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Abstract: Magnesium matrix composites are considered a desired solution for lightweight appli-
cations. As an attractive thermal management material, diamond particle-reinforced Mg matrix
(Mg/diamond) composites generally exhibit thermal conductivities lower than expected. To exploit
the potential of heat conduction, a combination of Cr coating on diamond particles and squeeze
casting was used to prepare Mg/diamond (Cr) composites. The thickness of the Cr coating under
different coating processes (950 ◦C/30 min, 950 ◦C/60 min, 950 ◦C/90 min, 1000 ◦C/30 min, and
1050 ◦C/30 min) was measured by FIB-SEM to be 1.09–2.95 µm. The thermal conductivity (TC) of
the Mg/diamond composites firstly increased and then decreased, while the coefficient of thermal
expansion (CTE) of Mg/diamond (Cr) composite firstly decreased and then increased with the
increase in Cr coating thickness. The composite exhibited the maximum TC of 202.42 W/(m·K) with
a 1.20 µm Cr coating layer, while a minimum CTE of 5.82 × 10−6/K was recorded with a coating
thickness of 2.50 µm. The results clearly manifest the effect of Cr layer thickness on the TC and CTE
of Mg/diamond composites.

Keywords: Mg/diamond composites; thermophysical properties; interface; squeeze casting

1. Introduction

The rapid development of the electronic field urgently requires the development of
thermal management materials with high performance [1,2]. Carbon materials, includ-
ing carbon fibers, graphite, diamond, carbon foams, carbon nanotubes, graphene, and
reinforced metal matrix composites (MMCs) with high TC and low CTE, are the possible
solution for electronic packaging applications [3,4]. Among them, diamond is an ideal rein-
forcement material due to its excellent intrinsic thermal conductivity (1200–2000 W/(m·K))
and low thermal expansion coefficient (2.3 × 10−6/K) [5,6].

In the context of diamond-reinforced MMCs with high TC, magnesium and its alloys
have long been neglected because of their intrinsic thermal conductivity being lower
than that of Al and Cu. Nevertheless, it still needs to be pointed out that the density of
magnesium is much lower than that of aluminum and copper. Therefore, the development
of diamond-reinforced magnesium matrix composites with high TC and low CTE can
further broaden the applications of magnesium alloys [7,8].

Sound interfacial bonding is the basic prerequisite for achieving a metal/diamond
composite with high TC. In order to improve the thermal conductivity, diamond surface
coating [9–11] and metal matrix alloying [12–14] have been applied to enhance the inter-
facial bonding between the diamond and the metal matrix. The surface coating method
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excels in improving composite performance; Kumar et al. developed a series of zinc-based
coatings such as Zn–WO3 [15] and Zn–Ni–WC composite nanocoatings [16], which exhibit
excellent corrosion resistance and high hardness, greatly expanding the application of steel
in boat structures, manufacturing, nuclear power plants, etc. Studies have shown that the
addition of alloying elements can drastically reduce the TC of the magnesium matrix [17].
However, it is a feasible method to coat Ti, Mo, W, Zr, Al, Cr, and other carbide-forming
elements onto the diamond surface to improve the wettability between the Mg matrix and
the diamond [18]. Moreover, it has been reported that Cr coatings have good mechanical
stability [19] and thermal conductivity [20].

To the best of our knowledge, there are few reports on the TC of Mg/diamond
composites. Stevenson [21] prepared a Mg–5.5Zn–0.5Zr/diamond composite and found
that the TC of the composite was not improved by the addition of alloying elements in the
matrix. Pickard [22] claimed in his patent that, when the diamond volume fraction is 54%,
the TC of the composite can be increased from 120–250 W/(m·K) to 520–550 W/(m·K) by
coating SiC on the diamond surface. Molina et al. [7] coated Ti on the diamond surface and
prepared Mg/diamond composites by gas pressure infiltration, thereby greatly improving
the thermal conductivity of the composite. Zhu et al. [11] used a molten salt method to
successfully prepare surface-gradient-modified diamond particles. The value of the thermal
conductivity of the surface-modified Mg/diamond composites with a diamond volume
percentage of 35% reached 286 W/(m·K). Ma et al. [23] studied the thermal conductivity and
mechanical properties of ND-reinforced ZK60 matrix composites; the thermal conductivity
of the composite material exceeded 129 W/(m·K) with an ND content of 0.05%. In these
cases, the TC values of the Mg/diamond composites were lower than the predicted values.
It is, hence, necessary to understand the influence of interfacial carbide evolution on the
thermal conductivity.

