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Continuous mesophase pitch-based carbon fiber (MPCF) reinforced aluminum (Al) matrix composites were
fabricated by vacuum hot pressing to meet the requirements of good thermal conductivity (TC), low coefficient of
thermal expansion (CTE) and resistance to deformation for thermal management materials. The effect of process

Sintering . parameters on the microstructures and TC of 40 vol % MPCF/Al composites and the influence of MPCF volume
Thermal properties . . . . .
Microstructures fraction on the thermal-mechanical properties of MPCF/Al composites were studied. The results reveal that the

composites with 20-50 vol % MPCF fabricated at 650 °C/45 MPa/60 min have longitudinal TC of 230.3-288.3
W/(m-K), over 90% of the predictions by rule of mixture, longitudinal CTE of 2.28—-0.22 ppm/K and elastic
modulus of 147.5-324 GPa. The interface is mainly composed of an amorphous interface layer of 2-5 nm and a
very small amount of carbide crystals. Furthermore, these composites have moderate TC, lower CTE and higher
specific modulus compared with other Al matrix composites and Al alloys, which indicates they are expected to

become unidirectional thermal management materials with integrated structure and function.

1. Introduction

In the fields of power electronics and aerospace, with the continuous
development of electronic components in terms of power and minia-
turization, equipment will generate more heat [1-3]. In order to
improve the performance, reliability and service life of the equipment, it
is necessary to develop thermal management materials with good
thermal conductivity (TC), low coefficient of thermal expansion (CTE)
and resistance to deformation [4,5]. Besides, lightweight is also their
development trend [6]. Composites have long been considered as
promising potential thermal management materials because of their
tunable thermal properties [7]. Among them, metal matrix composites
are the most popular, because they not only have good TC, but also have
good mechanical properties, high-temperature resistance and oxidation
resistance [3,8]. Aluminum (Al) and copper (Cu) are often used as the
matrix due to their relative universality and good stability [8,9]. How-
ever, as lightweight thermal management materials, Al matrix com-
posites have more advantages because the density of Al is much lower
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than that of Cu [10-12]. Carbon fibers (CF) is often used as the rein-
forcement for aluminum matrix composites due to its high specific
modulus, high specific strength and low CTE [13,14]. It is normally
divided into polyacrylonitrile (PAN)-based CF, Rayon-based CF and
pitch-based CF according to the different precursors [15-17].
PAN-based CF is the most widely used, occupying 96% of the carbon
fiber market. It has the characteristics of high strength and low TC.
Rayon-based carbon fiber has lower modulus, strength and TC than
PAN-based CF and pitch-based CF, so its application is limited.
Pitch-based CF is commonly classified into isotropic pitch-based carbon
fiber (IPCF) and mesophase pitch-based carbon fiber (MPCF) [15].
Among them, MPCF has received extensive attention in recent years.
Because it not only has ultra-high modulus (>600 GPa), but also has
anisotropic thermal properties, a high TC (up to 1100 W/(m-K)) and a
low CTE (—1.5 to —1 ppm/K) in the longitudinal direction (fiber axis),
and a low TC (2-10 W/(m-K)) and a medium CTE (10-15 ppm/K) in the
transverse direction (fiber radial) [15,18,19], which is beneficial to
improve the resistance to deformation, TC and reduce the CTE of Al
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matrix composites in a certain direction. Also, its graphitization degree
is relatively high [15], which is beneficial to reduce the interfacial re-
action between CF and Al

In the past two decades, there have been many studies on the me-
chanical properties of CF/Al composites [14,20-23], but there are
relatively few studies on the thermal properties of MPCF/Al composites,
mainly as summarized in Table 1, it can be seen that these studies are
mainly focused on the discontinuous MPCF/Al composites. However,
few studies have been reported on the continuous MPCF/Al composites.
It is really worth studying the thermal properties of continuous MPCF/Al
composites. First, the dispersion of continuous MPCFs is more difficult
than that of discontinuous MPCFs. When continuous MPCF/Al com-
posites are fabricated at relatively low temperatures (below the melting
point of Al), it is relatively difficult for Al to enter the MPCF bundles.
Second, this ultra-high modulus CF has extremely high brittleness, so it
is easy to break during the preparation of composites [24]. Discontin-
uous MPCF/Al composites generally do not need to consider the effect of
fiber breakage, while continuous MPCF/Al composites need to consider
the effect of fiber breakage to obtain excellent properties. In addition,
for the aerospace field, such as antenna boom for the space telescope [6,
25], it will undergo about 175,000 thermal cycles from +125 °C to
—125 °C when operating in outer space. Therefore, it is required to have
high dimensional stability to maintain internal dimensional tolerance of
+0.15 mm along the entire length in the presence of dynamic and
thermal disturbances [26]. The material with high specific modulus and
low CTE can provide the necessary characteristics to produce dimen-
sionally stable structures. Continuous MPCF/Al composites can more
easily meet these requirements.

