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Abstract: Aluminum matrix composites reinforced with carbon fibers or diamond particles have been
fabricated by a powder metallurgy process and characterized for thermal management applications.
Al/C composite is a nonreactive system (absence of chemical reaction between the metallic matrix and
the ceramic reinforcement) due to the presence of an alumina layer on the surface of the aluminum
powder particles. In order to achieve fully dense materials and to enhance the thermo-mechanical
properties of the Al/C composite materials, a semi-liquid method has been carried out with the
addition of a small amount of Al-Si alloys in the Al matrix. Thermal conductivity and coefficient of
thermal expansion were enhanced as compared with Al/C composites without Al-Si alloys and the
experimental values were close to the ones predicted by analytical models.

Keywords: Al/C composite materials; carbon fiber; diamond particle; semi-liquid route; thermal
management; powder processing

1. Introduction

In the field of power electronics and transportation (automotive, aeronautic, and aerospace)
industries, the continuous progress on the electronics components in terms of power, frequency,
and miniaturization leads to more heat generation per device. Therefore, improvement of the thermal
management is required to increase the performance and reliability of this kind of devices. The thermal
management is realized by a heat sink material which have to present a high thermal conductivity
(TC) and a tailored coefficient of thermal expansion (CTE) to reduce the thermal stresses between the
different layers of the device (semiconductor, ceramic substrate, and heat sink material) [1–3].

For the last 40 years, a lot of studies have been achieved on metal matrix composite (MMC),
such as Copper/Carbon and Aluminum/Carbon systems, in order to improve the thermal and
thermo-mechanical properties of heat sink materials [4–6]. Micrometric carbon reinforcements such as
graphite flakes and particles, diamond particles (DP) and carbon fibers (CF) have proved to be promising
thermal management reinforcements due to their high TC and low CTE properties. Nanometric carbon
reinforcements such as carbon nanotubes, graphene, or nano-diamonds have also been used to fabricate
MMC heat sinks due to their outstanding thermal properties. Nevertheless, the improvement of the
thermal properties of these composites is limited by many technical problems such as the dispersion
of the nanometric reinforcements in the matrix or the high interfacial matrix-reinforcement thermal
resistance [7,8].
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For a lightweight heat sink, especially for embedded devices, Al is superior than copper as
a matrix, not only because of its low density, but also due to its low price and low melting point.

The transfer of properties between the matrix and the reinforcement, in MMC, is correlated with
the properties of the interfacial zone. When chemical bondings are obtained between the two materials,
a good property transfer is expected [4,9]. Unfortunately, the Al/C system is a non-reactive system
due to the natural presence of alumina (Al2O3) layer on the surface of the Al particles. This layer
disturbs the sintering process and avoids the formation of aluminum carbide (Al4C3) at the Al–CF
interface and therefore limits the densification behavior of Al/C composites, which is critical for their
final thermal properties.

To overcome the presence of this alumina layer, many liquid-phase methods (e.g., infiltration,
stir casting) have been developed. These methods improve the wettability between matrix and
reinforcement and allow the fabrication of MMC with high reinforcement volume ratio and low
porosity ratio. However, during the fabrication process, a large amount of Al4C3 phase is formed at
the matrix–reinforcement interface. Due to its low thermal conductivity and intrinsic brittleness, the
formation of excessive Al4C3 interfacial phase is detrimental to the final properties and reliability of
the Al/C composite materials [10].

Therefore, the fabrication process of this composite should be well-controlled in order to obtain
the required properties. In this work, we focused our investigations on the fabrication of composite
materials using a semi-liquid process (liquid phase sintering). An aluminum–silicon alloy is used as
the liquid phase during the sintering process. First, the melting temperature of Al-Si is lower than
those of pure Al, which is needed for a semi-liquid process. Second, the use of Si addition on Al/C
composite materials has been shown to have a positive effect on thermal conductivity and thermal
expansion [10].

The results presented and discussed hereafter are related to the density, microstructure,
and thermophysical properties of Al/C composites with two different carbon reinforcements, i.e.,
carbon fibers and diamond particles.

2. Materials and Methods

2.1. Composite Materials

The investigated composite materials are composed of an Al-based matrix and carbon
reinforcements. The Al-based matrix is composed of spherical Al powder, prepared by atomization
process (F3731, Hermillon Powders, Hermillon, France) with an average diameter of 8µm (Figure 1a) and
Al-Si alloys powder with a composition of 11.3 at.% of silicon (F2071, Hermillon Powders) (Figure 1b).
The melting point of Al and Al-Si is respectively 660 ◦C and 584.6 ◦C.Materials 2019, 12, x FOR PEER REVIEW 3 of 14 
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Two kinds of carbon reinforcements have been selected in this work:

• Pitch-based carbon fibers (Raheama, R-A301, Teijin Limited, Chiyoda, Tokyo, Japan) with
an average length of 200 µm, a diameter of 10 µm and a TC of 600 W·m−1

·K−1 in the longitudinal
fiber direction (Figure 1c).

• Single crystal diamond powders (MBD6 quality grade from Henan Zhongxin Industry, Henan,
China) with hexagonal or cubo-octahedral shapes and an average diameter of 65 µm (Figure 1d).

