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The Mo-Cu composites containing 10-40 wt.% Cu were fabricated by subjecting Mo and Cu powders to high energy ball
milling for 15 hrs at 200 rpm, followed by spark plasma sintering at 950 °C under 60 MPa. The synthesized powders were
sintered using SPS, resulting in a gradual increase in relative density from 82.8% for Mo-10Cu to 90.1% for Mo-40Cu
with increasing Cu content. X-ray diffraction confirmed that only Mo and Cu phases were present in all sintered samples.
Microstructural analysis revealed a transition from isolated Cu regions in a Mo matrix at low Cu content to a continuous Cu
matrix with dispersed Mo particles at high Cu content. The thermal conductivity of the composites increased from 122.8 to
158.8 W/m'K as the Cu content increased, while the Vickers hardness decreased from 591.2 to 395.2 Hv due to the increase
in the volume fraction of Cu, which has a lower hardness compared to Mo.
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Introduction combining the desirable properties of both constituent
materials: Mo provides high strength and low thermal
The rapid advancement in electronic devices has expansion, while Cu contributes superior thermal
intensified the demand for effective thermal management conductivity [9]. However, the fabrication of Mo-Cu
materials due to the heat generated during operation. composites faces challenges due to the immiscibility
Inadequate heat dissipation can lead to performance of Mo and Cu in both solid and liquid states, which
degradation and reduced lifespan of electronic complicates alloying through conventional casting or
components. Therefore, materials with high thermal liquid metallurgy methods [10].
conductivity and low thermal expansion coefficients Several processing techniques have been explored
are essential for ensuring stability and efficiency in for fabricating Mo-Cu composites, including powder
electronic systems [1-5]. metallurgy [11], infiltration [12], and mechanical alloying
Copper (Cu) is extensively utilized in heat sinks [13]. Among these, high energy ball milling (HEBM)
and electronic packaging due to its excellent thermal has emerged as an effective non-equilibrium processing
conductivity (401 W/m-K), electrical conductivity, and technique for producing fine powders with nanocrystalline
formability. However, its relatively high coefficient structures through repeated welding, fracturing, and
of thermal expansion (CTE, 16.5 um/m-K) and low rewelding processes under high impact energy. This
mechanical strength limit its application in high-power method increases crystal defects such as dislocations and
microwave devices, vacuum technologies, and heat grain boundaries while enabling higher solid solubility
dissipation systems that require dimensional stability in immiscible systems like Mo-Cu [14].
[6,7]. Spark plasma sintering (SPS) has proven to be an
Molybdenum (Mo), a refractory metal with a body- effective consolidation method for fabricating dense
centered cubic (bcc) structure, exhibits high melting materials at relatively low temperatures with short
point (2623 °C), low CTE (4.8 um/m-K), high elastic processing times [15-17]. The SPS process employs
modulus, and good strength at elevated temperatures. pulsed direct current along with uniaxial pressure to
Despite these advantageous properties, Mo's relatively facilitate rapid heating and enhanced densification.
low thermal conductivity (138 W/m-K) restricts its The rapid heating rates and short dwell times in SPS
standalone use in thermal management applications [8]. minimize grain growth, making it particularly suitable
Mo-Cu composites present a promising solution by for preserving the nanostructured features produced by
high energy ball milling.
*goﬁefggngiziﬂgozug% In this study, Mo-Cu composites with varying Cu
F§x§ 182-62-600-6149 content (10-40 wt.%) were fabricated using high energy
E-mail: hk-park@kitech.re.kr ball milling followed by spark plasma sintering. The
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influence of Cu content on the microstructure, density,
hardness, and thermal conductivity of the sintered
composites was systematically investigated. The correlation
between composition, microstructure, and properties was
analyzed to optimize Mo-Cu composites for potential
applications in thermal management systems.

Experimental Procedure

Mo powder (JMC Co., purity >99.93%, particle
size <3 pum) and Cu powder (Alco Engineering Co.,
purity >99.9%, particle size <30 um) were used as raw
materials. The powders were weighed at weight ratios
of 90:10, 80:20, 70:30, and 60:40 (Mo:Cu) and milled
using a high energy ball mill (Pulverisette-5, Fritsch)
for 15 hrs at a rotational speed of 200 rpm under an
argon atmosphere to prevent oxidation. Stainless steel
balls with a diameter of 10 mm were used with a ball-to-
powder weight ratio of 10:1. After milling, the powders
were dried in a vacuum oven at 100 °C for 12 hrs.