Vacuum pressure infiltration [27,28] and squeeze casting [29,30]
are the main methods for fabricating continuous MPCF/Al composites,
because these methods allow the easy densification of Al matrix com-
posites with high volume fractions of reinforcement, but they are not
suitable for the composites with low volume fractions of reinforcement.
Moreover, the process of these methods is relatively complicated, and
they need to prepare MPCF preforms. The composite samples must be
obtained through secondary processing. As far as we know, there are few
studies on the fabrication of continuous MPCF/Al composites by vacuum
hot pressing (VHP), but this method is commonly used to fabricate the
composites with low and medium volume fractions of reinforcement,
and its process is relatively simple. The composite samples can be ob-
tained through one-time molding. Besides, the fabrication temperature
of this method is relatively low, so the interfacial reaction of carbon
material/Al composites is relatively weak, and it is relatively easy to
control the interfacial reaction by adjusting the process parameters [9,
31,32].

In this work, 40 vol % MPCF/Al composites were fabricated by VHP.
The effect of process parameters (sintering temperature, sintering
pressure and sintering time) on microstructures and TC (longitudinal/
transverse) of the composites was investigated. The process parameters
were optimized to obtain MPCF/Al composites with high longitudinal
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TC. Afterward, optimized process parameters were used to fabricate
MPCF/Al composites with 20-50 vol % MPCF, and their microstruc-
tures, interfaces and thermal-mechanical properties were studied.
Furthermore, the thermal-mechanical properties of these composites
were compared with those of Al matrix composites and Al alloys that
may be used as thermal management materials in the references. The
reasons why these composites have good TC, low CTE and high specific
modulus were also discussed.

2. Experimental
2.1. Raw materials and composites fabrication

In this work, pure Al powders (~10 pm in diameter, 99.5% in purity,
Henan Yuanyang Powder Technology Co. 1td) were selected as matrix
and 2K MPCFs (TC-HM-70, TianCe Technology Co. 1td) were selected as
reinforcements. Their morphologies are shown in Fig. 1(a) and (b),
respectively. Table 2 presents the basic properties of MPCF.

Fig. 1(c) shows the schematic diagram of the fabrication process of
MPCF/Al composites. The specific processes are listed as follows: (1) 5 g
MPCFs with a length of 40 mm were immersed in 100 ml acetone for 12
h to remove the sizing resin, then washed with deionized water and
dried at 90 °C for 6 h in a vacuum drying oven. (2) The dried MPCFs
were dispersed, and then 0.057 g MPCFs were mixed with 0.168 g Al
powders by a roller ball mill at a low speed of 20 rpm for 2 h. In order to
adjust the MPCF volume fraction in the composites, 0.057 g MPCFs were
mixed with 0.288 g, 0.108 g and 0.072 g Al powders, respectively. (3)
The prepared MPCFs mixed with Al powders were carefully filled into
the clean graphite mold (40 x 20 mm?) by stacking method, and then
heated to the desired temperature (620, 640, 650 and 660 °C) in a high
vacuum condition (below 5 x 102 Pa) and kept for some time (40, 60,
80 and 100 min), while a uniaxial pressure (35, 45 and 55 MPa) was
applied. After the sintering process was completed, the uniaxial pressure
was removed and the furnace was cooled to room temperature. Finally,
rectangular samples (40 x 20 x 2 mm?) were taken out of the furnace,
and the test samples were taken from the middle of the rectangular
samples.

2.2. Experimental method and characterization

The samples used to test the CTE of the composites were treated by
thermal cycling (0, 50 and 100 cycles). During the thermal cycling, the
samples were held at 120 °C for 35 min in 101A-1 furnace (Shanghai
Laboratory Instrument Works Co., Ltd., China), and then held in liquid
nitrogen (—196 °C) for 25 min. The temperature accuracy value of 101A-
1 furnace was +5 °C.

Phase compositions of MPCF and MPCF/Al composites were identi-
fied by X-ray diffraction (XRD, Rigaku and CN2301, Japan) with Cu Ka
radiation. Microstructures of MPCF/Al composites were characterized
by optical microscopy (OM, ZEISS Axio Scope.Al, Germany) and scan-

Table 1

Thermal properties of MPCF/Al composites.
Material Type of MPCF TC of MPCF (W/(m-k)) Vi (%) TC (W/(m-k)) CTE (ppm/K) Fabrication method References
MPCF/Al Discontinuous 900 _ 186.3 _ Vacuum pressure infiltration [53]
MPCF/Al Discontinuous 900 40 208 _ Vacuum pressure infiltration [54]
MPCF/Al Discontinuous 320 30 _ 15.5 (50-150 °C) Hot pressing [9]
MPCF/Al Discontinuous 900 40 221 9.4 (100-300 °C) Vacuum pressure infiltration [39]
MPCF/Al-Cu Continuous 800 30 273.2 B Low pressure infiltration [27]1
MPCEF/Al Discontinuous 900 50 238 _ Spark plasma sintering [34]
MPCF/AI-Si Continuous 800 30 182 _ Low pressure infiltration [28]
MPCF/AL-Si Discontinuous 1200 40 323 _ Hot extrusion [55]
MPCF/Al(A1070) Discontinuous 800 10 245.8 _ Low pressure casting [56]
MPCF/AI(A336) Discontinuous 800 10 113.5 _ Low pressure infiltration [57]1
MPCF/6063A1 Continuous 600 70 407 —1-1 (50-500 °C) Squeeze casting method [29]
MPCF/Al-3Mg Discontinuous 500-600 2.5 134.9 _ Extrusion [58]
MPCEF/AI-Si Discontinuous 600 50 258 7 (100-180 °C) Semi-liquid process [10,59]
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Fig. 1. Morphologies of (a) Al powders, (b) MPCF; (c) Schematic diagram of the preparation process of MPCF/Al composites.

