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ABSTRACT The development of electronic components has
put forward higher requirements for heat dissipation materi-
als, manifested in the pursuit of higher thermal conductivity
and lower thermal expansion. Cu/Diamond composite, com-
bining excellent thermal conductive performance and process
ability. However, it is limited by strict preparation conditions,
such as high temperature and pressure, or complex inter-
mediate medium coating. This work proposes a one-step and
heat-source-free cold manufacturing method to fabricate Cu/
Diamond composite under room temperature and a low
pressure of ~16 MPa within seconds via ultrasonic vibration.
The applied pressure decreased by 200 to 500 times, and the
required temperature was only 20% of the commonly used
high-temperature and high-pressure sintering (HTHP) meth-
od. Direct metallurgical bonding between the interfaces of Cu
particles and solid embedding of diamond in the Cu matrix
was achieved, leading to the high yield strength of the com-
posite (150 MPa). Following the proposed strategy, a max-
imum diamond proportion of about 60% in the composite can
be prepared, which shows high thermal conductivity over
1043 W/(m K) and a minor thermal expansion coefficient less
than 10 (107° K™Y). In addition, composites of different com-
plex shapes were readily fabricated through the flexible
method. The heat dissipation application test reveals its better
thermal management performance than commercial Al,O;
and AIN. Our results demonstrate that ultrasonic vibration
assisted cold manufacturing is a facile and efficient way to
prepare Cu/Diamond composite with excellent properties.
Loose preparation conditions empower it with industrial
production potential.

Keywords: ultrasonic vibrations, Cu/Diamond composite,
thermal conductivity, thermal expansion coefficient

INTRODUCTION

The development of electronic components follows the famous
Moore’s law [1], exponentially increasing the quantity of heat-
generating electronic devices, proposing higher requirements for
heat dissipation [2,3]. Thermal management materials, a crucial
part of the cooling system to release the heat generated during

the operation of the system and effectively dissipate the heat
from electronic devices to the external environment, require a
higher thermal conductivity [4,5]. Crystalline silicon is the main
universal material to fabricate electronic components with a
thermal conductivity of only 150 W/(m K) [6]. The accumulated
heat may cause damage to the circuit board, so materials with
higher thermal conductivity are necessary to encapsulate to
guide the heat away.

Diamond is the substance with the highest thermal con-
ductivity in nature, which can reach 1200-2500 W/(m K) [7-
11]. However, it cannot be directly used for heat dissipation in
electronic devices. One reason is its high hardness and brittle-
ness [12], which make it difficult to machine into devices
[13,14]. The other is its high cost, which is unacceptable in
commercial production [15]. Metal/diamond composites are
widely applied in the thermal management of high-power elec-
tronic devices due to their high thermal conductivity and low
coefficient of thermal expansion (CTE). In the selection of
matrix materials, it is essential to balance high thermal con-
ductivity with a matched CTE. Compare to common high-
thermal-conductivity metals such as Ag and Al, Cu has the
closest CTE to that of diamond. This significantly reduces
thermal mismatch-induced interfacial stress, enhancing the
composite’s reliability and service life under thermal cycling.
Therefore, incorporating diamond particles into a Cu matrix
represents a highly promising strategy [16]. In addition, Cu itself
features low cost, mature fabrication processes, and high thermal
conductivity of approximately 400 W/(m K), which further
consolidates its dominant position in the Metal/Diamond
composite [17,18]. Cu/Diamond composite will take advantage
of the machinability of Cu and maintain the high thermal
conductivity of diamond. HTHP is one of the main existing
fabrication methods of the Cu/Diamond composite [19-21].
Yoshida et al. [22] prepared a Cu/Diamond composite with a
maximum thermal conductivity of 742 W/(m K) using the
HTHP method under a temperature of approximately 1473 K
and pressure over 4.5 GPa. Another practical method is sparking
plasma sintering (SPS) [23-25]. Ren et al. [26] prepared a Cu/
Diamond composite with a maximum thermal conductivity of
657 W/(m K) using SPS under the temperature of approximately
1213 K and pressure of 40 MPa. The other is vacuum hot press
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sintering (VHPS) [27,28], which requires a strict high-tem-
perature and pressure preparation environment.