The energy transfer mechanism in the high-energy ball
milling of Mo-Cu powders was quantified using collision
kinetics and power consumption models. A single 10
mm stainless steel ball (mass = 4.08 g) generated an
impact energy of:

Einpace = 112mpv* = 0.029J/collision )

where the collision velocity was calculated as 3.77 m/s
at 200 rpm. With 122 balls undergoing 6.67 collisions
per second, the total energy transfer rate reached 23.6
J/s. The specific energy input for 50 g of powder after
15 hrs milling was:

Egpecific = 1300W x 54000s/50g = 1.404 MJ/g 2)

within the critical range (0.5-2 MJ/g) required for
mechanical alloying. The low collision efficiency
(=1.8%) aligns with typical energy losses due to friction
and heat dissipation in planetary mills.

The ball-to-powder ratio (BPR) of 10:1 ensured
sufficient impact energy while avoiding overfilling. At
200 rpm, the centrifugal acceleration reached:

o = = 158m/s* (16g) 3)

inducing a cascading motion regime ideal for plastic
deformation without excessive temperature rise. This
balanced the refinement of Cu particles (initial size: <30
um) and the dispersion of Mo particles (3 pum) into a
lamellar composite structure.

The milled powders were filled in a graphite molds
(outer diameter: 40 mm@, inner diameter: 20 mm@,
height: 50 mmT) and then the upper and lower parts
were blocked with a graphite punch. The SPS process
was conducted using an SPS system (SPS-9.40 MK-III,
Sumitomo Heavy Industries). Initially, a pressure of 10
MPa was applied, and the temperature was increased to
600 °C at a heating rate of 50 °C/min and maintained
for 1 min. Subsequently, the pressure was increased to

60 MPa, and the temperature was raised to 950 °C at
the same heating rate and held for 5 min. The selection
of 950 °C was based on a balance of densification
efficiency and microstructural stability, determined
through preliminary experiments conducted at 900 °C,
1000 °C, and 1050°C. At temperatures of 1000 °C and
1050 °C (approaching Cu's melting point of 1085 °C
), the copper phase began to exhibit signs of localized
melting. Sintering at or above 1000 °C was not considered
suitable. Conversely, at 900 °C, the shrinkage analysis
indicated that continuous shrinkage was still occurring
at the end of the thermal cycle. This suggested that 900
°C was insufficient for achieving complete densification
and full microstructural development. Consequently, 950
°C was established as the optimal sintering temperature.
After sintering, the samples were cooled to 200 °C in
the chamber before the pressure was released.

The relative density of the sintered samples was
measured using the Archimedes method. X-ray diffraction
(XRD, X'pert PRO, Malvern Panalytical) with CuKa
radiation (A = 0.154 nm) was performed to identify the
phase composition of both milled powders and sintered
samples. The microstructure was examined using a field
emission scanning electron microscope (FE-SEM, JSM-
7001F, JEOL) equipped with energy-dispersive X-ray
spectroscopy (EDS).

The Vickers hardness was measured using a Vickers
hardness tester (HV-100, Mitutoyo) under a load of 5
kgf with a dwell time of 15 s. The hardness values were
calculated using Eq. (4):

HV = 1.854P/d @)

where P is the applied load (kgf) and d is the diagonal
length of the indentation (mm).

The thermal properties were measured using a laser
flash analyzer (LFA447, NETZSCH Geraetebau GmbH)
and a differential scanning calorimeter (DSC8000,
PerkinElmer). The thermal conductivity (A) was calculated
using Eq. (5):

k=a- p-G ®)

where o is the thermal diffusivity (mm?%s), Cp is the
specific heat capacity (J/g-'K), and p is the density (g/
cm?).