Table 2
Basic properties of MPCF.

Diameter (pm) Pf (g/cm®) UTS (MPa) Ef (GPa) Cr(J/g/K) TC (W/(m-K)) CTE (ppm/K)
LT LT
13 2.12 2200 750 0.712 396.4 2.4 [24] -1.5 10-15 [59]

L: Longitudinal; T: Transverse

ning electron microscopy (SEM, TESCAN MIRA3, Czech Republic). The
element distribution of the composites was determined by energy
dispersive spectroscopy (EDS). The interfacial microstructure of the
composites was characterized by a field emission transmission electron
microscope (FE-TEM, Talos F200X G2, China). The TEM sample was
fabricated by using a focused ion beam (FIB, GAIA3, Czech Republic)
apparatus. The TC values of the composite samples were calculated from
the product of the density, specific heat capacity and thermal diffusivity.
The densities of the samples were measured by the Archimedes method.
The specific heat capacities of the samples at room temperature were
obtained by the following expression (Eq. (1)) [29]:

o _Vip G+ (1= V))puCon
‘ Pe

(€8]

In Eq. (1) V, p and C are volume fraction, density and specific heat
capacity, and the subscripts c, m, and f refer to the composite, matrix and
reinforcement, respectively. The thermal diffusivities of the samples (10
x 10 x 2 mm®) at room temperature were tested using a laserflash
thermal conductivity (NETZSCH LFA 447, Germany). The thermal

expansion behaviors of the samples (25 x 6 x 2 mm>) were examined by
thermal dilatometer (NETZSCH DIL 402 Expedis, Germany). The tested
temperature ranged from 25 to 250 °C with a heating rate of 5 °C/min in
an argon atmosphere. According to ASTM D3552-17, tensile specimens
of the composites with the gauge length of 15 mm, gauge width of 4 mm
and thickness of 2 mm were machined parallel to the fiber’s orientation.
Three uniaxial tensile tests for each set of specimens were performed
using a universal testing machine (Zwick/Roell Z020, 20 KN, Japan)
under a uniaxial tensile loading at 0.5 mm/min.

3. Results and discussion

3.1. Effect of process parameters on microstructures and thermal
conductivity of MPCF/Al composites

3.1.1. Effect of sintering temperature

Fig. 2 shows the appearances, metallographic structures and fracture
surfaces of 40 vol % MPCF/Al composites sintered at different temper-
atures (620, 640, 650, and 660 °C) for 100 min under pressure of 55
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Fig. 2. Appearances, metallographic structures and fracture surfaces of 40 vol % MPCF/Al composites sintered at different temperatures for 100 min under pressure
of 55 MPa: (a) appearance and metallographic structure, 650 °C; (b) appearance and metallographic structure, 660 °C; (c) fracture surface, 620 °C; (d) fracture

surface, 640 °C; (e) fracture surface, 650 °C; (f) fracture surface, 660 °C.

MPa. As shown in Fig. 2(a), the appearance of the composite sample
sintered at 650 °C is complete. From the inset of the transverse metal-
lographic structure on the bottom left of the figure, it can be seen that
most of the MPCFs are surrounded by Al, and a small amount of MPCFs
are agglomerated in the local area. While in Fig. 2(b), there is Al leakage
at the edge of the composite sample sintered at 660 °C, and it can be seen
that the distribution of MPCFs in the composite is uneven and the
phenomenon of fiber aggregation in the composite becomes serious

according to the inset of the transverse metallographic structure on the
bottom left of the figure. This is caused by the fabrication temperature
close to the melting point of Al. As shown in Fig. 2(c), while the sintering
temperature is 620 °C, it can be clearly seen that the MPCF and Al are
completely debonded, which means that the interfacial bonding be-
tween them is very weak. While the sintering temperature increases to
640 °C, the phenomenon of complete debonding is significantly reduced
according to Fig. 2(d). For the composite sintered at 650 °C, the MPCF
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and Al are partially debonded, and Al adheres to the MPCF surface in
local areas according to Fig. 2(e), which indicates that the interfacial
bonding between MPCF and Al has been improved. If the sintering
temperature continues to increase to 660 °C, the bonding between MPCF
and Al is tight, and splitting of MPCF can even be observed in local areas
according to Fig. 2(f), indicating that a strong interfacial bonding has
been developed in the composite.