Numerous efforts have been devoted to improving the thermal conductivity of metal
matrix composites; however, there is a paucity of research literature on magnesium-based
composites. The commonly used coating methods for diamond surfaces include the
molten salt method, vacuum micro-evaporation, chemical vapor deposition, magnetron
sputtering, and sol–gel [24,25]. The molten salt method is one of the most commonly used
coating methods due to its low cost. However, the effect of the molten salt method on the
structure of chromium coating and the TC of Mg/diamond composites has not been studied
yet. Therefore, solving this problem will accelerate the application of high-TC electronic
packaging materials in the semiconductor, integrated circuit, and aerospace industries.

In the present work, we coated Cr on diamond particles to improve the interface
bonding and prepared the composites using the squeeze casting infiltration process.
The thickness of the coating in the range 1.09–2.95 µm was measured by FIB-SEM to
explore the effect of coatings with different thicknesses on the thermal properties of the
Mg/diamond composites.

2. Materials and Methods

Commercially available bulk Mg (purity: 99.95 wt.%, Shanxi Yinguang Huasheng
Magnesium Co., Yuncheng, China) was used as a metal matrix, and HHD90-type synthetic
single-crystalline diamond powders (particle size: 212–250 µm, Henan Huanghe Whirlwind
Co., Changge, China) were used to reinforce the composite. NaCl and KCl were used as
analyitical reagents (Sinopharm Chemical Reagent Co., Ltd., Zhenjiang, China). NaCl and
KCl with a molar ratio of 1:1 were mixed and used to cover the diamond particles for the
salt bath. Two different sizes of alumina crucibles were nested and used, and the gap was
filled with mixed salt.

2.1. Preparation of Cr Coating on Diamond Powder

The Cr coating was deposited onto the diamond particles using the molten salt method.
When the temperature is higher than 850 ◦C, the diamond particles react with Cr powder
to form carbides [26]. Thus, the coating temperature and coating time were 950–1050 ◦C
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and 30–90 min. The coating process can be described by the following steps: (i) the
diamond particles were washed with a diluted acid to remove impurities; (ii) the salt
and diamond/Cr powder mixture was placed in an alumina crucible, heating to different
temperatures (950 ◦C, 1000 ◦C, and 1050 ◦C) for 30–90 min in a tube furnace, before furnace-
cooling to room temperature; (iii) after cooling, the mixture was separated by an ultrasonic
wave with boiling distilled water and alcohol, and then the coated diamond particles were
dried under vacuum at 100 ◦C for 30 min.

2.2. Preparation of Mg/Diamond (Cr) Composites

The Mg/diamond composites were prepared using the squeeze casting infiltration
process. The main process included two steps. Firstly, the Cr-coated diamond particles
were densely packed in a graphite mold, and the pure Mg bulks were placed on top of the
diamond preform in a quartz crucible. Secondly, considering that pure magnesium is easily
oxidized and magnesium liquid can splash easily, the crucible was placed in a resistance
furnace, heated to 800 ◦C, and kept for 10 min under a SF6 + CO2 protective gas mixture
(volume ratio of SF6/CO2 = 1:99). Then, a uniaxial pressure (10 MPa) was held for 60 s at
800 ◦C until the infiltration process was accomplished. Finally, the sample was obtained
after the graphite mold was cooled to room temperature. The specific raw materials and
experimental parameters are shown in Table 1.

Table 1. Raw materials and experimental parameters.