2.2. Fabrication Process

Matrix (Al and/or Al-Si) and carbon reinforcements (CF or DP) powders are mechanically mixed
for 5 min in air. Two sets of composite materials were considered:

• Set A: Al/C (CF or DP) composites fabricated without Al-Si powder and used as a reference.
• Set B: (Al + Al-Si)/C (CF or DP) composites fabricated with the addition of 5 vol.% of Al-Si powder.

The fraction of reinforcement was fixed to 10, 20, 30, 40, and 50 vol.%. The mixed composite
powders were then hot-pressed at 600 ◦C or 640 ◦C under 60 MPa for 30 min. The chamber was
under vacuum to prevent oxidation during both heating and cooling. A temperature of 600 ◦C was
always used for CF reinforcements while two sintering temperature (600 ◦C or 640 ◦C) were tested for
DP reinforcements.

Due to the chosen sintering temperatures, set A samples were fabricated by a regular powder
metallurgy process while set B samples were obtained using a semi-liquid process. Indeed, the sintering
temperature was chosen between the melting temperatures of pure Al and Al–Si alloy. A schematic of
the semi-liquid process is shown in Figure 2.
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Figure 2. Schematic of the semi-liquid process.

2.3. Density, Microstructural, and Chemical Characterizations

The theoretical density of the composites was calculated using a rule of mixture:

ρC = ρmVm + ρrVr, (1)

where ρm, ρr and Vm, Vr are the densities and the volume fractions of the matrix and the reinforcement,
respectively. Experimental density was carried out using Archimedes’ method and the relative density
was then calculated as the ratio of experimental and theoretical densities.

Microstructural characterization of the Al/CF composite was carried out through scanning electron
microscopy (SEM; Tescan, VEGA) and high-resolution transmission electron microscopy (HR-TEM;
JEOL 2000-FX).



Materials 2019, 12, 4030 4 of 15

Elemental analysis of the Al/CF composites was performed through energy dispersive X-ray
spectroscopy (EDS; the EDS detector attached to the SEM microscope) and electron probe microanalyzer
(EPMA; CAMECA SX 100).

2.4. Thermal and Thermomechanical Characterization

The thermal conductivities of the composite materials were calculated using the following
equation [11]:

KC = α·ρC·Cp, (2)

where KC is the TC, α is the thermal diffusivity, ρc is the density and Cp is the specific heat of the
composite measured by a calorimetric measurement. The thermal diffusivity was measured by the flash
laser method (NETZSCH LFA 457, MicroFlash) at room temperature. For Al/CF composite materials,
due to the anisotropy of the reinforcement, both transverse (parallel to the pressure direction) and
in-plane (perpendicular to the pressure direction) thermal diffusivities were measured.

The in-plane CTE was measured using a dilatometry equipment (NETZSCH DIL 402, PC), under
argon gas flow. Two thermal cycles were performed between room temperature and 250 ◦C with
2 ◦C/min of heating/cooling rate.

2.5. Theoretical Models

2.5.1. Thermal Conductivity Model

Theoretical thermal conductivities values of Al/CF and Al/DP composites were calculated using the
Hasselman and Johnson model [12] for cylinders Equation (3) and spherical Equation (4) reinforcements,
respectively:

Kc = Km

(
Kr
Km
−

Kr
ahc
− 1

)
Vr +

(
1 + Kr

Km
+ 2Kr

ahc

)(
1− Kr

Km
−

Kr
ahc

)
Vr +

(
1 + Kr

Km
+ 2Kr

ahc

) , (3)
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2
(

Kr
Km
−

Kr
ahc
− 1

)
Vr +

(
2 + Kr

Km
+ 2Kr

ahc

)(
1− Kr

Km
−

Kr
ahc

)
Vr +

(
2 + Kr

Km
+ 2Kr

ahc

) , (4)

where Kc, Km, and Kr are TC of composite, matrix, and reinforcement, respectively; Vr and a are the
volume fraction and the radius of the reinforcement, respectively, and hc is the boundary conductance.
The key point of the Hasselman and Johnson model is the dependence of TC on the particulate radius
a, and the boundary conductance hc which is the reciprocal of interfacial thermal resistance.

Heat transportation is due to electrons in metal and to phonons in carbon reinforcement like
CF or DP. Due to the extremely low free electron concentration in carbon reinforcements, the heat
transportation through interfaces between metal and carbon is dominated by phonons. Therefore,
the boundary conductance hc of the composite material could be calculated using the Acoustic Mismatch
Model (AMM) [13–15] given by Equation (5):

hC =
1
2
ρmCm

ν3
m

ν2
r

ρmVmρrVr

(ρmVm + ρrVr)
2 , (5)

where ρ, C, and ν are the density, specific heat capacity, and phonon velocity of the materials,
respectively, and c, m, and r denote, respectively, composite, matrix, and reinforcement. The material
parameters used for the calculations are tabulated in Table 1.
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2.5.2. Coefficient of Thermal Expansion Models

Concerning the calculation of the in-plane CTE, the Kerner model [13,16], given below, was used
for composites with diamond reinforcements:

αC = αmVm + αdVd + VdVm(αd − αm)

(
Kd −Km

VmKm + VdKd + (3KdKm/4Gm)

)
, (6)

where αc, αm, and αd are the CTE of composite, matrix and DP, respectively; Vm and Vd are the volume
fraction of matrix and DP, respectively, Km and Kd are the bulk modulus of matrix and DP, respectively,
and Gm is the shear modulus of the matrix.

