model [38]: 

r m r m
c m

r m r m

( 1) ( 1) ( )

( 1) ( )

K n K n V K K
K K

K n K V K K

    


   
     (4) 

where Kc, Km, and Kr are the TCs of the composites, 
the 6061Al matrix, and the GNFs, respectively; n is 
the shape factor of the GNFs. All of them are 
available in Ref. [15]. As shown in Fig. 8, the 
measured (solid lines) TCs of the composites in 
both the X−Y and Z directions followed the same 
trend as the calculated ones (dashed lines) as the 
GNF fraction increased. However, the measured 
TCs were always low due to the high thermal 
resistance of the pores and the GNF/6061Al 
interfaces in the composites. 

The GNFs/6061Al matrix composites in this 
work possessed the highest TC in the Z direction 
and the smallest TC difference between the X−Y 
and Z directions (Table 2) among the GFs/Al 
composites. This confirmed that the GNFs with a 
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Table 2 TCs in X−Y and Z directions and their differences in GFs/Al matrix composites 

GF fraction/ 
wt.% 

GF diameter/ 
μm 

GF thickness/ 
μm 

Sintering 
condition 

TCX−Y/ 
(Wꞏm−1ꞏK−1)

TCZ/ 
(Wꞏm−1ꞏK−1) 

TC difference/
(Wꞏm−1ꞏK−1) 

Source

52 500 50 HP, 650 °C, 40 MPa 566 39 527 [39] 

50 450 − PI, 600 °C, 60 MPa 344 42 302 [40] 

52 270 − SC, 45 MPa 605 34 571 [8] 

52 150 − SC, 45 MPa 548 40 508 [8] 

40 80 0.1 SPS, 610 °C, 55 MPa 221 57 164 This work

50 80 0.1 SPS, 610 °C, 55 MPa 254 55 199 This work

PI: Pressure infiltration; SC: Squeeze casting 

 

small diameter and thickness greatly alleviated the 
anisotropy of the GNFs/6061Al matrix composites. 

As shown in Fig. 9, the CTEs (RT−100 °C) in 
the X−Y and Z directions of the GNFs/6061Al 
matrix composites decreased as the GNF fraction 
increased [41]. Once the GNF fraction reached 
50 wt.%, the CTEs of the composites in the X−Y 
and Z directions were 8.5 and 9.7×10−6 K−1, 
respectively. They are also much lower than those 
of the 10wt.%GNFs/6061Al matrix composites 
(14.2×10−6 and 12.1×10−6 K−1, respectively) [15]. In 
general, the high-fraction GNFs/6061Al matrix 
composites exhibited low CTEs in the two 
directions, similar to the CTEs of the chips and 
ceramic substrates used in electronic devices [40]. 
This should effectively eliminate the thermal stress 
and improve the durability and operational 
reliability of the electronic devices. 
 

 
Fig. 9 Measured (solid lines) and model-predicted 

(dashed lines) CTEs of GNFs/6061Al matrix composites 

as function of GNF fraction 

 

Here, TURNER and KERNER models [42,43] 
(Eqs. (5) and (6)) were used to predict the CTEs of 
the high-fraction GNFs/6061Al matrix composites: 

m m r r
c

m r

(1 )

(1 )

α V K α VK
α

V K VK

 


 
                  (5) 

c m r r m(1 ) (1 ) ( )α α V α V V V α α        

r m

m r m r m(1 ) 3 / (4 )

K K

V K VK K K G


  

        (6) 

where α is the CTE of the GNFs; K is the bulk 
modulus, K=E/[3(1−2v)]; G is the shear modulus, 
G=E/[2(1+v)]; E is the elastic modulus; v is Poisson 
ratio; the subscripts c, m, and r represent the 
composites, the 6061Al alloy, and the GNF 
reinforcements, respectively. All are available in 
Ref. [15]. The calculated CTEs of the high-fraction 
GNFs/6061Al matrix composites were 
superimposed in Fig. 9. The Kerner model is more 
suitable for predicting the CTEs of the composites 
because the Turner model only assumes a uniform 
static stress, as two phases in the composites 
deform harmoniously. Furthermore, shear stress 
also exists between the reinforcements and the 
matrix of the composites in the Kerner model. Thus, 
the Kerner model is more suitable for the 
high-fraction GNFs/6061Al matrix composites. 
Furthermore, the relative density has a great 
influence on the thermal expansion of the 
composites. Since the 30wt.%GNFs/6061Al matrix 
composite is nearly completely dense (99%), the 
tested CTE is very close to the value predicted by 
the Kerner model. As the GNF fraction increased, 
the relative densities of the composites gradually 
decreased, and the restraining effect of the GNFs on 
the thermal expansion of the Al alloy matrix 
became increasingly weaker. As a result, the 
deviation between the measured and predicted 
CTEs of the composites increased. 