The poor wettability between Cu and diamond makes che-
mical reactions difficult to occur, which promotes the formation
of defects at the Cu/Diamond interface and weakens the inter-
facial bonding between them. The low-quality connection often
results in a relatively low thermal conductivity, so enhancing the
connectivity between Cu and diamond matrix is a key issue [29-
31]. There are two methods to improve the connectivity between
Cu and diamond. One is diamond surface metallization, such as
magnetron sputtering (MS) [32], salt bath coating (SBC) [33],
and so on. These methods coat the surface of diamond particles
with a substance that exhibits good wettability with both Cu and
diamond. Molina-Jordd et al. [33] fabricated a composite by
depositing a 160 nm-thick titanium carbide (TiC) film on the
diamond surface using the SBC method. Another method is
adding active alloying elements to the Cu matrix [34], including
alloy smelting (AS) [35], gas atomization (GA) [36], and so on.
These methods involve doping Cu with a small quantity of active
elements such as Ti, Zr, and Cr to improve the wettability of the
Cu/Diamond interface. Li et al. [37] prepared Cu/Diamond
composites with a Zr interlayer using the AS method. However,
the materials added by these methods not only lower the overall
thermal conductivity but also raise higher requirements for
preparation conditions. There is an urgent need for a facile
method that can fabricate Cu/Diamond composites at normal
temperature and pressure without an intermediate medium,
which is beneficial for reducing processing costs and raising
production efficiency.

In this work, by adopting a new technology termed ultrasonic
vibration cold manufacturing, the Cu/Diamond composites were
successfully fabricated in a one-step molding under the envir-
onment of conventional room temperature and low pressure
[38,39]. Direct metallurgical bonding occurs between Cu particle
interfaces. The interface between Cu and diamond particles
exhibits a 6-7 nm element diffusion zone, indicating that solid
embedding between diamond and Cu matrix was achieved. The
computed tomography (CT) and scanning electron microscope
(SEM) results reveal that diamonds are evenly distributed, and
no pores or cracks are present in the larger volume bulk sample.
The high-quality bonding makes its high compression yield
strength over 150 MPa. The maximum diamond volume pro-
portion of the composite reaches up to 60%, the relatively high
diamond proportion makes the maximum thermal conductivity
of the composite over 1043 W/(m K), and the minor thermal
expansion coefficient is less than 10 (107° K™1). Meanwhile, it
enables forming complex structures in one step, such as penta-
grams and perforated squares. Compared to commercial heat
sink materials, Al,O; and AIN, the composite significantly
improved heat dissipation for electronic components. Our
results indicate that ultrasonic vibration assisted cold manu-
facturing enables one-step forming of Cu/Diamond composites
under room temperature and low pressure without an inter-
mediate medium. This efficient cold manufacturing method and
the excellent heat dissipation performance of the product endow
it with potential industrial production applications.

EXPERIMENTAL SECTION

Cu and diamond powder sample preparation
The used Cu and diamond powders both exhibit purities

exceeding 99.99 (wt.%). The Cu powders, with an average par-
ticle size of 25.378 um, were synthesized via an electrolytic
process. The Ila type diamond powder, featuring a finer particle
size distribution centered around 3.53 um, was prepared by
airflow fragmentation. All powders were sourced as commercial
products. After accurately weighing the powders according to
the experimental design, the powders were then homogenized
using a planetary ball mixer (M201, Panasonic, Japan) for fur-
ther ultrasonic vibration assisted forming.

UV cold manufacturing setup

The ultrasonic vibration (UV) equipment employed in this
research comprises a transducer, a booster, a horn, and a control
unit to adjust process parameters. The alternating current elec-
trical signal initially converted into a 20 kHz vibration signal by
the transducer made of piezoelectric material, then amplified to
a peak amplitude of 40 um via a booster, the amplified vibrations
transmit to the sample by a horn (more details see Fig. 1a).
During the UV process, the horn driven by pneumatic pressure
of 400 kPa and contact with the Cu/Diamond powders directly.
The ultrasonic vibration was triggered at the applied load of
300 N, then the horn worked at a frequency of 20 kHz and an
amplitude of 100% (~40 um). The volume of diamond ranges
from 0%-60%, corresponding to the input energies ranging from
500 to 2000 J. Even under the maximum energy condition of
2000 J, the processing time is less than 3 s due to the efficient
and rapid energy dissipation. Different-shaped molds are used to
process Cu/Diamond powder and fabricate samples with the
corresponding shapes. A column matching the mold’s shape is
placed on top of the powder, and ultrasonic vibration is then
applied to process this column. During this process, energy is
transferred into the powder, enabling the one-step formation of
Cu/Diamond samples in various shapes.