Results and Discussion

Fig. 1 shows the changes in the shrinkage displacement
of the sintered body as a function of sintering temperature
and time. The sintering temperature curve shown in Fig.
1 represents the actual, real-time temperature measured
during the Spark Plasma Sintering (SPS) cycle. This
measurement was obtained using a K-type shielded
thermocouple. This thermocouple was positioned
within a dedicated channel located in the wall of the
graphite die, immediately adjacent to the powder. The
sintering behavior of Mo-Cu composites exhibits two
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Fig. 1. Shrinkage displacement with sintering time and
temperature profile of the Mo-Cu composites as a function of
Cu contents.

distinct shrinkage stages during the SPS process [18]. In
Stage I, occurring at approximately 200-600 °C, initial
shrinkage is observed due to particle rearrangement
and neck formation between particles. In Stage II, at
temperatures above 600 °C, significant densification
takes place through neck growth, pore elimination, and
lattice diffusion mechanisms. As the Cu content increased
from 10 to 40 wt.%, it showed a large shrinkage at the
shrinkage temperature. This behavior can be attributed
to low melting point of copper (1085 °C) compared to
Mo (2623 °C), which enhances atomic diffusion during
sintering. The higher Cu content facilitates densification
through liquid phase sintering mechanisms, where Cu
acts as a sintering aid by forming liquid phases that fill
pores and enhance mass transport. The relative density
increases from 82.8 for Mo-10Cu to 90.1% for Mo-40Cu.
This trend indicates that higher Cu content promotes
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densification during the SPS process, primarily due to
better flowability of Cu at high temperatures. Similar
observations have been reported by Park et al. [19] and
Kim et al. [20] in their studies on sintering of metal
matrix composites. The densification behavior of Mo-
Cu composites can be further understood by examining
the microstructural evolution during the sintering
process. The first stage of densification (200-600 °C)
is dominated by particle rearrangement and surface
diffusion mechanisms, which lead to the formation of
necks between adjacent particles. The applied pressure
during SPS enhances this rearrangement by overcoming
particle friction and promoting closer packing. As the
temperature increases above 600 °C in the second stage,
volume diffusion becomes the predominant mechanism
for mass transport, resulting in significant densification.
The applied pressure further facilitates the reduction of
pores and enhances densification. For Mo-Cu composites,
the densification behavior is strongly influenced by
the Cu content due to the substantial difference in the
melting points of Mo and Cu. At 950 °C, Cu approaches
its melting point (1085 °C), leading to enhanced atomic
mobility and diffusion rates, while Mo remains in the
solid state (melting point 2623 °C). This temperature
differential creates a pseudo-liquid phase sintering
condition, where Cu functions as a sintering aid by
providing fast diffusion paths through grain boundaries
and surfaces. The relative density measurements reveal
a clear correlation with Cu content, increasing from
82.8% for Mo-10Cu to 90.1% for Mo-40Cu. This trend
is consistent with studies on similar refractory metal-
copper systems such as W-Cu, where higher Cu content
typically results in better densification [21].

Fig. 2 shows the results of phase analysis before and
after sintering of sintered bodies fabricated by the spark
plasma sintering process. XRD patterns of the milled
powders show only Mo and Cu peaks, confirming that no
chemical reaction occurs during the milling process. The
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Fig. 2. XRD patterns of Mo-Cu composites as a function of Cu contents: (a) HEBMed powders and (b) sintered-bodies.
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broadening of the diffraction peaks can be attributed to
the reduction in crystallite size and the increase in lattice
strain during high energy ball milling. The XRD patterns
of the sintered composites also exhibit only Mo and Cu
peaks, indicating that no secondary phases form during
sintering at 950 °C. This is consistent with the Mo-Cu
binary phase diagram [22], which shows negligible solid
solubility and no intermetallic compounds. The intensity
of Cu peaks increases with Cu content, reflecting the
higher proportion of Cu in the composites. Additionally,
the sharpening of peaks compared to the milled powders
suggests grain growth during sintering, which is typical
in thermal consolidation processes. The preservation of
the individual Mo and Cu phases without the formation
of intermetallic compounds or solid solutions, even after
high energy ball milling and SPS, is noteworthy. This
phase stability can be explained by the thermodynamic
immiscibility of Mo and Cu, which have a positive
enthalpy of mixing and show limited mutual solubility
even at elevated temperatures [23]. The binary phase
diagram indicates that the maximum solubility of Cu in
Mo is approximately 0.1 at.% at the eutectic temperature,
while the solubility of Mo in Cu is even lower. This
immiscibility is advantageous for Mo-Cu composites
for thermal management applications because it allows
the high thermal conductivity of Cu to be preserved
without dilution through solid solution formation. The
sharpening of XRD peaks after sintering indicates some
degree of recovery and grain growth during the SPS