Raw Materials Experimental Parameters

purity Size (µm) TC value (W/(m·K))
Coating time–30–90 min

Coating temperature—950–1050 ◦C

Diamond - 230 1800 Preparation temperature—800 ◦C
Mg >99.95% - 156 holding time—10 min
Cr >99.99% 70 - infiltration pressure—10 MPa

NaCl >99.99% - - infiltration time—60 s
KCl >99.99% - - graphite mold—ϕ20 mm × 4 mm

2.3. Characterization

The microstructures of the uncoated diamond particles, the coated diamond particles,
and the diamond extracted from the composite material were observed with a field-emission
scanning electron microscope (FE-SEM, JSM-7001F, JEOL Ltd., Tokyo, Japan). The phase
compositions of the diamond (Cr) particles and the Mg/diamond (Cr) composites were
characterized by X-ray diffraction with Cu-Kα radiation (XRD, D8-ADVANCE, Burker Co.,
Karlsruhe, Germany). The cross-section of a layer was prepared using a focused ion beam
system (FIB-SEM, ZEISS Crossbeam 350, Zeiss Co., Oberkochen, Germany), and the coating
thickness was also obtained.

The thermal conductivity of the composites was calculated using the equation Kc = α·ρc·c,
where Kc, α, ρc, and c represent thermal conductivity, thermal diffusivity, sample density,
and heat capacity, respectively. The thermal diffusivity was measured using a laser flash ap-
paratus (LFA 457, NETZSCH Group, Selb, Germany) at room temperature with disc-shaped
samples of Φ12.7 mm × 2.5 mm. The density of the composite material was measured
using the Archimedes drainage method, with absolute ethanol as the liquid medium, an an-
alytical balance with an accuracy of 0.1 mg, and the attached density measuring component.
The specific heat capacity of the composite material can be calculated theoretically from the
mass fraction of each component using the equation C = Cdiamond·Wdiamond + CMg·WMg,
where Cdiamond and CMg represent the specific heat capacity of diamond and Mg, and
Wdiamond and WMg represent the mass fraction of diamond and Mg, respectively. The above
variables were averaged from three measurements to calculate the thermal conductivity of
the Mg/diamond composites. The thermal expansion coefficient of the composite mate-
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rial was measured in the range 300–573 K with a heating rate of 10 K·min−1 in an argon
atmosphere using a cuboid sample of 15 mm × 3 mm × 3 mm machined by laser cutting.

3. Results

Figure 1 shows SEM images of the Cr-coated diamond particles. When the coating
temperature reached 950 ◦C, the Cr coating successfully adhered to the diamond surface,
and the thickness increased with holding time. However, most of the diamond surface
coating structure was incomplete at 950 ◦C, and almost all coatings were cracked, as
shown in Figure 1a. With an increase in the holding time (90 min), the irregular island-like
structure of the diamond (100) crystal plane became smoother and denser, and the number
of cracks on the diamond surface decreased significantly, as shown in Figure 1e. This shows
that, under these process conditions, an appropriate increase in holding time increases
the thickness of the coating and optimizes the bond strength between the coating and the
diamond surface, thus making the coating more complete.

We also investigated the effect of temperature on the formation of the coating. As the
coating temperature was increased, the diamond surface gradually formed a complete
coating. At 950 ◦C, the diamond (111) surface was rough but complete, while the (100)
surface had unnucleated pits, and the coating was broken. Moreover, the reaction between
diamond and Cr was anisotropic. The (100) crystal plane of diamond had higher activity
and reacted more easily with metallic Cr than the (111) face. Above 1000 ◦C, the edges and
corners between the diamond crystal planes become rounded, and the surface roughness
decreased; in particular, the coating on the (100) crystal plane became complete. This shows
that the increase in temperature sped up the diffusion and deposition of Cr to the diamond
surface in the molten salt, such that the thickness of the coating was increased continuously.
As the coating temperature further increased to 1050 ◦C, the originally uniform and dense
coating thickened while cracks also developed, and some powder-like substance appeared
on the (100) crystal plane, as shown in Figure 1i. It can be seen that diamond particles
prepared at too high a salt bath temperature caused coating cracking due to the excessive
temperature difference in the subsequent extraction process. At the same time, when
the thickness of the coating was increased to a certain extent, it hindered the continuous
reaction of Cr and diamond. A certain amount of Cr powder remained on the surface of the
coating. From the above analysis, it can be found that the formation of the diamond surface
coating is controlled by the diffusion mechanism, and the temperature has an important
influence on the microscopic morphology of the coating.

This shows that an excessive temperature and hold time would lead to cracks in the
coating in the subsequent extraction process. When the thickness of the coating reaches a
certain level, it hinders further reaction between the chromium and the diamond. It can be
concluded that temperature and hold time have an important influence on the formation
and microscopic morphology of the coatings.

