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To fabricate vapor grown carbon fibers and mesophase pitch reinforced Al matrix (VGCF/MP/Al) composites, porous VGCF/MP with
high porosity was fabricated using the spacer method. Carbonization and electroless Ni plating were carried out on porous VGCF/MP to
improve its thermal conductivity (TC) and wettability with Al matrix, respectively. In addition, VGCF/MP/Al composites were manufactured
using a low pressure infiltration method at 0.1MPa. The effect of volume fraction of VGCFs on the interface between VGCF/MP and Al matrix,
and the reactivity of the Al matrix to the Ni plating were investigated. The composites with 0.5 vol% of VGCFs showed a bonded interface
between VGCF/MP and Al matrix. The bonded interface can be attributed to the improved wettability between VGCF/MP and Al matrix from
Ni plating, resulting in the good bonding seen between VGCF/MP and Al matrix. At the interface of this sample, an intermetallic compound,
Al3Ni, formed from the reaction between Ni and Al. Furthermore, the thermal conductivities of the fabricated porous VGCF/MP and VGCF/
MP/Al composites were determined. [doi:10.2320/matertrans.MT-M2020158]
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1. Introduction

The development of modern electronic devices requires
heat sink materials with thermal conductivity (TC) of at
least 200W·m¹1·K¹1 and coefficients of thermal expansion
(CTE) approximately 67 ppm/K.1,2) Metal matrix compo-
sites (MMCs) with superior TC, CTE, and low density are
promising candidates to replace traditional heat sink material
in recent years.3) Carbon fiber as reinforcement for MMCs
are potential candidate because of their high thermal
conductivity (TC) and ultra-low thermal expansion.13) In
particular, the TC of vapor-grown carbon fibers (VGCF), a
kind of nano carbon fiber, is 1200W·m¹1·K¹1,4) which is
higher than other carbon fibers (¹800W·m¹1·K¹1). It is also
approximately 5 times higher than Al (237W·m¹1·K¹1) and
approximately 3 times higher than Cu (386W·m¹1·K¹1).

As to the application in the electronic devices, plane fin
heat sink is a common type of heat sink which functions to
spread heat at the surface of fins. Based on Newton’s law of
cooling, materials with isotropy of heat direction are suitable
to be used as plane fin heat sink material due to their efficient
heat transfer at each surface of the plane fin.5) To achieve
MMC with isotropy, continuous phase reinforcement inside
MMCs is necessary. However, carbon fibers have anisotropy.
To solve this, a network structure of carbon fiber is necessary.
In addition, the low pressure infiltration (LPI) fabrication
method of MMCs with high volume fractions of reinforce-
ments has gained traction in recent years.6,7) In previous
studies, VGCFs and mesophase pitch powder (MP) were
sintered at 823K to fabricate porous VGCF/MP as the
preform with the network structure. The porous VGCF/MP
was then utilized to fabricate MMCs with isotropy by LPI
method.8) However, VGCF, a kind of nanofiber, has the
problem of aggerating and tangling together due to
van der Waals forces and high aspect ratios. Moreover, the

MP has a low TC after sintered at 823K. These problems
have a significant impact on the TC of fabricated MMCs. To
achieve the TC of VGCF/MP reinforced Al matrix (VGCF/
MP/Al) composites, the ideal porous VGCF/MP requires
fewer micro-pores in the cell wall of the preform, good
wettability with the Al matrix, and high TC.68)

In this study, porous VGCF/MP were fabricated as the
preform, and its microstructure and porosity were inves-
tigated. To improve the wettability of porous VGCF/MP
with the Al matrix, electroless Ni plating was applied to
the porous VGCF/MP. Moreover, carbonization at high
temperature on the porous VGCF/MP improved the TC.9)

The effect of carbonization on the microstructure of MP was
investigated. The VGCF/MP/Al composites were fabricated
using the LPI process, and its microstructure and TC were
examined.