The material parameters used for the calculations are also tabulated in Table 1.

Table 1. Materials parameters used for calculation in the theoretical models [17–20].

Materials Al CF DP

Density (kg·m−3) 2713 2260 3500

Specific heat (J·Kg−1
·K−1) 916 836 512

Size (µm) Length
50

200
65

Diameter 10

Thermal conductivity
(W·m−1

·K−1)

Along axis
197

600
1200

Perpendicular to the axis 10

CTE (10−6 K−1)
Along axis

23
−1

1
Perpendicular to the axis 10

Poisson ratio 0.34 - -

Phonon velocity (m·s−1) 3620 14,660 13,430

Elastic modulus (GPa) 71 760 1142

Shear modulus (GPa) 26.6 - 535

Bulk modulus (GPa) 68.55 - 442

3. Results and Discussion

3.1. Al/CF Composite Materials

3.1.1. Relative Density

The relative density of the hot-pressed Al/CF composite materials as a function of the reinforcement
volume (from 0 to 50 vol.% of CF) is shown in Figure 3. As expected, for the two sets of materials,
the relative density decreases when the CF content increases. However, the relative density of set A
samples drastically decreases when the volume fraction of CF becomes higher than 20 vol.%. This
behavior is related to the increase of porosity located at the intertwining of CFs. However, set B
composites, with Al-Si additive, exhibit a higher level of relative density (higher than 97%) than set A.
This result confirmed the interest of this semi-liquid process. Indeed, during the sintering with a liquid
phase, Al particles as well as CF rearrangement can take place and the Al-Si liquid phase can also flow
around the grains and infiltrate the pores created by the intertwining of CF.
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Figure 3. Relative density of Al/CF and (Al + Al-Si)/CF composite materials.

3.1.2. Microstructure

Figure 4 shows SEM micrographs of sintered composite materials of set A and B with 50 vol.%
of CF. It has to be noticed that, whatever the fabrication process (solid or semi-liquid), the CF are
randomly oriented in the plane perpendicular to the pressure direction, due to the uniaxial compressive
stress imposed by the hot press. The SEM micrographs of set A composite (Figure 4a) show voids at
Al-CF and CF-CF interfaces, which is consistent with the decrease of the relative density observed for
these types of composite materials (Figure 3). On the contrary, set B composite presents a tight Al-CF
interface (Figure 4b). The EDS analysis (Figure 4c) reveals the presence of Si clusters (point B) at the
Al-CF interface. These results clearly indicate that, during the sintering process, the presence of liquid
Al-Si actually contributes to densify Al/CF composites.
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Transmission electron microscopy was performed on (Al + Al-Si)/CF composite reinforced with
50 vol.% of CF (Figure 5). TEM micrograph clearly shows (i) the presence of needle like carbides at
the Al-CF interface (it has to be mentioned that these carbides are not present at the Al/CF composite
material sintered without a Al-Si liquid phase), and (ii) the absence of porosity at the Al-CF interface.
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Figure 5. TEM micrographs of (Al + Al-Si)/CF50vol% composite and associated diffraction patterns.

The composition of the needle like carbide has been analyzed in detail. Figure 6 shows a TEM
micrograph at the Al-CF interface that contains Al carbide needles and an EDS map and spot analysis
of this area. Several points can be outlined from this analysis:

1. The presence of oxygen at the Al-CF interface (Figure 6—point B of the EDS spot) which is
consistent with the alumina layer present on the surface of the Al powder particles before sintering.

2. The presence of some dislocations inside the Al matrix and close to the Al-CF interface which can
be attributed to the thermo-mechanical stresses induced by the difference of CTE between the CF
and the Al matrix.

3. A homogeneous distribution of the Si inside the Al matrix.
4. A higher content of Si and O on the Al4C3 carbide particles (EDS map and EDS point A). This

result is consistent with previous works using a squeeze-casting method to densify Al/Diamond
composites material. It seems that the Al-Si eutectic phase segregates to the carbon reinforcement
surface and participates in the Al/C bonding [10,20].
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3.1.3. Thermal Conductivity

Figure 7 shows the TC of Al/CF and (Al + Al-Si)/CF composite materials in transverse and in-plane
directions. Indeed, due to the random orientation of the CF in a (x, y) plane, perpendicular to the
pressure direction (z), the Al/CF materials have anisotropic properties.
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In the transverse direction (z) (Figure 7a), we measure a decrease of the TC with the increase of
CF ratio for both sets of samples. In addition, the TC values of Al/CF composites are lower than the
TCs of the (Al + Al-SI)/CF one. Therefore, the behavior of the transverse TC of the composite is related
to the intrinsic properties of the reinforcement (see Table 1). The lower thermal conductivity of the
Al/CF composites, with respect to the (Al + Al-Si)/CF one, can be attributed to the presence of porosity
located at the Al-CF interfaces which increase the thermal boundary resistance.