In the coating process, the diamond powder and Cr come into contact and react. In the
temperature range 298–1800 K, the Gibbs energies of the reaction between diamond and
Cr powder were as shown in Table 2. When the coating temperature was 950 ◦C, 1000 ◦C,
and 1050 ◦C, the Gibbs free energy of all reactions was negative, indicating that the three
carbides of Cr3C2, Cr7C3, and Cr23C6 could form spontaneously.

Table 2. Gibbs energies of formation of chromium carbides.

Chemical Equations Gibbs Functions

3Cr(s) + 2C(s) = Cr3C2(s) ∆G0
T = −95.95 − 0.0198T(KJ/mol)

7Cr(s) + 3C(s) = Cr7C3(s) ∆G0
T = −182.5 − 0.0429T(KJ/mol)

23Cr(s) + 6C(s) = Cr23C6(s) ∆G0
T = −398.43 − 0.0827T(KJ/mol)
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Figure 1. Cr coating diamond surface morphology under salt bath process with different param-
eters: (a,b) 950 ◦C/30 min, (c,d) 950 ◦C/60 min, (e,f) 950 ◦C/90 min, (g,h) 1000 ◦C/30 min, and
(i,j) 1050 ◦C/30 min.
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In order to determine the phase composition of the diamond, we conducted XRD
analysis as shown in Figure 2. The diffraction peaks of Cr3C2 and Cr7C3 appeared at
the coating temperature of 950 ◦C. However, that of Cr23C6 was not found, and it can be
seen that the change in holding time only changed the intensity of each diffraction peak.
With increasing coating temperature, C atoms detached from the coating and participated
in the reaction with Cr atoms to form carbides with higher C content. The intensity of
the two diffraction peaks did not change much at 1000 ◦C and 1050 ◦C, but the amount
of Cr7C3 was significantly greater than that of Cr3C2. Combined with the Gibbs free
energy analysis, the results show that Cr7C3 was easier to generate than Cr3C2 at the same
temperature. This is also consistent with the results of thermodynamic analysis. During the
reaction of diamond and Cr, Cr23C6 was the first product formed, which was then gradually
transformed into Cr7C3 and Cr3C2 with the increase in temperature, but the content of
Cr7C3 was significantly higher than that of Cr3C2.
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Figure 2. XRD patterns of diamond particles coated at 950–1050 ◦C.

The film thickness of the Cr-coated diamond particles prepared under different pro-
cesses was characterized and measured to more accurately quantify the influence of the
coating process on the thickness of the coating. In previous studies, researchers mainly used
SEM observation and the spherical weight gain method to estimate the thickness of the
film [7,27]. However, it is difficult to directly observe the thickness of the film under a scan-
ning electron microscope due to the typical hexahedral–octahedral structure of diamond,
leading to the theoretical calculation method having an error. Therefore, in this paper, a
focused ion beam (FIB) and scanning electron microscope (SEM) were coupled into an
FIB-SEM dual-beam system. The high-current ion beam was used to strip the atoms on the
diamond surface to achieve the interception of the microscopic cross-section of the coating
structure, and then the cross-sectional layer shape was observed by scanning electron mi-
croscope, while the cross-sectional layer was analyzed by EDS line scanning. According to
the change in element content, the thickness of the coating was accurately determined.