Fig. 3 shows the relative density, longitudinal and transverse TC of
the composites sintered from 620 to 660 °C. As shown in Fig. 3(a), when
the sintering temperature increases from 620 to 650 °C, the relative
density of the composites increases from 94.2% to 97.2%, because the
fluidity of Al increases with the increase of temperature, making it easier
to enter the gap between MPCFs, and the interfacial bonding between
MPCF and Al becomes better. However, the relative density of the
composites decreases to 96.7% when the sintering temperature in-
creases to 660 °C, which may be due to the Al leakage. As shown in Fig. 3
(b) and (c), it can be seen that the sintering temperature has an
important influence on longitudinal and transverse TC of the compos-
ites. When the sintering temperature increases from 620 to 650 °C, the
longitudinal TC and transverse TC of the composites increases from
186.0 to 234.5 W/(m-K) and 31.0-39.6 W/(m-K), respectively, but when
the sintering temperature increase to 660 °C, the longitudinal TC and
transverse TC decreases to 218.1 and 35.4 W/(m-K), respectively. The
reason for this change can be explained in this way. Generally, the
higher the sintering temperature, the better the interfacial bonding, and
the better the TC, but when the sintering temperature is close to 660 °C,
the fluidity of Al increases, and Al leakage occurs in the composite. On
the one hand, the MPCF volume fraction in the composite becomes
higher, which is beneficial to improve the longitudinal TC and reduce
the transverse TC of the composites. On the other hand, it is easy to
cause fiber aggregation (see from Fig. 2(b)) and increase the pores in the
composite [33,34]. This is not conducive to improving the longitudinal
and transverse TC of the composites. Therefore, the decrease in longi-
tudinal TC of the composite sintered at 660 °C is mainly due to the in-
crease of defects, and the decrease in transverse TC may be due to the
increase of MPCF volume fraction and defects in the composite. Ac-
cording to the above analysis, the composite sintered at 650 °C can
obtain relatively high longitudinal and transverse TC. Therefore, 650 °C
is chosen as the optimized sintering temperature of MPCF/Al composites
to vary the pressure and time for obtaining higher TC.

3.1.2. Effect of sintering pressure

Fig. 4 shows the microstructures of 40 vol % MPCF/Al composites
sintered at 650 °C for 100 min under different pressures (35, 45 and 55
MPa). As shown in Fig. 4(a) and (b), when the sintering pressure is 35
MPa, it can be seen that the MPCFs in the local area of the composite are
agglomerated seriously, but they are relatively intact and parallel to
each other. When the sintering pressure is 45 MPa, the phenomenon of
fiber agglomeration is significantly reduced. Most of the relatively intact
and parallel MPCFs are surrounded by Al according to Fig. 4(c) and (d),
which is beneficial to the heat conduction of the composite. However,
when the sintering pressure increases to 55 MPa, although most of the
MPCFs are relatively uniformly dispersed in the composite, it can be
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seen that the orientation of some fibers (marked with white circles) has
changed significantly according to Fig. 4(e) and (f), which shows that
the intactness of some fibers is damaged and their arrangement in the
composite changes.

Fig. 5 shows the relative density, longitudinal and transverse TC of
the composites sintered under pressure from 35 to 55 MPa. As shown in
Fig. 5(a), the relative density of the composites increases from 94.8% to
97.2% as the pressure increases. It indicates an improvement in
consolidation and a reduction in defects in the composite, which is
consistent with the results of microstructures of the composites as shown
in Fig. 4. As shown in Fig. 5(b) and (c), the longitudinal TC of the
composites does not always increase with the increase of the sintering
pressure. It first increases from 245.7 to 258.1 W/(m-K), and then when
the sintering pressure is 55 MPa, it will decrease by 23.6 W/(m-K). While
the transverse TC of the composites increases with the increase of the
sintering pressure. It increases from 13.6 to 39.6 W/(m-K), and it has
been greatly improved when the sintering pressure is 55 MPa. These
changes are related to the relative density of the composites, the
intactness and arrangement of MPCFs in the composites. As the sintering
pressure increases, the density of the composites increases, which is
conducive to improving longitudinal and transverse TC of the compos-
ites, while the intactness of MPCFs is damaged and the arrangement of
MPCFs in the composites changes, which are unfavorable for the com-
posites to obtain high longitudinal TC. Therefore, in order to ensure that
the composite has a high longitudinal TC, 45 MPa is selected as the
appropriate pressure.