In the in-plane direction (x, y) (Figure 7b), the TC of the (Al + Al-Si)/CF composite materials
increases with the CF ratio and reaches 258 W·m−1

·K−1 for a CF volume fraction close to 50%. It has to
be mentioned that, due to the fact that the CF are randomly oriented in this (x, y) plane, the TC value is
equivalent whatever the direction of measurement inside this plane. This TC is slightly higher than
that of pure Al (200 W·m−1

·K−1) while the in-plane TC of Al/CF composites decreased with the CF
volume fraction. These results confirmed the higher density of composites with Al-Si addition and the
creation of an efficient interface that allows an efficient transfer of properties between the matrix and
the reinforcement, and then an increase of the thermal conductivity of the composite due to the high
TC of the CF in that direction.

We have compared our experimental results to the TC calculated using a Hasselman and Jonshon
model (H & J model). In this model, the interfacial thermal resistance between the matrix and
the reinforcement was also considered, in order to better describe the TC, through the boundary
conductance hc, which is the inverse of the interfacial thermal resistance.

We used the acoustic mismatch model Equation (5) to evaluate the boundary conductance, hc.
We found a value of hc equal to 4.8 × 107 W·m−2

·K−1, which is consistent with other values found
in the literature [20,21]. This value of interfacial thermal conductance (hc AMM) does not allow for
perfectly fitting the experimental TC of the Al/CF and (Al + Al-Si)/CF composites, as it can be seen in
Figure 7. Indeed, the AMM model considers a straight interface with a perfect mechanical contact. For
Al/CF composites, the density measurements and the microstructural analysis have shown that some
porosities were present at the Al-CF interfaces, which interrupt the thermal flow. In fact, it is possible
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to fit the experimental curve using an interfacial thermal conductance of 6.0 × 106 W·m−2
·K−1, which is

eight times lower than AMM model (corresponding to a higher thermal resistance). For (Al + Al-Si)/CF
composites, the measured thermal conductivities are higher than that predicted by the AMM model
(Figure 7b). It means that the “quality” of the interface, in terms of transfer of thermal flux, between Al
and CF can be considered as very good. For these first calculations with the AMM model, we used
only the parameters for Al and CF. However, TEM analyses (Figure 6) have shown the presence of
Aluminum carbide (Al4C3) particles at the Al-CF interfaces. Therefore, the overall interfacial thermal
conductance encountered in (Al + Al-Si)/CF composites should take into account an Al-Al4C3-CF
interface (hAl-Al4C3-CF). It can be calculated according to Equation (7), using the addition of the thermal
resistances of the different interfaces:

RAl−Al4C3−CF =
1

hAl−Al4C3−CF
=

1
hAl−Al4C3

+
1

hAl4C3−CF
. (7)

The thermal conductance of Al-Al4C3 (hAl-Al4C3) and Al4C3/CF (hAl4C3-CF) has been calculated as
equal to 18.6 × 107 W·m−2

·K−1 and 58.2 × 107 W·m−2
·K−1, respectively. Thus, the interfacial thermal

conductance of Al-Al4C3-CF is equal to 14.1 × 107 W·m−2
·K−1. Thereby, the carbide formation at

the Al/CF interface would increase the interfacial thermal conductance, previously calculated as
4.8 × 107 W·m−2

·K−1. Using H & J model, the experimental curve can be fitted using hc = 7.0 ×
107 W·m−2

·K−1, a value lower than the Al-Al4C3-CF conductance. This is in agreement with TEM
observations that show that the aluminum carbides do not perfectly cover CF. Therefore, the Al-CF
interfacial properties would be a combination of Al-CF and Al-Al4C3-CF interfacial properties.

In the transverse direction, the interfacial thermal conductance value has no significant influence
on the thermal conductivities. Indeed, intrinsic thermal conductivity of CF is significantly lower
(10 W·m−1

·K−1) than that of the Al matrix. Therefore, in this direction, the CF reinforcements tend to
lower the thermal flow. Consequently, the thermal transfer is mainly ensured by the Al matrix, and the
interfacial thermal conductance has less effect on the transverse thermal conductivity of the composite.

3.1.4. Coefficient of Thermal Expansion

Figure 8 shows the evolution of the CTE as a function of the fiber volume fraction for Al/CF and
(Al+Al-Si)/CF composite materials, measured in the (x, y) plane. The CTE of the Al matrix (25.0 ×
10−6 K−1) is higher than that of pure Al (23.0 × 10−6 K−1). The CTE of (Al + Al-Si)/CF and Al/CF
composite materials decreases more or less linearly with the addition of CF, up to 20 vol.%. Then,
for Al/CF composites, the CTE tends to increase again for a CF volume fraction of 30%, and it was
no longer measurable for 40 vol.%, due to the deterioration of the composite, associated with its low
relative density. For (Al + Al-Si)/CF composites, their CTE continues to decrease as the CF content
increases. It reaches 7.0 × 10−6 K−1 for 50 vol.%. Such a value appears quite interesting given that the
heat sink materials must have a coefficient of thermal expansion close to that of the surrounding layers,
in order to limit thermal stresses in the package [3,22]. This corresponds to values generally comprised
between 2.6 and 7.0 × 10−6 K−1. Therefore, our (Al + Al-Si)/CF composite with 50 vol.% of CF presents
a coefficient of thermal expansion (7.0 × 10−6 K−1), which could therefore allow it to be used as a heat
dissipation material in electronic packages.



Materials 2019, 12, 4030 10 of 15

Materials 2019, 12, x FOR PEER REVIEW 10 of 14 

 

 
Figure 8. CTE of Al/CF and (Al + Al-Si)/CF composites in-plane direction. 