The SEM image and EDS line scan analysis results of the coating are shown in Figure 3,
revealing that the thickness of the coating increased significantly with the increase in
temperature but did not change significantly with the holding time. The EDS line scan
was performed from the inside to the outside, suggesting that the C content gradually
decreased while the Cr content gradually increased. It can be observed that the C content
tended to increase slightly after the decrease, which is because some of the C atoms in
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the diamond and some of the Cr atoms in the coating diffused into each other at the
interface, thus reasonably forming carbides on both sides of the interface. The Cr element
was observed at 1.09 µm, 1.20 µm, 1.85 µm, 2.50 µm, and 2.95 µm in the coatings at
the three temperatures; accordingly, when the coating temperature was 950 ◦C/30 min,
950 ◦C/60 min, 950 ◦C/90 min, 1000 ◦C/30 min, and 1050 ◦C/30 min, the coating thickness
was 1.09 µm, 1.20 µm, 1.85 µm, 2.50 µm, and 2.95 µm, respectively.
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The microstructure of the composite material was characterized by SEM. As shown in
Figure 4, in the uncoated Mg/diamond composite, the distribution of diamond particles in
the matrix was uneven, and there were many pits on the surface. Moreover, the fracture
surface shows that there were several holes and voids, and diamond particle shedding
resulted in dimples. However, diamond particles were homogeneously distributed and
tightly bound in the composites after Cr coating. The introduction of the carbide layer
improved the interface bonding, but the mismatch in thermal expansion coefficient between
the thick coating and diamond resulted in poor bonding, which indirectly affected the
interface bonding strength of the composite and even led to severe interface separation.
On the basis of the investigation of the fracture surfaces of composites, it can be speculated
that the effect of holding time on the interfacial bond strength of the composites was less
significant compared to the influence of coating temperature.
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To study the phase composition of Mg/diamond (Cr) composites at different coating
temperatures, phase analysis was carried out by XRD, as shown in Figure 5. Cr3C2, Cr7C3,
diamond, and Mg were identified in all composite samples. Surprisingly, the intensity
of Cr7C3 was significantly lower than that of Cr3C2, which may be because the residual
Cr atoms continued to undergo carbide transformation during the insulation stage of the
Mg/diamond composite, thus generating a portion of Cr3C2. In particular, the Cr3C2 phase
was observed with an intense peak at 82.2◦ in the XRD pattern when the temperature was
kept at 950 ◦C for 90 min, indicating that, as the holding time increased, the interface layer
continued to transform to carbides with high C content.
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The TC of the Mg/diamond (Cr) composite increased first and then decreased as
the thickness of the coating increased, as shown in Figure 6, attaining a maximum TC of
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202.42 W/(m·K) at 1.20 µm coating thickness when 950 ◦C/60 min. The TC of the uncoated
Mg/diamond composite was only 111.77 W/ (m·K), owing to the poor wettability between
the Mg matrix and the diamond. The coating thickness affects the thermal conductivity
Mg/diamond (Cr) composite to a certain extent, whereby a suitable coating thickness can
improve the interface bonding, but an excessively thick coating can bring about a larger
interface thermal resistance. In other words, the negative effect of the interface thermal
resistance is stronger than the positive effect of the carbide layer, resulting in a decrease
in thermal conductivity. In addition, according to the results of the interface analysis
of the Mg/diamond (Cr) composite, the coating obtained at high temperature already
had defects such as cracking and peeling, which would form pores at the Mg/diamond
(Cr) composite interface or even result in a discontinuous interface. In the heat transfer
process, the interface defects can cause serious scattering effects on the coupling of electrons
and phonons, as well as weaken the thermal conductivity of the composite. The thermal
conductivity of the Mg/diamond composite with a coating thickness of 2.95 µm was only
120.6 W/ (m·K), which is consistent with the differential effective medium (DEM) model
analysis [28].

1 − Vp

(
Kc

Km

) 1
3
=

Ke f f
p − Kc

Ke f f
p − Km

with Ke f f
p =

Kp

1 + 2 Kp
hd

, (1)

where Kc, Km, and Kp are the thermal conductivities of the composite, matrix, and rein-

forcement, respectively. Vp and Ke f f
p are the volume fraction of the reinforcement and actual

thermal conductivity of the reinforcement, respectively. As calculated using the differential
effective medium (DEM) model, the interface thermal resistance of the Mg/diamond (Cr)
composite increased as the thickness of the coating increased, and the theoretical thermal
conductivity of the Mg/diamond (Cr) composite gradually decreased. Theoretical calcu-
lations of the thermal conductivity were much higher than the experimental values, with
even the TC of the unmodified Mg/diamond composite reaching 878 W/(m·K). This may
be because of Cr3C2 and Cr7C3 coexisting in the coating, whereas the DEM model did not
take into account the interface defects.
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The CTE of the Mg/diamond(Cr) and the unmodified Mg/diamond composites was
measured, as shown in Figure 7a. The CTE of the uncoated Mg/diamond composite was
as high as 24.95 × 10−6/K at 573 K. This was attributed to the extreme disparity in the CTE
values of diamond (1.3 × 10−6/K) [6] and Mg (27.3 × 10−6/K) [29], which could easily lead
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to rapid expansion of the matrix under the condition of poor interface bonding. The CTE
of the Mg/diamond (Cr) composite was only 5.82 × 10−6/K at 2.50 µm coating thickness,
and, with the increase in temperature, the rate of increase in CTE was significantly slower,
suggesting that a strong interface bond was formed between the interfaces of the composite
at 1000 ◦C/30 min. The CTE value of the composite material was higher at 2.95 µm
coating thickness. This was due to the interface layer carbide itself having brittleness.
The excessively thick coating structure caused the interface layer to crack, resulting in a
separation of the interface between the matrix and the reinforcement.
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Figure 7b shows the measured and theoretically expected CTE values of Mg/diamond
composites. The Turner model and Kerner model were applied to calculate the CTE of
Mg/diamond composites.
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The Turner model [30]:

αc =
αmVmKm + αpVpKp

KmV + KpVp
. (2)

The Kerner model [31]:

αc = αmVm + αpVp + VpVm
(
αp − αm

)
×

Kp − Km

VmKm + VpKp +
(

3KpKm
4Gm

) . (3)

The parameters used for calculations were as follows: Km = 35.83 GPa, Kp = 580 GPa,
αm = 26 × 10−6/K, αp = 2.8 × 10−6/K, GMg = 18.2 GPa, and GDiamond = 360 GPa [32].
In Figure 7b, the prediction result of the Turner model under the same conditions was sig-
nificantly smaller than that of the Kerner model, because the more idealized Turner model
ignores the shear stress at which a material undergoes thermal expansion. Furthermore, all
the experimental results were higher than the calculated ones, with the only exception being
the composites with an interface thickness of 2.50 µm, which fell within the prediction area
of the Kerner model. This can be explained by the weak interfacial strength between Mg
and the diamond particles. Therefore, an appropriate thickness of the interfacial layer can
further improve the interface bonding of the composite, thus broadening the application
fields of magnesium matrix composites.

4. Conclusions

In this paper, the effect of the Cr coating on the thermal properties of the Mg/diamond
composites was investigated. The following conclusions were drawn:

1. The synthesis of the chrome carbide coatings was carried out using a molten salt pro-
cess. Starting with a coating temperature of 950 ◦C and a holding time of 30 min, a rel-
atively complete coating was formed on the diamond surface. The coating process at
950 ◦C/30 min, 950 ◦C/60 min, 950 ◦C/90 min, 1000 ◦C/30 min, and 1050 ◦C/30 min
could obtain an interface layer with a thickness in the range 1.09–2.95 µm.

2. The density and thermal conductivity of the composite reached a maximum value of
97.24% and 202.42 W/(m·K), respectively, compared with the unmodified Mg/diamond
composite, thus improving by 6.4% and 81.1%, respectively.

3. The CTE of the Mg/diamond (Cr) composite first decreased and then increased
with the increase in coating thickness, reaching a minimum value of 5.82 × 10−6/K
at 2.50 µm coating thickness, which was only 60% of the CTE of the uncoated
Mg/diamond composite, thus effectively matching the thermal expansion coefficient
of the semiconductor material.

In the molten salt process, due to the difference in surface energy between the diamond
(100) and (111) surfaces, the deposition rate of carbides on the (100) is faster than on the (111)
surface. If the coating temperature is too high and the holding time is too long, the coating
on the (100) crystal surface will crack because it does not match the CTE of diamond.

The Mg/diamond (Cr) composite was prepared using the squeeze casting infiltration
process under a pressure of 10 MPa. The density and thermal conductivity of the composite
first increased and then decreased with the increase in coating thickness, mainly because
the conversion of carbides could optimize the interface bonding, and the presence of thicker
coatings and interface defects would produce higher interface thermal resistance, resulting
in a decrease in thermal conductivity.
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Nomenclature

Symbols and acronyms
TC thermal conductivity
CET coefficient of thermal expansion
MMCs metal matrix composites
Kc thermal conductivity of the Mg/diamond (Cr) composite (W/(m·K))
α thermal diffusivity (m2/s)
ρc density of the Mg/diamond (Cr) composite (g/cm3)
c heat capacity (J·g−1·K−1)
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