A comparison of the CTEs of several GFs/Al 
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matrix composites of similar GF fractions is listed 
in Table 3. The 50wt.%GNFs/6061Al matrix 
composites have the lowest CTEs in both X−Y and 
Z directions, indicating the strongest restraint effect 
of the GNFs on thermal expansion of the Al alloy 
matrix. This is also attributed to the small diameter 
and thickness of the GNFs. 
 
Table 3 Comparison of CTEs of GFs/Al matrix 

composites 

GF 
fraction/ 

wt.% 

GF 
diameter/ 

μm 

GF 
thickness/

μm 

Sintering 
condition 

CTE/ 
10−6 K−1

Source
X−Y Z

52 550 20 
HP, 

640 °C,  
60 MPa 

12 13 [44]

52 500 50 
SPS, 

600 °C, 
 50 MPa 

9.7 − [39]

52 150 − 
SPS, 

600 °C,  
50 MPa 

12 − [34]

50 80 0.1 
SPS, 

610 °C,  
55 MPa 

8.5 9.7
This 
work

 

4 Conclusions 
 

(1) Low-temperature, rapid sintering of the 
30−50wt.%GNFs/6061Al matrix composites via 
SPS process were achieved, and the obtained 
composites have a high relative density and clean 
interface without any Al4C3 interfacial reaction 
product. 

(2) The preferential orientation of the GNFs in 
the X−Y direction became more apparent as the 
sintering pressure increased. The bending strength 
of the composites increased as the relative density 
increased. Moreover, as the GNF fraction increased, 
the GNFs aggregated, and the GNF/Al alloy 
interface degraded, which led to a decrease in the 
relative density and bending strength. 

(3) With increasing the GNF fraction and/or 
the sintering pressure, the TCs in the X−Y direction 
of the GNFs/6061Al matrix composites increased, 
while the CTEs of the composites decreased. These 
are in accordance with the results predicted by the 
modified Maxwell model and the Kerner model, 
respectively. 

(4) The bending strength of the 50wt.%GNFs/ 

6061Al matrix composite fabricated by the SPS 
process at 610 °C and 55 MPa was 72 MPa. The TC 
and CTE of the composite were 254 W/(mꞏK), 
8.5×10−6 K−1 in the X−Y direction, and 55 W/(mꞏK), 
9.7×10−6 K−1 in the Z direction, respectively. 
Compared with the GFs/Al matrix composites 
fabricated using large GFs, the GNFs/6061Al 
matrix composites possessed better properties. 
Additionally, the TC of the composite in the Z 
direction was significantly improved, and the 
anisotropy of the composites was therefore 
effectively reduced. 
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摘  要：采用放电等离子体烧结(SPS)工艺在 610 °C 制备 30%~50%(质量分数)纳米石墨片(GNF)/6061Al 基复    

合材料，研究烧结压力及 GNF 含量对复合材料显微组织和力学、热学性能的影响。结果表明，SPS 有效抑制 

GNFs/6061Al 基复合材料中 Al4C3等界面反应产物的生成。随着 GNF 含量的增加，GNFs 团聚程度增加，取向分

布程度降低，复合材料致密度、抗弯强度及热膨胀系数(CTE)下降，X−Y 方向热导率(TC)增大。提高烧结压力，

有助于降低 GNFs 团聚程度，GNFs 沿 X−Y 方向择优分布越明显，复合材料致密度、抗弯强度及 TC 增大，CTE

下降。在 610 °C、55 MPa 下烧结的 50%GNFs/6061Al 基复合材料的性能最佳，抗弯强度为 72 MPa，TC 及 CTE

分别为 254 W/(mꞏK)和 8.5×10−6 K−1 (室温~100 °C，X−Y 方向)，以及 55 W/(mꞏK)和 9.7×10−6 K−1 (Z 方向)。 

关键词：电子封装复合材料；放电等离子体烧结(SPS)；6061 铝合金；纳米石墨片(GNF)；显微组织；热学性能；

力学性能 
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