Monitoring of applied stress and temperature during UV cold
manufacturing

An infrared imaging camera (Model 280d, Fotric, China) with a
precision of 0.1 K was employed to monitor real-time tem-
perature fluctuations during Cu/Diamond composite prepara-
tion; the image acquisition frequency was set as 12 Hz. To
accurately measure the temperature inside the mold during the
UV process, a thermocouple was put inside the powder to
measure the temperature at a frequency of 100 Hz. A dynam-
ometer (QLMH-P, QILI, China) was used to record the real-time
force during the UV process. The mold was securely coupled to
the force transducer via threaded mounting holes to ensure
reliable force transmission. Force data were acquired using a
high-speed data-acquisition card (National Instruments NI-
9237), operating at a sampling frequency of 1000 Hz, and sub-
sequently transmitted to a computer via a compact data acqui-
sition chassis (cDAQ-9174, NI, USA).

Structural characterization of Cu/Diamond composite

An X-ray diffractometer (XRD, Miniflex 600, Rigaku, Japan) was
utilized to investigate the phase composition of Cu and diamond
before and after the UV process. The measurements were con-
ducted using Cu Ka radiation (A = 0.154 nm) over a 26 angle
range of 20°-90°, with a scanning rate of 3° per minute and a
scan interval of 0.02°. The scanned samples included the indi-
vidual powders of Cu and diamond, as well as the processed
surfaces of Cu/Diamond samples. An SEM (Quanta FEG 450,
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(a) Schematic illustration of ultrasonic vibration assisted forming and UV setup; (b) The photo of the composites with diamond volume

proportions set at 0%, 20%, 40%, and 60%; (c) SEM morphology of the Cu powder, with an inset showing the statistical chart of their particle size; (d) SEM
morphology of the diamond powder, with an inset showing the statistical chart of its particle size; (e) Applied stress during UV treatment of four samples with
diamond volume proportions of 0%, 20%, 40%, and 60%; (f) The surface temperature curve and captured thermal infrared images during fabrication of the
sample with a diamond volume proportion of 60%; (g) The temperature variation inside the sample with a diamond volume proportion of 60% during the
ultrasonic vibration process was measured by a thermocouple; (h) XRD patterns of samples with diamond volume proportions of 0%, 20%, 40%, and 60%, as

well as those of Cu and diamond powders.

FEI, USA) was employed to examine the morphology of Cu/
Diamond composites at high magnification. A thin film with
dimensions of 8 pm in length and 2 pm in width was prepared
from the interface of Cu and diamond using the FEI Scios SEM/
FIB dual-beam system for TEM test. The field emission trans-

mission electron microscope (TEM; Talos F200X G2, Thermo
Fisher, USA) was used to analyze the TEM sample at the atomic
scale. It was operated in bright-field mode, and the analysis
encompassed selected-area electron diffraction (SAED) patterns,
energy dispersive spectroscopy (EDS), and high-resolution
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imaging. The internal defects of the Cu/Diamond composite
material were characterized using a CT system (AX2000,
ALWAYS IMAGING, China). The resolution is 1 pm, with a
scanning step size of 2 um.

Compression and hardness testing of Cu/Diamond composite

The compression tests were conducted on a mechanical testing
machine (UMT-5105, SanSi, China) under room temperature
with a strain rate of ~1.9 x 107 s™'. The hardness of the Cu/
Diamond composites was measured by a Vickers microhardness
tester (FM-ARS9000, FUTURE-TECH, Japan) with a static load
of 200 g, a holding time of 10's, and at least 10 measurements
per sample. The density of Cu/Diamond composites was mea-
sured by the Archimedes drainage method, with calculations
based on the mass measured in water using an electronic ana-
lytical balance (FA224, LICHEN, China). Each sample was
measured at least 10 times to obtain the mean data and variance.

Heat dissipation performance test with commercial products
The thermal and electrical conductivities of the Cu/Diamond
composites were measured by a Hall effect tester (HMS-5500,
Ecopia, Republic of Korea), and the coefficient of thermal
expansion was measured by a thermal constant analyzer (TPS
25008, HOT DISK, Sweden) within the temperature range from
300 to 400 K. The composites, along with alumina (AL,O3) and
aluminum nitride (AIN) heat sinks, were fabricated into a
cuboid with dimensions of 12 x 20 x 1 mm® and encapsulated
on a custom-made circuit board. Thermal conductive adhesive
was used to secure the thermal management materials to heat
sinks of uniform specifications. Power was supplied using a
programmable AC power source (IT7321, ITECH, America).
The system comprised four operational zones, operating at a
power of 30 W. Real-time temperature measurements were
concurrently conducted using a multi-channel temperature
tester (DC8016, DUCC, China) at a sampling frequency of
10 Hz, temperature change monitoring using an infrared ima-
ging camera, boasting a precision of 0.1 K (Model 280d, Fotric,
China) during operation.