The calculation of the CTE values in composite materials is not straightforward. It is known that 
the CTE does not follow the classical rule of mixtures due to presence of thermal stresses at the 
matrix–reinforcement interfaces [6,7]. Several models are reported in the literature for the CTE of 
composite materials containing continuous fibers as reinforcements [23,24]. However, these models 
cannot be applied for short fiber containing composites. Therefore, we have developed a finite 
element method (FEM) for calculating the CTE of such composite materials [25]. This FEM is in fact 
made of two models in order to take into account the percolation threshold of the CF in the Al matrix. 
Model A corresponds to a composite without CF tangles and model B a composite with tangles of 
CF. The comparison between the experimental and calculated CTE of (Al + Al–Si)/CF composites is 
shown in Figure 8. It shows that the separation into two models for calculating the CTE is actually 
pertinent to correctly take into account the evolution of the CTE with the fiber content. Calculated 
values of CTE obtained with FEM model B are smaller than those determined by FEM model A. It 
clearly shows that the tangles of the carbon fiber contribute to further improve the CTE in (Al + Al–
Si)/CF composites. In addition, it seems that the remarkable low CTE of the carbon fibers has been 
transferred into the Al matrix and contributes effectively to the low CTE of the composite materials. 

3.2. Aluminum/Diamond Particle Composite Materials 

3.2.1. Relative Density 

The relative density of the composites containing 10, 30, and 50 vol.% of diamond particles is 
shown in Figure 9. Like for Al/CF composites, the relative density decreases with the increase in 
reinforcement content but to a much lesser extent (the relative density of the 50 vol.% Al/DP 
composite is close to 94% compared to 85% for Al/CF). The Al-Si addition in the Al/DP composites 
not only results in higher relative densities than Al/DP, but also in high relative densities, even for 
high DP content. The effect of the sintering temperature is also observed for these (Al + Al-Si)/DP 
composites, with a clear improvement of the sintered densities with the increase of the sintering 
temperature from 600 °C to 640 °C. A final relative density higher than 97% is obtained for the 50 
vol.% (Al + Al-Si)/DP composite sintered at 640 °C. This result confirms the interest of the liquid 
phase sintering approach. 

Figure 8. CTE of Al/CF and (Al + Al-Si)/CF composites in-plane direction.

The calculation of the CTE values in composite materials is not straightforward. It is known
that the CTE does not follow the classical rule of mixtures due to presence of thermal stresses at the
matrix–reinforcement interfaces [6,7]. Several models are reported in the literature for the CTE of
composite materials containing continuous fibers as reinforcements [23,24]. However, these models
cannot be applied for short fiber containing composites. Therefore, we have developed a finite element
method (FEM) for calculating the CTE of such composite materials [25]. This FEM is in fact made
of two models in order to take into account the percolation threshold of the CF in the Al matrix.
Model A corresponds to a composite without CF tangles and model B a composite with tangles of CF.
The comparison between the experimental and calculated CTE of (Al + Al–Si)/CF composites is shown
in Figure 8. It shows that the separation into two models for calculating the CTE is actually pertinent
to correctly take into account the evolution of the CTE with the fiber content. Calculated values of CTE
obtained with FEM model B are smaller than those determined by FEM model A. It clearly shows that
the tangles of the carbon fiber contribute to further improve the CTE in (Al + Al–Si)/CF composites. In
addition, it seems that the remarkable low CTE of the carbon fibers has been transferred into the Al
matrix and contributes effectively to the low CTE of the composite materials.

3.2. Aluminum/Diamond Particle Composite Materials

3.2.1. Relative Density

The relative density of the composites containing 10, 30, and 50 vol.% of diamond particles is
shown in Figure 9. Like for Al/CF composites, the relative density decreases with the increase in
reinforcement content but to a much lesser extent (the relative density of the 50 vol.% Al/DP composite
is close to 94% compared to 85% for Al/CF). The Al-Si addition in the Al/DP composites not only
results in higher relative densities than Al/DP, but also in high relative densities, even for high DP
content. The effect of the sintering temperature is also observed for these (Al + Al-Si)/DP composites,
with a clear improvement of the sintered densities with the increase of the sintering temperature from
600 ◦C to 640 ◦C. A final relative density higher than 97% is obtained for the 50 vol.% (Al + Al-Si)/DP
composite sintered at 640 ◦C. This result confirms the interest of the liquid phase sintering approach.
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640 ◦C.