3.1.3. Effect of sintering time

It is well known that when the 40 vol % MPCF/Al composites are
sintered at 650 °C under pressure of 45 MPa, there is a tendency of the
generation of Al4Cs in the interface, because the standard free energy of
Al4C3 formation reaction is negative at fabrication temperature (650 °C)
[27]. Fig. 6 show the XRD patterns of the composites sintered for
different time (40, 60, 80 and 100 min) and MPCFs. As shown in Fig. 6
(a), when the scanning speed is 4°/min in the range of 10-90°, it can be
seen that there are two phases in the MPCFs. One is the C70 phase
(JCPDS number: 50-1364) with a tetragonal structure, and the peaks at
20 = 13.289° and 19.085° correspond to its (002) and (201) planes. The
other is graphite phase (JCPDS number: 41-1487), and the peaks at 20 =
26.381° and 54.542° correspond to (002) and (004) planes. In addition,
the peaks at 20 = 38.472°, 44.738°, 65.133°, 78.227° and 82.435°
corresponded to (111), (200), (220), (311) and (222) planes are
observed for the Al phase (JCPDS Number: 04-0787) in the composites,
but the Al4C3z phase cannot be observed, probably because either no
Al4C3 is formed at all, or the amount of Al4C3 formed is too low relative
to the amount of C70, graphite and Al, which cannot be detected at such
scanning speed. To verify the presence of the reaction product Al4Cs, the
composites are further examined by XRD at a much lower scanning
speed of 0.25°/min in the range of 31-35°, in which the characteristic
peaks of Al4C3 are included. The corresponding XRD patterns are shown
in Fig. 6(b). For the composites sintered for 80 and 100 min, it can be
clearly seen the diffractions at the 20 angles of 31.112°, 31.739°, and
32.232° correspond to the (101), (012) and (009) planes of Al4Cs,
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Fig. 3. Effect of sintering temperature on (a) relative density; (b) longitudinal TC; (c) transverse TC of the composites.
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Fig. 4. Metallographic structures of 40 vol % MPCF/Al composites sintered at 650 °C/100 min under different pressures: (a) transverse, 35 MPa; (b) longitudinal, 35
MPa; (c) transverse, 45 MPa; (d) longitudinal, 45 MPa; (e) transverse, 55 MPa; (f) longitudinal, 55 MPa.
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Fig. 5. Effect of sintering pressure on (a) relative density; (b) longitudinal TC; (c) transverse TC of the composites.

respectively. For the composites sintered for 40 and 60 min, no obvious
diffraction peaks of Al4C3 can be found, but this does not mean that
Al4Cg is not formed in the composites, because the amount of interfacial
products Al4Cs in the composite is determined by kinetics. The reaction
rate of Al4C3 production is determined by atomic diffusion, which can be

described by the following formula: g=(2X0)'/2 [27,32], where g, X and t
are growth amount of the Al4Cs, growth rate constant and reaction time,
respectively. Moreover, the growth rate constant is related to tempera-
ture, which can be obtained by using Arrhenius’ law: X = xexp(-Q/RTy),
where x, Q, R and Ty are the temperature constant, activation energy,
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speed of 0.25°/min.

gas constant (8.314 J/(K-mol)) and fabrication temperature, respec-
tively [27,32]. Generally, the higher the graphitization degree of carbon
fiber, the more difficult it is to react with Al to form Al4C3 [35]. When
MPCF/Al composites are fabricated at 650 °C, X is a constant, which can
be obtained by Ref. [27], and as the sintering time increases from 40 to
100 min, the calculated amount of Al4C3 in the composite will increase.
Especially in the composite sintered for 80 and 100 min, the amount of
Al4C3 is sufficient to be detected in the XRD pattern (see Fig. 6(b)).
Fig. 7 shows the relative density, longitudinal and transverse TC of
the composites sintered from 40 to 100 min. As shown in Fig. 7(a), the
relative density of the composites increases from 95% to 96.5% with the
increase of sintering time. This is because there is more time to reduce
interfacial defects and allow Al to fill up the pores left by the adjacent or
intersecting fibers. As shown in Fig. 7(b) and (c), as the sintering time
increases from 40 to 60 min, the longitudinal TC and transverse TC of
the composites increases from 251.4 to 288.3 W/(m-K) and 13.2-17.5
W/(m-K), respectively. If the sintering time further increases to 80 and
100 min, the TC (longitudinal/transverse) of composites will decrease to
273.4/17.3 W/(m-K) and 258.1/17.3 W/(m-K), respectively. It can be
explained as follows: When the composites are fabricated at a certain
sintering temperature and appropriate pressure, their TC values are
mainly affected by the relative density, the amount of Al4C3 and the
local damage on MPCF surface by the interfacial reaction [27,32]. The
increase of sintering time will increase the relative density and the
amount of Al4Cs, and at the same time, the local damage on MPCF
surface will become more serious. The increase in relative density is
conducive to the improvement of longitudinal and transverse TC of the
composites, while the increase in the amount of Al4Cs and the serious
local damage on MPCF surface will reduce the longitudinal and trans-
verse TC of the composites. Therefore, it can be seen that when the
sintering time is less than 60 min, the relative density plays a dominant
role in the longitudinal and transverse TC of the composites. When the
sintering time exceeds 60 min, the amount of Al4C3 and the local

damage on MPCF surface play a leading role in the longitudinal and
transverse TC of the composites. It is worth noting that when the sin-
tering time exceeds 60 min, the longitudinal TC of the composites was
significantly decreased with the increase of the sintering time, whereas
the transverse TC was not affected by sintering time mostly. This can
further indicate that the reduction in the longitudinal TC of the com-
posite is mainly affected by the local damage on MPCF surface, not
caused by the amount of Al4Cs, because Al4C3 can give a bad effect on
the TC of the composite in any direction, but in fact the transverse TC of
the composite does not change much. This can also be verified in
Ref. [27]. Based on the above analysis, it can be concluded that the
composite possesses the highest longitudinal TC only when it is sintered
for proper time (60 min in this work).