RESULTS AND DISCUSSION

Cold manufacturing of Cu/Diamond composites

The whole procedure of ultrasonic vibration assisted forming of
Cu/Diamond composites is shown in Fig. la. At the beginning,
the uniformly mixed Cu and diamond powders were put into the
die hole of the mold, a circular die hole with a diameter of 5 mm,
and a completely coordinated horn was used in this experiment.
Then the horn slowly descends under the drive of air pressure
and contact with powders to release continuous ultrasonic
vibrations for 3 s. After that, the mixed Cu/Diamond powders
were quickly bonded into a bulk one. The photo of the bonded
sample is shown in Fig. 1b, it displays the cylindrical samples
with a diameter of 5 mm, and the volume proportions of dia-
mond increased from left to right as 0%, 20%, 40%, and 60%. In
this Cu/Diamond composite, Cu serves as the matrix material,
achieving bonding with diamond particles through its remark-
able plastic deformation capability. This property originates
from the softness and high atomic mobility during the proces-
sing of Cu [35], which facilitates interfacial bonding between the
particles. Despite the inherent difficulty in directly bonding
diamond particles, results demonstrate they still form dense bulk

composites without cracks or defects, even when the diamond
volume proportion reaches up to 60%. When attempting to
fabricate a Cu/Diamond composite with diamond volume pro-
portions of 70% and 80%, a complete bulk sample could not be
prepared because the reduced Cu matrix is insufficient to
effectively cover and immobilize each diamond particle. Fig. 1c
shows the morphology of Cu particles used in this experiment,
which do not show a regular shape like spherical or cubic, but
they look like “leaves” with an average particle size of 25.378 pm.
This irregular shape results in a larger contact surface area
between powders, which is beneficial for forming [40]. Fig. 1d
shows diamond particles with a particle size of 3.5 um. It can be
observed that the fractured diamond material exhibits irregular
shapes and possesses a large surface area. It has unstable crystal
faces, which facilitate easier bonding with the Cu matrix.

Fig. 1e shows the applied stress during the fabrication of the
composite with different diamond volume proportions. The
curve consists of two parts: waiting time and processing time.
During the waiting time, the stress remains unchanged without
fluctuations, and increases when the horn contacts the mixed
powder and begins to vibrate. Although the applied stress is
positively correlated with the increase of the diamond volume
proportion, the maximum stress to fabricate a 60% diamond
proportion composite is only 16 MPa, which is 200-500 times
lower than other methods for preparing Cu/Diamond compo-
sites [19-21]. Additionally, the temperature variation during the
process is also a critical process parameter. To ensure mea-
surement accuracy, this study employed two independent tem-
perature monitoring methods, which were the infrared
thermometer and the thermocouple. Fig. 1f presents the average
temperature profile and thermal images detected by the infrared
thermometer. The results consist of three specific times, t;, t,,
and t#;, corresponding to the moments of the horn just con-
tacting powders, during the process, and the horn going to leave
the sample after the process, respectively. The temperature rises
intensely, with a maximum temperature reaching 348.8 K during
the vibration process. Furthermore, Fig. 1g presents the tem-
perature variation curve measured by a highly sensitive ther-
mocouple, which indicates a peak temperature of 390.1 K.
Although it is 40 K higher than the thermal profile captured by
the infrared imaging camera, the thermocouple’s measurement
results are more convincing because it directly contacted the
mixed powder during testing. Overall, the temperature rise
during the composites fabrication process is only about 120 K.
The maximum temperature is 390.1 K, which is much less than
the recrystallization temperature of both Cu and diamond, also
less than the temperature at which Cu starts to oxidize in air
(453 K) [41]. What’s more, the required temperature is only 20%
of the commonly used HTHP approach [19-21]. The effect of
this instantaneous temperature rise can be ignored, so the
composite can be considered fabricated under room tempera-
ture.