2. Experimental

2.1 Raw materials and fabrication of the VGCF/MP/Al
composites

VGCFs (density: 2.1 kg/m3, Showa Denko Co., Japan,
Fig. 1(a)), MP (density: 2.1 kg/m3, JFE Chemical Co., Japan,
Fig. 1(b)), and NaCl particles (density: 2.1 kg/m3, size: 180
360 µm, Fig. 1(c)) were used to fabricate the porous VGCF/
MP. The porous VGCF/MP were fabricated using the spacer
method. First, the VGCFs, MP and NaCl particles were
mechanically mixed (45° tilt) for 600 s using a glass rod. The
NaCl particles were used as the spacer to obtain continuous
pores in the porous VGCF/MP. To maintain constant
infiltration conditions, the volume fraction of NaCl particles
was fixed at 90 vol%. The resulting mixture was then placed
in a graphite mold and compacted at a pressure of 60MPa.
Next, the compacted mixture was sintered in Ar. The
sintering process was carried out at 823K for 3.6 ks. Finally,
the sintered samples were initially immersed in distilled water
for 48 h to dissolve NaCl particles followed by drying. The+Corresponding author, E-mail: ybchoi@hiroshima-u.ac.jp
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size of the porous VGCF/MP was º10 © 10mm3. To obtain
highly crystallized MP, carbonization was applied to porous
VGCF/MP at 1773K for 3.6 ks in Ar. Electroless Ni plating
is a commonly used surface treatment method to improve
wettability between Al and carbon materials and to prevent
the formation of Al4C3.10) Thus, electroless Ni plating was
also applied on the porous VGCF/MP. The electroless Ni
plating process involved the sensitization, activation, and
plating steps.11) The conditions required for electroless Ni
plating process were pH 6.5 and temperature of 293K for
300 s. Specifically, to obtain the plating layer at the surface
of the cell wall in the porous VGCF/MP, the electroless
Ni plating process was carried out in a vacuum box with
a pressure of ¹0.8MPa to fill the porous VGCF/MP with
bathes at each step.

Pure Al (purity ² 99.7%) was used as the matrix. A pure
Al ingot and porous VGCF/MP were placed in a cylindrical
graphite die and then heated to 1037K in Ar. Subsequently, a
pressure of 0.1MPa was applied with a holding time of 3.6 ks
to infiltrate molten Al into porous VGCF/MP. The schematic
of the fabrication process for the VGCF/MP/Al composite
is shown in Fig. 2 and the fabrication conditions of VGCF/
MP/Al are shown in Table 1.

2.2 Characterization of microstructure, porosity, and
thermal conductivity

The microstructure was examined using scanning electron
microscope (SEM; JEOL, JXA-8900). To examine the effect
of carbonization on MP, the MP were analyzed before and
after carbonization using transmission electron microscope
(TEM; JEOL, JEM-2010). X-ray diffraction (XRD; D/
max-2500/PC, Japan) was also carried out using Cu K¡
radiation ( = 1.54056¡) at a scanning speed of 1°/min
over the 2ª range of 20°90°. The elemental distribution of
the composites was determined using electron probe micro-
analyzer (EPMA, JXA8900-RL).

With the spacer method, the theoretical porosity is equal
to the volume fraction of NaCl particles. However, porous
VGCF/MP have micro-pores in its cell wall and closed
pores. Thus, the effective porosity of porous VGCF/MP was
calculated using the Archimedes method.12) To calculate

Fig. 1 SEM images showing the morphologies of (a) VGCFs, (b) MP
powders, and (c) NaCl particles used in this study.

Fig. 2 Schematic of the fabrication process for preparing the VGCF/MP/Al composites.

Table 1 Fabrication conditions of porous VGCF/MP.
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the open porosity (Popen), total porosity (Ptotal), and closed
porosity (Pclosed), the following equations were used:

μa ¼ ½W1=ðW1 �W2Þ� � μw ð1Þ
Popen ¼ ½ðW3 �W1Þ=ðW3 �W2Þ� � 100 ð2Þ

Ptotal ¼ ðμa=μtÞ � 100 ð3Þ
Pclosed ¼ Ptotal � Popen ð4Þ

where W1, W2 and W3 refer to weight of dry preform,
impregnated preform in the distilled water and impregnated
preform, respectively; μa, μt, and μw refer to apparent density
of preform, theoretical density of preform and density of
distilled water (997.05 kg/m3, 898K), respectively. The TC
of specimens (º10 © 10mm3) was characterized using the
steady-state method.13)