process. However, the rapid heating rates and short dwell
times characteristic of SPS help minimize excessive grain
growth compared to conventional sintering methods.
Fig. 3(a), (b), (c) and (d) show the SEM images of the
Mo-Cu composites. SEM images of the sintered Mo-Cu
composites show that the bright regions correspond to Mo,
while the dark regions represent Cu. The microstructure
exhibits a heterogeneous distribution of Mo particles
within the Cu matrix. As the Cu content increases
from 10 to 40 wt.%, the continuity of the Cu phase
improves, and the porosity decreases, consistent with the
measured relative density. In the Mo-10Cu composite,
isolated Cu regions are observed within a predominantly
Mo matrix with noticeable porosity. As the Cu content
increases to 20 and 30 wt.%, a more interconnected
Cu network begins to form, reducing the porosity. In
the Mo-40Cu composite, a continuous Cu matrix with
dispersed Mo particles is observed, exhibiting the lowest
porosity among all compositions. The preservation of
fine microstructure can be attributed to the rapid heating
and short dwell time characteristic of the SPS process,
which minimizes grain growth compared to conventional
sintering methods. The interface between Mo and Cu
phases plays a crucial role in determining both thermal
and mechanical properties of the composites. Despite
the immiscibility of these elements, the high-pressure
conditions during SPS promote mechanical bonding at
the interfaces. The quality of these interfaces affects
interfacial thermal resistance, which influences overall

Fig. 3. Microstructures of the Mo-Cu composites sintered at 950 °C: (a) Mo-10 wt.% Cu, (b) Mo-20 wt.% Cu, (c) Mo-30 wt.% Cu,

and (d) Mo-40 wt.% Cu.
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thermal conductivity.

Fig. 4 shows the thermal conductivity and relative
density of Mo-Cu as a function of Cu content. The
thermal conductivity increases from 122.8 W/m-K
for Mo-10Cu to 158.8 W/m-K for Mo-40Cu. This
enhancement can be attributed to two primary factors:
(1) the inherently higher thermal conductivity of Cu
(398 W/m-K) compared to Mo (138 W/m-K), and (2)
the reduction in porosity with increasing Cu content,
as confirmed by the relative density measurements.
In composite materials, thermal conductivity depends
on both the intrinsic conductivity of the constituent
phases and the interfacial thermal resistance. As the
Cu content increases, the formation of continuous Cu
pathways facilitates heat transfer through the composite,
leading to higher thermal conductivity. Moreover, the
decrease in porosity reduces phonon scattering at void
interfaces, further enhancing thermal conduction. The
improvement in thermal conductivity is correlated with
both the intrinsic high thermal conductivity of the Cu
phase and the resulting reduction in porosity; however,
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the enhancement is primarily and most strongly
attributed to the intrinsic high thermal conductivity of
Cu. Cu possesses a high intrinsic thermal conductivity
(approximately 398 W/m-K) compared to that of Mo
(138 W/m-K). As the Cu content increases from 10 wt.%
to 40 wt.%, the higher volume fraction of the superior
conductive phase introduces continuous, low-resistance
pathways for heat transfer throughout the material.
This is consistent with the microstructural transition
observed from isolated Cu regions to a continuous Cu
matrix, which significantly facilitates thermal flow. The
experimental values are lower than those predicted by
the rule of mixtures, which can be attributed to interfacial
thermal resistance between Mo and Cu phases, as well as
the presence of porosity [24]. The thermal conductivity
values obtained in this study (122.8-158.8 W/m-K) are
within the range reported for similar Mo-Cu composites
in the literature [25], lower values were obtained than
expected, and this difference can be attributed to the
increase in interfacial thermal resistance due to residual
porosity and the presence of a potential oxide film at the
interface of the SPS processed composites.