3.2.2. Microstructure

Figure 10 shows the SEM micrograph of hot-pressed (Al + Al-Si)/DP composites with 50 vol.% of
diamond sintered at 640 ◦C. Homogeneous distributions of diamond in the Al matrix as well as the
absence of porosity at the interfaces were observed.
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3.2.3. Thermal Conductivity (TC)

Figure 11 shows the thermal conductivities of Al/DP and (Al + Al-Si)/DP composites sintered
at 600 ◦C and 640 ◦C. For all composites, TC increases with DP volume fraction, excepted for the
Al/DP composite material with 50 vol.% of DP. For this sample, a low TC was obtained, close to
260 W·m−1

·K−1, that can be attributed to the lowest relative density measured for this composite and
therefore to the presence of porosities at the Al-DP interface. Conversely, a TC close to 510 W·m−1

·K−1

was measured for the liquid phase sintered composite ((Al + Al-Si)/DP) containing 50 vol.% of DP,
which is 2.6 times higher than pure Al (kAl = 197 W·m−1

·K−1). This result is consistent with the thermal
conductivity of diamond particles, which is estimated in this study to be close to 1200 W·m−1

·K−1. We
also observed a lower increase of the thermal conductivities of (Al + Al-Si)/D composites sintered
at 600 ◦C compared to those sintered at 640 ◦C, which is, again, consistent with the higher level of
densification obtained at that sintering temperature (640 ◦C).
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Figure 11. TC of Al/DP and (Al + Al-Si)/DP composites sintered at 600 ◦C or 640 ◦C and comparison to
Hasselman and Johnson model.

Experimental TC were compared to the theoretical values, predicted by the Hasselman & Johnson
model for spherical reinforcements Equation (4). The thermal conductance used in this model was
calculated using the AMM model, like for CF reinforcements Equation (5). A value of hc = 4.67 ×
107 W·m−2

·K−1 was obtained for Al/DP composite materials; this value is consistent with other values
reported in the literature [19,20]. However, with this hc value, the model does not allow to fit perfectly
our experimental results. Three points can be advanced to explain this difference in behavior: (i) the
exact value of the thermal conductivity of these diamond particles is not really known, (ii) the shape
of the diamond particles, although isotropic, is not spherical, and (iii) the model is initially designed
for small reinforcement volume fractions. As a matter of fact, the deviation of the model predictions
increases with the DP volume fraction (the dilute medium assumption is affected when the diamond
volume fraction increases). Despite this uncertainty, the evolution of experimental TC of (Al + Al-Si)/DP
composites follows that of the model.

3.2.4. Coefficient of Thermal Expansion (CTE)

Theoretical and experimental CTE results obtained from Al/DP and (Al + Al-Si)/DP composites,
hot-pressed at 600 ◦C and 640 ◦C, are shown in Figure 12. The measured CTE of both composite
materials decreases linearly with the increase of DP volume fractions from 0% to 50%. Unlike TC, CTE
is not affected by the presence of porosity inside the composite materials. CTE of Al/DP is close to
the CTE of (Al + Al-Si)/DP. The obtained experimental values are in agreement with Kerner’s model
predictions; CTE values calculated with this model are close, up to 50 vol% of DP, to the measured CTE
values. It means that the transfer of properties between matrix and reinforcements is actually effective,
due to the presence of chemical bondings at these interfaces.



Materials 2019, 12, 4030 13 of 15

Materials 2019, 12, x FOR PEER REVIEW 13 of 14 

 

 
Figure 12. CTE of Al/DP and (Al + Al-Si)/DP composites sintered at 600 °C and/or 640 °C and 
comparison to CTE values calculated using the Kerner model. 

4. Conclusions 

In the present study, the semi-liquid method has been investigated in order to fabricate Al/CF 
and Al/DP composite materials. This process involved the presence of a small fraction of liquid phase 
(Al-Si) during the sintering process. Density, microstructural, thermal and thermo-mechanical 
properties have been investigated, and it has been shown that: 

• Liquid Al-Si phase contributed to decreasing the porosity ratio and optimizing the Al-C 
interfacial zone for both Al/CF and Al/DP composite materials. 

• Si cluster and Al needle like carbide have been analyzed, by TEM, at the Al-CF interface for the 
Al/CF composite materials. 

• Thermal conductivity and coefficient of thermal expansion appear to be strongly related to the 
composite density and the Al-C interfacial properties. 

• Values of thermal conductivity of 258 W·m−1·K−1 and coefficient of thermal expansion of 7.0 × 10−6 

K−1 were obtained for (Al + Al-Si)/CF composite with 50 vol.% of CF. These values satisfy the 
typical requirements for heat sink materials. 

• Significant increase of the thermal conductivity (510 W·m−1·K−1) is obtained in the case of (Al + 
Al-Si)/DP composite materials with 50 vol.% of diamond particles. This thermal conductivity is 
coupled with a CTE of 10 × 10−6 K−1. 

Author Contributions: Investigation, H.K.; Methodology, J.-F.S.; Supervision, A.K., Y.L. and J.-F.S.; Writing—
Original draft, A.V., J.-M.H. and J.-F.S.; Writing—Review & editing, A.V., J.-M.H. and J.-F.S. 

Funding: This research received no external funding. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Luedtke, A. Thermal management materials for high-performance applications. Adv. Eng. Mater. 2004, 6, 
142–144. 

2. Mathias, J.-D.; Geffroy, P.-M.; Silvain, J.-F. Architectural optimization for microelectronic packaging. Appl. 
Therm. Eng. 2009, 29, 2391–2395. 

3. Zweben, C. Advances in composite materials for thermal management in electronic packaging. JOM 1998, 
50, 47–51. 

4. Veillère, A.; Sundaramurthy, A.; Heintz, J.-M.; Douin, J.; Lahaye, M.; Chandra, N.; Enders, S.; Silvain, J.-F. 
Relationship between interphase chemistry and mechanical properties at the scale of micron in Cu–Cr/CF 
composite. Acta Mater. 2011, 59, 1445–1455. 
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The best results in terms of CTE are obtained for 50 vol.% of diamond reinforcements. The value
for the Al/DP composite material is close to 10 × 10−6 K−1 which represent a strong reduction (40%)
relative to pure Al material (αAl = 25 × 10−6 K−1). Nevertheless, this value is slightly higher than the
target value of 7 × 10−6

·K−1 for electronic packaging.