3. Results and Discussions

3.1 Microstructure and porosity of the porous VGCF/
MP

Figure 3 shows the SEM images of the porous VGCF/MP
and its cell wall. As shown in Figs. 3(a)(d), pores with size
of 180360 µm were formed by dissolved NaCl particles and
continuous pores were formed by connected NaCl particles.
Closed pores were also observed formed by isolated NaCl
particles. In Figs. 3(a) and 3(b), the cell walls consisted of
sintered MP. In Figs. 3(b) and 3(c), micro-pore with size of
12µm was observed in the cell wall due to the removal of
impurities by carbonization. In Figs. 3(c) and (d), the cell
walls consisted of sintered MP and VGCFs. With the addition
of VGCFs at 3 vol% however, numerous micro-pores with
random shape and size ranging from 18µm were observed
in the cell wall, as shown in Fig. 3(d). This is due to the
addition of VGCFs at 3 vol% resulting in the aggregation of

VGCFs. Figure 4 illustrates the porosities of porous VGCF/
MP using different fabrication conditions. In Fig. 4, the
Ptotal range of porous VGCF/MP was 91.091.9% while it
was 95.1% for the porous VGCF/MP fabricated with 3 vol%
VGCFs and after carbonization. The Popen range of porous
VGCF/MP was 87.988.72%, which indicated that the
fabrication of porous VGCF/MP was achieved. The Pclosed
range for porous VGCF/MP fabricated with the addition of
00.5 vol% VGCFs was 3.13.4%. The Pclosed variation is
due to the closed pores in porous VGCF/MP corresponding
with Figs. 3(a)(c). However, with closed pores and micro-

Fig. 3 SEM images of porous VGCF/MP: (a) only MP and before carbonization, (b) only MP and after carbonization, (c) MP & 0.5 vol%
VGCFs and after carbonization, and (d) MP & 3vol% VGCFs and after carbonization (the inserts are the inserts are magnified images of
each porous VGCF/MP’s cell wall).

Fig. 4 Porosity of porous VGCF/MP under different fabrication con-
ditions.
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pores in the cell wall of porous VGCF/MP after the addition
of 3 vol% VGCFs (see Fig. 3(d)), the Pclosed was increased to
6.5%.

To examine the thickness of Ni plating applied on porous
VGCF/MP, the Ni plated-porous VGCF/MP (only MP and
before carbonization) were buried by resin and its BSE image
is shown in Fig. 5. In Fig. 5, the resin filled the pore which
formed by dissolved NaCl particle. The white region between
resin and VGCF/MP represents the Ni plating. The thickness
of Ni plating is approximately 1 µm.

Figure 6 shows the TEM images and XRD patterns of
MP before and after carbonization. Comparing Figs. 6(a) and

6(b), the structure of MP was converted from a disordered
structure to a layer structure by using carbonization. For
FTT images in Figs. 6(a) and 6(b), halos became clear rings,
indicating that MP were crystallized by carbonization.9) In
Fig. 6(c), the peak of the XRD pattern became especially
sharp due to carbonization. This result proved that the MP
had a high crystallinity from carbonization. Moreover, the
full width at half maximum (FWHM) of (002) deceased from
5.280° to 1.528°. The decrease in FWHM of (002) indicated
that the distance between carbon aggerates decreased,14)

resulting in higher phonon velocity in the porous VGCF/
MP.15)

3.2 Microstructure of the VGCF/MP/Al composites
Figures 7(a)(d) shows the microstructures of the VGCF/

MP/Al fabricated under different conditions. The dark and
gray regions represent the VGCF/MP and the Al matrix,
respectively. In Figs. 7(a)(d), the VGCF/MP is a continuous
phase in the Al matrix. This result indicated that the
fabrication of VGCF/MP/Al composites with anisotropy
was achieved. However, there were voids observed in
Figs. 7(a)(d). As shown in the magnified SEM images in
Fig. 7(a), the void was surrounded by VGCF/MP and had
the same shape as the closed pore in Fig. 3. The reason was
that the closed pores were isolated from other pores in porous
VGCF/MP. The molten Al did not infiltrate this part of
the VGCF/MP/Al composites in LPI processing. Moreover,
the interface between VGCF/MP and Al matrix, which was
affected by the volume fraction of VGCFs, has a significant

Fig. 5 BSE image of electroless Ni plated porous VGCF/MP (only MP
and before carbonization) buried by resin.