3.2. Effect of MPCF volume fraction on microstructures and thermal-
mechanical properties of MPCF/Al composites

Pure Al and MPCF/Al composites with 20-50 vol % MPCF are
fabricated by VHP under the optimized conditions, i.e. 650 °C/45 MPa/
60 min. Fig. 8 shows the microstructures of MPCF/Al composites with
different MPCF volume fractions. As the volume fraction increases, the
MPCFs tend to be adjacent to each other. Especially when the MPCF
volume fraction is 50%, a wide range of fiber agglomeration occurs in
the composite as shown in Fig. 8(d), which will inevitably increase the
defects in the composite.

To further understand the microstructure of the composites, TEM
was used to characterize the typical interface structure. The results are
shown in Fig. 9. Fig. 9(a) and (b) shows the bright and dark field images
of the microstructure of the composite, respectively. It can be seen that
most of the areas at the interface are “clean”, and only a small part of the
area has a lath-like phase, which is likely to be the Al4C3 phase. The inset
on the bottom left of Fig. 9(b) shows the SAD pattern of MPCF, where
(002), (100), (004) and (006) diffraction rings can be identified. The
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Fig. 7. Effect of sintering time on (a) relative density; (b) longitudinal TC; (c) transverse TC of the composites.
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Fig. 8. Microstructures of MPCF/Al composites with different MPCF volume fraction fabricated at 650 °C/45 MPa/60 min: (a) 20 vol %; (b) 30 vol %; (c) 40 vol %;

(d) 50 vol %.

inset on the top right of Fig. 9(b) shows the indexed [011] zone axis
selected area diffraction (SAD) pattern of the Al. Fig. 9(c) and (d) shows
the high magnification image of the interface and its EDS mapping,
respectively. It can be seen that there are no obvious defects at the
interface and the interface is mainly composed of O element and a small
amount of C and Al elements. The O element may come from the raw
carbon material or the oxide films of the Al melt during the fabrication
process [36]. Fig. 9(e) shows the typical high resolution TEM (HRTEM)
image of the interface and the insets are the provided Fast Fourier
Transform (FFT) images of some selected areas of interface and MPCF,
respectively. It can be seen that the interface layer has a thickness of
approximately 2-5 nm and is tightly adhered to the Al matrix. The FFT
pattern of the interface indicates that the interface layer is likely to have
an amorphous structure. The interface layer with such a structure often
appears in the carbon/aluminum composites and it is formed by the Al
element catalyzing the surface of the carbon material, which has been
confirmed in some references [36,37]. Also, it can be seen that there
exist C70 phase in the MPCF, which corresponds to the XRD analysis
results (see Fig. 6(a)). Fig. 9(f) shows the HRTEM image of the interface
between the Al matrix and the lath-like phase. According to the Fast
Fourier Transform (FFT) images of some selected areas of the Al and
lath-like phase, it can be seen that the Al4C3 phase does exist, and its
(012) plane is almost parallel to the (111) plane of Al In short, the
composites fabricated under the optimized conditions have a fine
interface with good interfacial bonding and few harmful reaction
products.

Table 3 summarizes the values of the thermal-physical properties of
Al and MPCF/Al composites. It can be seen that the TC of Al is 220.5 W/
(m-K). With the continuous addition of MPCFs, the relative density and
transverse TC of the composites decreases from 98.5% to 94.2% and
50.8 to 7.5 W/(m-K), respectively, while the longitudinal TC increases
from 230.3 to 288.3 W/(m-K). Therefore, the addition of MPCFs is
beneficial to reduce the relative density, transverse TC and improve the
longitudinal TC of the composites. However, it is worth noting that for

the composite with a high MPCF volume fraction (50%), the longitudi-
nal TC will decrease slightly due to the increase of defects.

Fig. 10(a) shows the measured and predicted longitudinal TC values
of MPCF/Al composites with 20-50 vol % MPCF. The predicted longi-
tudinal TC can be obtained by using the rule of mixture (ROM-Eq. (2))
[38]:

H=Vidi + (1= Vp)dw 2

Where 4 stands for the TC and superscript L refers to the longitudinal
direction. The measured longitudinal TC values of these composites
exceed 90% of the predictions. Moreover, the composite with 40 vol %
MPCF exhibits high TC over 95% of the predictions. This is due to
relatively intact and parallel MPCFs and the fine interface with good
interfacial bonding and few harmful reaction products. Therefore,
MPCFs can be used as effective reinforcements for Al matrix composites.
Fig. 10(b) shows the measured and predicted transverse TC values of
these composites. The predicted transverse TC can be obtained by the
model of laminate composites (Eq. (3a), (3b) and (3c)) [32,39] and the
Gurtman model (Eq. (4a) and (4b)) [40].