4. Conclusions

In the present study, the semi-liquid method has been investigated in order to fabricate Al/CF and
Al/DP composite materials. This process involved the presence of a small fraction of liquid phase (Al-Si)
during the sintering process. Density, microstructural, thermal and thermo-mechanical properties
have been investigated, and it has been shown that:

• Liquid Al-Si phase contributed to decreasing the porosity ratio and optimizing the Al-C interfacial
zone for both Al/CF and Al/DP composite materials.

• Si cluster and Al needle like carbide have been analyzed, by TEM, at the Al-CF interface for the
Al/CF composite materials.

• Thermal conductivity and coefficient of thermal expansion appear to be strongly related to the
composite density and the Al-C interfacial properties.

• Values of thermal conductivity of 258 W·m−1
·K−1 and coefficient of thermal expansion of 7.0 ×

10−6 K−1 were obtained for (Al + Al-Si)/CF composite with 50 vol.% of CF. These values satisfy
the typical requirements for heat sink materials.

• Significant increase of the thermal conductivity (510 W·m−1
·K−1) is obtained in the case of (Al +

Al-Si)/DP composite materials with 50 vol.% of diamond particles. This thermal conductivity is
coupled with a CTE of 10 × 10−6 K−1.

Author Contributions: Investigation, H.K.; Methodology, J.-F.S.; Supervision, A.K., Y.L. and J.-F.S.;
Writing—Original draft, A.V., J.-M.H. and J.-F.S.; Writing—Review & editing, A.V., J.-M.H. and J.-F.S.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2019, 12, 4030 14 of 15

References

1. Luedtke, A. Thermal management materials for high-performance applications. Adv. Eng. Mater. 2004, 6,
142–144. [CrossRef]

2. Mathias, J.-D.; Geffroy, P.-M.; Silvain, J.-F. Architectural optimization for microelectronic packaging. Appl.
Therm. Eng. 2009, 29, 2391–2395. [CrossRef]

3. Zweben, C. Advances in composite materials for thermal management in electronic packaging. JOM 1998,
50, 47–51. [CrossRef]

4. Veillère, A.; Sundaramurthy, A.; Heintz, J.-M.; Douin, J.; Lahaye, M.; Chandra, N.; Enders, S.; Silvain, J.-F.
Relationship between interphase chemistry and mechanical properties at the scale of micron in Cu–Cr/CF
composite. Acta Mater. 2011, 59, 1445–1455. [CrossRef]

5. Silvain, J.-F.; Veillère, A.; Lu, Y. Copper-Carbon and Aluminum-Carbon Composites Fabricated by Powder
Metallurgy Processes. J. Phys. Conf. Ser. 2014, 525, 012015. [CrossRef]

6. Lalet, G.; Kurita, H.; Heintz, J.-M.; Lacombe, G.; Kawasaki, A.; Silvain, J.-F. Thermal expansion coefficient
and thermal fatigue of discontinuous carbon fiber-reinforced copper and aluminum matrix composites
without interfacial chemical bond. J. Mater. Sci. 2014, 49, 397–402. [CrossRef]

7. Kurita, H.; Kwon, H.; Kaxasaki, M.E.E.A. Multi-Walled Carbon Nanotube-Aluminum Matrix Composites
Prepared by Combination of Hetero-Agglomeration Method, Spark Plasma Sintering and Hot Extrusion.
Mater. Trans. 2011, 52, 1960–1965. [CrossRef]

8. Vincent, C. Le Composite Cuivre/Nanofibre de Carbone. Ph.D. Thesis, Université de Bordeaux, Bordeaux,
France, 2008.

9. Veillere, A.; Heintz, J.-M.; Chandra, N.; Douin, J.; Lahaye, M.; Lalet, G.; Vincent, C.; Silvain, J.-F. Influence of
the interface structure on the thermo-mechanical properties of Cu-X (X=Cr or B)/carbon fiber composite.
Mater. Rese. Bull. 2011, 47, 375–380. [CrossRef]

10. Beffort, O.; Khalid, F.; Weber, L.; Ruch, P.; Klotz, U.; Meier, S.; Kleiner, S. Interface formation in infiltrated
Al(Si)/diamond composites. Diam. Relat. Mater. 2006, 15, 1250–1260. [CrossRef]

11. Bird, R.B.; Stewart, W.E.; Lightfoot, E.N. Transport Phenomena, 2nd ed.; John Wiley and Sons: Hoboken, NJ,
USA, 2006.