Fig. 6 TEM images of MP insert with FTT: (a) before carbonization, (b) after carbonization, and (c) XRD patterns of as-received, before
and after carbonization MP, and +FWHM of (002) corresponding pattern. (+FWHM: full width at half maximum)
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impact on the TC of fabricated VGCF/MP/Al composites.
Thus, the interfaces between VGCF/MP and Al matrix with
addition of 0.5 and 3 vol% were observed, and the results
are shown in Figs. 8(a) and 8(b), respectively. In Fig. 8(a)
showing the VGCF/MP/Al composite with addition of
0.5 vol% VGCFs, the interface between the VGCF/MP and
Al matrix is bonded. The bonded interface can be attributed
to the improved wettability between VGCF/MP and Al
matrix from Ni plating. A light-gray phase was observed in
the Al matrix. This can be inferred to be metallic compounds
(IMCs) formed by the reaction of the Ni plating and molten
Al. In Fig. 8(b) showing the VGCF/MP/Al composite with
addition of 3 vol% VGCFs, a void was observed at the
interface between VGCF/MP and Al matrix. A gap at the
side of VGCF/MP was also observed. Due to the addition of
3 vol% VGCFs, the VGCF/MP aggerated, resulting in the
VGCF/MP becoming discontinuous rather than a continuous
structure (see Fig. 8(a)). Moreover, the Ni plating was not
observed at the side of the VGCF/MP. This indicates that
the gap caused by the aggregation of VGCF/MP hindered the
formation of Ni plating. Specifically, the gap had an acute
angle, causing the bathes utilized in the electroless Ni plating
process being unable to infiltrate this part. Due to poor
wettability and the lack of Ni plating between Al and carbon

materials, the void at the interface between VGCF/MP and
Al matrix was formed.

To investigate the elemental distribution of VGCF/MP/Al
composite (MP and 0.5 vol% VGCFs, after carbonization),
EPMA was carried out in the same area as Fig. 8(a). The
result is shown in Fig. 9. Furthermore, point analysis of
IMC was carried out on the region marked with a cross in
Fig. 9(a). The Al:Ni atomic ratio in the IMC region was
found to be approximately 3:1. In Figs. 9(b) and 9(d), the
Al and Ni overlapped in the IMC regions, indicating the
formation of AlNi IMCs. Specifically, the IMC was
identified to be Al3Ni. The reaction at the interface between
VGCF/MP and Al matrix was shown in eq. (5):

3Alþ Ni ¼ Al3Ni ð5Þ
Moreover, there was no overlapping region between the
Al element and the C element (see Figs. 9(b) and 9(c)). This
indicates that Ni plating prevented the reaction between the
molten Al and VGCF/MP. Therefore, there was no formation
of Al4C3 at the infiltrating temperature of 1037K.

3.3 TC of porous VGCF/MP and VGCF/MP/Al
composite

The TC of fabricated porous VGCF/MP and VGCF/MP/
Al composite under different fabricated conditions are shown
in Figs. 10(a) and 10(b), respectively. In Fig. 10(a), the TC
of porous VGCF/MP increased due to the crystallization of
MP and addition of 0.5 vol% VGCFs. As heat in nonmetal
is transferred by phonon, the MP with higher crystallization
had a higher phonon velocity compared to MP before
carbonization.16) The VGCF was found to have a TC of
1200W·m¹1·K¹1. Therefore, the TC of porous VGCF/MP
improved due to the carbonization and addition of 0.5 vol%
VGCFs. However, as the volume fraction of VGCFs

Fig. 7 SEM images of VGCF/MP/Al composites: (a) with only MP and
before carbonization, (b) with only MP and after carbonization, (c) with
MP & 0.5 vol% VGCFs and after carbonization, and (d) with MP &
3vol% VGCFs and after carbonization.

Fig. 8 SEM images of interface between VGCF/MP and Al matrix: (a)
with MP & 0.5 vol% VGCFs and after carbonization, and (b) with MP &
3vol% VGCFs and after carbonization.