1V, 1=V, 2
= °R, 3
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Fig. 9. Typical TEM image of the interface of the MPCF/Al composites: (a) the bright-field image; (b) the dark-field image; (c) the high magnification image of the
interface; (d) EDS mapping; (e) HRTEM image of the interface; (f) HRTEM image of the interface between Al matrix and lath-like phase.

Table 3
Measured values of thermal-physical properties for Al and MPCF/Al composites with 20-50 vol % MPCF.
samples Vi (%) p (g/ cm®) pr (%) C (J/g/K) o (m?/s) TC (W/m-K)
LT LT
Al 2.69 99.7 0.880 [36] 92.7 3.2 220.5+7.8
20 2.54 98.5 0.866 1045+ 1.7 231+14 230.3 £3.7 50.8 + 3.2
MPCF/Al 30 2.45 97.1 0.863 116.4 + 1.1 153+ 1.2 246.5 + 2.3 324+ 2.5
40 2.37 96.1 0.856 142.0 £ 0.6 8.6 £0.2 288.3 £1.3 17.5+ 0.4
50 2.27 94.2 0.856 143.0 £ 2.3 3.8+0.1 279.3 £ 4.6 7.5+0.1

Where d and w are assumed to be the thickness and mass of 0.057 g
MPCFs mixed with Al powders of different weights, dy and W stand for
the thickness and mass of the composite sample, R, is the interfacial
thermal resistance of the MPCF/Al composites, v is the phonon velocity
(vm = 3620 m/s and vf = 6792 m/s [39]) and superscript T refers to the
transverse direction. It can be seen that the measured transverse TC
values of these composites locate between the two models, and as MPCF
volume fraction increases, they are close to the model of laminate
composites. There may be two main reasons for this phenomenon. One is
that the longitudinal TC of the composites is much higher than the

transverse TC. When testing the transverse TC of the composites, heat is
more likely to be conducted in the longitudinal direction and then
dissipated, which will result in relatively lower TC along the transverse
direction. The other is that as the MPCF volume fraction increases,
MPCFs tend to be adjacent to each other. When the heat is conducted in
the transverse direction, the heat conduction path will inevitably
become longer where the MPCFs gather, thereby reducing the efficiency
of heat conduction. These can be seen from the schematic diagrams of
longitudinal and transverse heat conduction paths as shown in Fig. 10
(o).

Fig. 11 shows the longitudinal and transverse thermal expansion
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Fig. 10. Comparison of (a) measured values of longitudinal TC with the rule of mixture; (b) measured values of transverse TC with the model of laminate composite
and Gurtman model; (c) Schematic diagrams of longitudinal and transverse heat conduction path.

curve and average CTE of the composites before and after thermal
cycling (0, 50 and 100 cycles). For comparison, the thermal expansion
curve and average CTE of pure Al are also measured. As shown in Fig. 11
(a), the length change of the composites without thermal cycling in the
longitudinal direction shows a decreasing trend with the increase of the
MPCF volume fraction. At the same time, it can be noticed that there is
an unsteady state in the thermal expansion curve during the initial
heating stage, which is caused by the internal stress [41]. After that, the
slope of thermal expansion curve tends to be stable. On the whole, the
length change is not great, and the length of 20 vol % MPCF/Al com-
posite has only increased by 0.044%, because MPCF has a negative CTE
in the longitudinal direction, and gradually shrinks as the temperature
increases, thereby inhibiting the plastic deformation of Al. After 50 and
100 thermal cycles, the thermal expansion curve of the composites
changes little compared with that without thermal cycling, which is due
to the fine interface obtained by using an optimized fabrication process.
As shown in Fig. 11(b), the length change of the composites and pure Al
without thermal cycling in the transverse direction shows an increasing
trend with the increase of the temperature, because both MPCF and Al
expand in the transverse direction during the heating process. Similarly,
the thermal expansion curve of the composites does not change much
after 50 and 100 thermal cycles. As shown in Fig. 11(c) and (d), in the
temperature range of 25-250 °C, with the increase of the MPCF volume
fraction, the longitudinal CTE of the composites without thermal cycling
decreases from 2.28 to —0.22 ppm/K and transverse CTE varies from
31.4 to 26.8 ppm/K, while the average CTE of Al is 24.6 ppm/K,
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indicating that the addition of MPCFs is beneficial to reduce the longi-
tudinal CTE of the composite. Among them, the longitudinal CTE values
of the composites with 40 and 50 vol % MPCF are near zero expansion.
After 50 and 100 thermal cycles, it can be seen that the thermal cycle has
little effect on the longitudinal and transverse CTE of those composites,
and the composites with 40 and 50 vol % MPCF are more likely to
provide good dimensional stability in the longitudinal direction.