Fig. 5 shows the average hardness calculated from
100 indentations generated by a Vickers hardness and
contour plots of 12 points Vickers hardness(a), (b),
(c), and (d). For each Mo-Cu composite composition,
a total of 100 individual Vickers indentations were
measured. The final average hardness value reported
in the graph for each composition represents the mean
of the 98 measurements remaining after excluding
the single maximum and single minimum values.
The error bars shown in Fig. 5 indicate the standard
deviation calculated from these 98 measurements for the
respective composition. The Vickers hardness decreases
from 591.2 Hv for Mo-10Cu to 395.2 Hv for Mo-
40Cu. This trend can be explained by considering the
intrinsic hardness of the constituent materials and the
microstructural characteristics. Mo exhibits significantly
higher hardness (approximately 1400-2000 Hv) than Cu

(®)

Fig. 5. Variation of mechanical property of the Mo-Cu composites and contour plots of 12 points vickers hardness of (a) Mo-10
wt.% Cu, (b) Mo-20 wt.% Cu, (c) Mo-30 wt.% Cu, (d) Mo-40 wt.% Cu.
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Table 1. Thermal properties of Mo-Cu composites.

Mo-Cu composites Measured density (g/cm®)

Thermal conductivity (W/mK) Heat capacity (J/g/K)

Mo-10 wt.% Cu 8.38
Mo-20 wt.% Cu 8.64
Mo-30 wt.% Cu 8.71
Mo-40 wt.% Cu 8.72

122.844 0.307
130.986 0.328
141.916 0.341
158.807 0.347

(approximately 40-120 Hv) due to its stronger atomic
bonding and higher melting point. As the Cu content
increases, the composite's hardness decreases due to the
larger proportion of the softer Cu phase. Additionally,
the microstructural changes associated with increased Cu
content, such as the transition from a Mo-dominant matrix
to a Cu-dominant matrix, contribute to the reduction in
hardness. The hardness values observed in this study
are comparable to those reported by Mv et al. [26] for
similar metal matrix composites fabricated using spark
plasma sintering. The slightly lower hardness compared
to theoretical predictions based on the rule of mixtures
can be attributed to the presence of porosity, particularly
in the Mo-rich compositions, which reduces the effective
load-bearing capacity. The relationship between hardness
and microstructure in Mo-Cu composites can be analyzed
using various strengthening mechanisms and composite
models. In particle-reinforced metal matrix composites,
hardness is influenced by several factors, including the
volume fraction and intrinsic hardness of constituent
phases, particle size and distribution, interface strength,
and matrix grain size. For the Mo-Cu system, where no
chemical reaction or significant mutual solubility exists,
solid solution strengthening is minimal, and the primary
strengthening mechanisms are dispersion strengthening
and grain boundary strengthening. The transition from
a Mo-dominant matrix to a Cu-dominant matrix with
increasing Cu content significantly affects the hardness
behavior. According to composite theory [27], when
the harder phase (Mo) forms a continuous network,
the composite exhibits higher hardness, approaching
that of the harder phase. Conversely, when the softer
phase (Cu) becomes continuous, the hardness decreases
substantially, approaching that of the softer phase. This
transition explains the more pronounced decrease in
hardness observed between 20 and 30 wt.% Cu, which
corresponds to the microstructural change from isolated
Cu regions to an interconnected Cu network.

Conclusion

In this study, Mo-Cu composites with Cu content
(10-40 wt.%) were successfully fabricated using high
energy ball milling followed by spark plasma sintering.
The influence of Cu content on the microstructure,
densification behavior, thermal conductivity, and hard-
ness was systematically investigated. The following

conclusions can be drawn:

1. The relative density of the sintered composites
increased from 82.8 to 90.1% with increasing Cu
content from 10 to 40 wt.%, indicating that Cu enhances
densification during the SPS process.

2. XRD analysis confirmed that no secondary phases
formed during sintering at 950 °C, preserving the binary
Mo-Cu composite structure.

3. Microstructural analysis revealed a transition from
isolated Cu regions in a predominantly Mo matrix at low
Cu content to a continuous Cu matrix with dispersed
Mo particles at high Cu content, with corresponding
reduction in porosity.

4. The thermal conductivity increased from 122.8
for Mo-10Cu to 158.8 W/m-K for Mo-40Cu, which is
attributed to the high intrinsic thermal conductivity of Cu
and the decrease in porosity with increasing Cu content.

5. The Vickers hardness decreased from 591.2 for
Mo-10Cu to 395.2 Hv for Mo-40Cu, consistent with the
higher proportion of softer Cu phase and the transition
in matrix dominance from Mo to Cu.
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