Fig. 9 Element distribution of VGCF/MP/Al composites fabricated under
condition of MP & 0.5 vol% VGCFs and after carbonization: (a) BSE
image (inset for location and result of point analysis), (b) Al element,
(c) C element, and (d) Ni element.
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increased to 3 vol%, the TC of porous VGCF/MP decreased.
The porosity has a significant impact on the TC of the porous
materials.17) The decrease in the TC can be attributed to
micro-pores resulting from the aggregation of VGCF/MP
in the cell wall. In Fig. 10(b), the TC of the VGCF/MP/Al
composite is consistent with the TC of porous VGCF/MP
(see Fig. 10(a)). Moreover, as the addition of VGCFs
increased from 0.5 to 3 vol%, the TC of the VGCF/MP/Al
composites decreased significantly from 120.1W·m¹1·K¹1 to
35.5W·m¹1·K¹1. This is because at the 3 vol% VGCFs, the
micro-pores in cell wall was not able to be infiltrated, and
the voids at the interface between VGCF/MP and Al matrix.
However, the TC of these composites with 0.5 vol% VGCF
and carbonization were lower than the TC of Al (237
W·m¹1·K¹1). This is due to the thermal resistance at the
interface18) and the formation of Al3Ni which has a TC of
approximately 35W·m¹1·K¹1.19) In the AlNi system, the
formation of Al3Ni can be suppressed by adding Ni to the Al
matrix. Also, to improve on this study, a higher crystallized
MP can be achieved by utilizing temperature higher than
1037K.9,20) This will improve the TC of VGCF/MP/Al
composites. It has also been reported that the carbon
nanofiber reinforced Al matrix composites with TC over
200W·m¹1·K¹1 can be fabricated via powder metallurgy.21)

However, unlike the powder metallurgy method, a low
infiltration pressure of 0.1MPa was utilized in this paper for
the fabrication of the VGCF/MP/Al composites. The low
pressure infiltration method allows for the fabrication of
composites necessary for heat sinks with a large size and
complex shape.22) The data presented in this study does
indicate the viability of these composites for industrial use
and the commercialization of the final product. Thus, while
still needing further study, VGCF/MP/Al composites, are
potential materials for heatsinks in the future.

4. Conclusions

The porous VGCF/MP with high porosities were prepared

using the spacer method. The VGCF/MP/Al composites
were successfully fabricated using the LPI method at
0.1MPa. The main conclusions of the study are presented
here.
(1) In the porous VGCF/MP, pores with size of 180

360 µm were formed in dissolved NaCl particles. The
cell walls of porous VGCF/MP were sintered with MP.
With volume fraction ranging from 0 to 0.5 vol%, the
cell walls of porous VGCF/MP had a continuous
structure. With the addition of VGCF at 3 vol%
however, numerous micro-pores formed due to the
aggregation of VGCFs in the cell wall. This resulted
in the Pclosed increasing to 6.5%. With carbonization, the
structure of MP converted from a disordered structure
to a layered structure; the MP also had a high
crystallinity.

(2) VGCF/MP/Al composites with anisotropy were
achieved by utilizing the VGCF/MP as a continuous
phase in the Al matrix. However, the voids with the
same shape as NaCl particles were observed in the
VGCF/MP/Al composites for the closed pores. The
VGCF/MP/Al composites with the addition of 00.5
vol% VGCFs had a bonded interface between VGCF/
MP and Al matrix. With the addition of 3 vol% VGCFs
however, a void was formed due to the aggregation of
VGCF/MP. The Ni plating improved the wettability
between VGCF/MP, and Al3Ni was formed from the
reaction between the Ni plating and Al matrix in
infiltration process.

(3) With carbonization and the addition of 0.5 vol%
VGCFs, the TC of the VGCF/MP/Al composites
increased because of the crystallization of the MP and
the high TC of the VGCF. However, with the addition
of 0.5 vol% VGCFs, the TC of the VGCF/MP/Al
composite decreased due to the aggregation of VGCFs.
The Al3Ni in Al matrix was detrimental to the TC of
VGCF/MP/Al composites.

Fig. 10 TC of (a) porous VGCF/MP and (b) VGCF/MP/Al composites under different fabrication conditions.
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