12. Hasselman, D.; Johnson, L.F. Effective Thermal Conductivity of Composite with Interfacial Thermal Barrier
Resistance. J. Compos. Mater. 1987, 21, 508–515. [CrossRef]

13. Mizuuchi, K.; Inoue, K.; Agari, Y.; Sugioka, M.; Tanaka, M.; Takeuchi, T.; Tani, J.-I.; Kawahara, M.;
Makino, Y.; Ito, M. Bimodal and monomodal diamond particle effect on the thermal properties of
diamond-particle-dispersed Al–matrix composite fabricated by SPS. Microelectron. Reliab. 2014, 54, 2463–2470.
[CrossRef]

14. Battabyal, M.; Beffort, O.; Kleiner, S.; Vaucher, S.; Rohr, L. Heat transport across the metal–diamond interface.
Diam. Relat. Mater. 2008, 17, 1438–1442. [CrossRef]

15. Swartz, E.; Pohl, R. Thermal boundary resistance. Rev. Mod. Phys. 1989, 61, 605. [CrossRef]
16. Kerner, E. The Elastic and Thermo-elastic Properties of Composite Media. Proc. Phys. Soc. Sect. B 1956, 69,

808–813. [CrossRef]
17. Stoner, R.J.; Maris, H.J. Kapitza conductance and heat flow between solids at temperatures from 50 to 300K.

Phys. Rev. B 1993, 48, 16373–16387. [CrossRef]
18. Bosak, A.; Krisch, M. Elasticity of single-crystalline graphite: Inelastic x-ray scattering study. Phys. Rev. B

2007, 75, 153408. [CrossRef]
19. Yuan, M.; Tan, Z.; Fan, G.; Xiong, D.-B.; Guo, Q.; Guo, C.; Li, Z.; Zhang, D. Theoretical modelling for interface

design and thermal conductivity prediction in diamond/Cu composites. Diam. Relat. Mater. 2018, 81, 38–44.
[CrossRef]

20. Zhang, Y.; Li, J.; Zhao, L.; Zhang, H.; Wang, X. Effect of metalloid silicon addition on densification,
microstructure and thermal–physical properties of Al/diamond composites consolidated by spark plasma
sintering. Mater. Des. 2014, 63, 838–847. [CrossRef]

21. Chamroune, N. Matériaux Composites Aluminium/Carbone: Architecture spécifique et propriétés
Thermiques Adaptatives. Ph.D. Thesis, Université de Bordeaux, Bordeaux, France, 2018.

22. Ueno, T.; Yoshioka, T.; Ogawa, J.; Ozoe, N.; Sato, K.; Yoshino, K. Hight thermal conductive metal/carbon
composites by pulsed electric current sintering. Synth. Met. 2009, 159, 2170–2172. [CrossRef]

http://dx.doi.org/10.1002/adem.200300552
http://dx.doi.org/10.1016/j.applthermaleng.2008.12.037
http://dx.doi.org/10.1007/s11837-998-0128-6
http://dx.doi.org/10.1016/j.actamat.2010.11.006
http://dx.doi.org/10.1088/1742-6596/525/1/012015
http://dx.doi.org/10.1007/s10853-013-7717-7
http://dx.doi.org/10.2320/matertrans.M2011146
http://dx.doi.org/10.1016/j.materresbull.2011.11.004
http://dx.doi.org/10.1016/j.diamond.2005.09.036
http://dx.doi.org/10.1177/002199838702100602
http://dx.doi.org/10.1016/j.microrel.2014.04.006
http://dx.doi.org/10.1016/j.diamond.2008.01.023
http://dx.doi.org/10.1103/RevModPhys.61.605
http://dx.doi.org/10.1088/0370-1301/69/8/305
http://dx.doi.org/10.1103/PhysRevB.48.16373
http://dx.doi.org/10.1103/PhysRevB.75.153408
http://dx.doi.org/10.1016/j.diamond.2017.11.010
http://dx.doi.org/10.1016/j.matdes.2014.06.065
http://dx.doi.org/10.1016/j.synthmet.2009.10.006


Materials 2019, 12, 4030 15 of 15

23. Schapery, R. Thermal Expansion Coefficients of Composite Materials Based on Energy Principles. J. Compos.
Mater. 1968, 2, 380–404. [CrossRef]

24. Sideridis, E. Thermal expansion coefficients of fiber composites defined by the concept of the interphase.
Compos. Sci. Technol. 1994, 51, 301–317. [CrossRef]

25. Kurita, H.; Feuillet, E.; Guillemet, T.; Heintz, J.-M.; Kawasaki, A.; Silvain, J.-F. Simple Fabrication and
Characterization of Discontinuous Carbon Fiber Reinforced Aluminum Matrix Composite for Lightweight
Heat Sink Applications. Acta Metall. Sin. 2014, 27, 714–722. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1177/002199836800200308
http://dx.doi.org/10.1016/0266-3538(94)90100-7
http://dx.doi.org/10.1007/s40195-014-0106-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Aluminum/Carbon Composites Materials Fabricated by the Powder Metallurgy Process
	Authors

	Introduction 
	Materials and Methods 
	Composite Materials 
	Fabrication Process 
	Density, Microstructural, and Chemical Characterizations 
	Thermal and Thermomechanical Characterization 
	Theoretical Models 
	Thermal Conductivity Model 
	Coefficient of Thermal Expansion Models 


	Results and Discussion 
	Al/CF Composite Materials 
	Relative Density 
	Microstructure 
	Thermal Conductivity 
	Coefficient of Thermal Expansion 

	Aluminum/Diamond Particle Composite Materials 
	Relative Density 
	Microstructure 
	Thermal Conductivity (TC) 
	Coefficient of Thermal Expansion (CTE) 


	Conclusions 
	References