Fig. 12 shows the mechanical properties and fracture surfaces of pure
Al and the composites. As shown in Fig. 12(a), the dimension and shape
of the tensile specimens can be specifically understood, and according to
the longitudinal tensile stress-strain curves of pure Al and the compos-
ites, it can be seen that the composites exhibit higher elastic modulus,
tensile strength, and lower elongation than the matrix. As shown in
Fig. 12(b), the elastic modulus and tensile strength of pure Al is 70.5 GPa
and 103 MPa, respectively. As the MPCF volume fraction increases, the
elastic modulus of the composites increases from 147.5 to 324 GPa,
while the tensile strength shows a trend of increasing first and then
decreasing. When the MPCF volume fraction is 40%, the tensile strength
reaches the maximum, which is 177.2 MPa. Compared with the Al
matrix, the elastic modulus and tensile strength of the composites are
increased by 359.6% and 72% at the highest. As shown in Fig. 12(c), the
fracture surface of 40 vol % MPCF/AI composite is uneven and some
fibers are pulled out of the matrix, indicating that the interfacial reaction
between the MPCF and the matrix is not very serious. Only partially
debondings take place during loading so loads transfer can still go on
which lead to the improvement of the tensile properties of the
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composite. As shown in Fig. 12(d), although some fibers are pulled out
of the matrix on the fracture surface of 50 vol % MPCEF/Al composite,
there are obvious cracks in the fracture at the same time, which is caused
by fiber agglomeration, so the tensile strength of the composite is
decreased.

3.3. Comparisons with other kinds of Al matrix composites and Al alloys

Fig. 13(a) shows the TC with respect to CTE of Al matrix composites
with 20-50 vol % reinforcement (including SiC [42], diamond [43,44],
AIN [45,46], GF [33], Gr film [36,47] and MPCF [10,48]) and Al alloys
[49] that may be used as thermal management materials. It can be seen
that the TC values of MPCF/Al composites in this work are at a medium
level, but the CTE values are lower than those of Al matrix composites
and Al alloy in the references. Fig. 13(b) shows the elastic modulus with
respect to density of Al matrix composites with 20-50 vol % reinforce-
ment [50-52] and Al alloys [49]. It can be seen that the MPCF/Al
composites in this work have a high specific modulus (elastic modulus
per unit density). The main reasons why these composites have good TC,
low CTE and high specific modulus are as follows: (1) MPCF has the
longitudinal TC of 396.4 W/m-K, negative CTE of —1.5 ppm/K, density
of 2.12 g/cm® and elastic modulus of 750 GPa, which is expected to be a
reinforcement for unidirectional thermal management materials with
integrated structure and function. (2) For continuous MPCF/Al com-
posites, it is relatively easy to control the orientation of the MPCFs by
controlling the mixing of MPCFs and Al powders. Therefore, it is easier
to bring the enhancement effect of the MPCFs into full play. (3)
Although graphite also has a negative CTE, the CTE of MPCF/Al com-
posites is lower than that of graphite/Al composites, because the size of
the fiber is smaller, the interfaces in the MPCF/Al composites are more,
and the impact on the CTE of the composites is greater. (4) MPCF/Al
composites fabricated in this work have a fine interface as shown in
Fig. 9. Perhaps the TC of this composite can be further improved by
using MPCFs with higher TC as the reinforcement.
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4. Conclusions

To meet the requirements of thermal management materials with
good TC, low CTE and resistance to deformation, continuous MPCF/Al
composites were fabricated by VHP in this work. The effect of process
parameters on the microstructures and TC of MPCF/Al composites was
studied. Furthermore, the influence of MPCF volume fraction on the
microstructures, interfaces and thermal-mechanical properties of the
composites under optimized process conditions was investigated, and
their thermal-mechanical properties were compared with those of other
kinds of Al matrix composites and Al alloys. Main conclusions can be
summarized as:

(1) 40 vol % MPCF/AI composites with high longitudinal TC were
successfully fabricated under the process conditions of 650 °C/45
MPa/60 min, and high longitudinal TC resulted from the
following microstructural characteristics: (a) suitable interfacial
bonding, (b) relatively intact and parallel MPCFs, (c) controllable
interfacial reaction.

The interface between MPCF and Al is mainly composed of an
amorphous interface layer of 2-5 nm, which mainly contains O
elements and a small amount of Al and C elements. At the same
time, there is a very small amount of lath-like carbide crystal at
the interface, its (012) plane is almost parallel to the (111) plane
of the matrix.

The longitudinal TC of the composites with 20-50 vol % MPCF is
230.3-288.3 W/(m-K), which exceeds 90% of the predictions by
the rule of mixture. The transverse TC is 50.8-7.5 W/(m-K),
which tends to be the predicted value by the model of laminate
composites with the increase of MPCF volume fraction. The lon-
gitudinal and transverse CTE values are 2.28—-0.22 ppm/K and
31.4-26.8 ppm/K, respectively. After 50 and 100 thermal cycles,
their CTE values do not change much. Compared with the Al
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matrix, the elastic modulus and tensile strength of the composites unidirectional thermal management materials with integrated
are increased by 359.6% and 72% at the highest. structure and function.
(4) Compared with other Al matrix composites and Al alloys that may
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