Structural characterization of the composite

Fig. 1h is the X-ray patterns of Cu powder and diamond powder,
and processed composites with different diamond proportions.
The diamond powder reveals a single phase; it has two main
peaks in 26 of 43.9° and 75.3° corresponding to the (111) and
(220) crystal planes, which match well with PDF#75-0219. The
Cu powders also reveal a single phase, it has three main peaks in
20 of 43.3°, 50.4°, and 74.13° corresponding to the (111), (200),
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and (220) crystal planes, which match well with PDF#04-0836.
These results confirmed the high-purity Cu powder and dia-
mond powder raw materials. After being processed into the
composite, with the increasing proportion of diamond, the
intensity of the diffraction diamond peaks increases, and sam-
ples formed a composite with simple mechanical mixing.
Because apart from the original Cu and diamond peaks, there is
no new peak that appears after the UV process. This simple
mechanical mixing can also be observed by back-scattered
electron micrographs, in Fig. 2a-c, the composite consists of two
phases, the black regions correspond to diamond particles,
whereas the gray areas denote the Cu matrix. The diamond
particles are uniformly distributed within the Cu matrix, and the
particle size is similar to the original one, indicating that the
diamond particles exhibit good homogeneity and will not frac-
ture by ultrasonic vibrations. No diamonds have detached from
the Cu metal matrix in the composites, and the diamond par-
ticles are closely bonded with the Cu matrix; no pores or cracks

were observed, showing reliable bonding quality.

The bonding quality of Cu/Diamond composites was further
characterized by high-resolution CT. Fig. 2d, e depict the axial
relative density distributions of cylindrical samples with dia-
mond volume proportions of 30% and 60%, respectively. The
diagrammatic sketch of the scan direction is shown in the inset
beside Fig. 2d, e. In the density distribution maps, the green
regions represent the Cu matrix due to their higher density than
diamond, while the orange-yellow regions correspond to dia-
mond particles. In the sample with a 30% diamond volume
proportion, as shown in Fig. 2d, diamond particles exhibit a
uniform distribution. When the diamond volume proportion
increases to 60%, the particles undergo further homogeneous
dispersion, causing the matrix color to transition from green to
yellow. This indicates that diamond achieves a uniform dis-
tribution within the Cu matrix. Concurrently, experimental
observations reveal a gradual decrease in sample density with
increasing diamond content. Despite the decrease in density, no

Figure 2 Back-scattered electron micrographs morphology image of the Cu/Diamond composite with a diamond volume proportion of (a) 20%, (b) 40%,
(c) 60%; CT relative density distribution map obtained from axial scanning of a Cu/Diamond composite with a diamond volume proportion of (d) 30% and
(e) 60%, CT relative density distribution map obtained from radial scanning of a Cu/Diamond composite with a diamond volume proportion of (f) 30% and

(g) 60%.
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discernible defects were observed in the microstructure. In some
regions of the sample in Fig. 2e, there exists an area with even
lower density, which is attributed to the agglomeration of dia-
mond particles. This phenomenon is associated with the powder
mixing time: as the diamond content increases, the Cu matrix
becomes less able to permeate and flow due to the reduced
interparticle spacing of diamond particles. This issue can be
improved by increasing both the mixing time and mixing speed
when the diamond volume proportion rises. Fig. 2f, g show the
relative density distributions of cylindrical samples scanned
radially with diamond volume proportions of 30% and 60%. The
diagrammatic sketch of the scan direction is shown in the inset
beside Fig. 2f, g; the scanned results are similar to axial scanning.
Based on three-dimensional high-resolution CT scan results, the
well-bonding quality of Cu/Diamond composite can be con-
firmed.

Diamond

Zone=[0,-1,-1]

The interface of the composite is a core component of the
composite, which will significantly impact both mechanical and
thermal conductive properties [42]. It has been discussed in
Fig. 2 that the particle size of diamond is kept the same after UV,
and the Cu particles are bonded together to form the matrix of
the composite. High-resolution TEM was conducted on both the
interface of Cu particles and the interface of Cu and diamond
particles. Fig. 3a displays the interface of two Cu particles,
although a distinct interface can be seen between them, no
visible holes and cracks appear on the interface, indicating that
the two particles were boned well with each other. It should be
mentioned that the distinct interface shown in Fig. 3a does not
appear on all Cu particles; it is an intermediate state before it is
well boned, and it can be imagined that most of the interface will
disappear when inputting higher ultrasonic vibration energy. By
analyzing the mapping in Fig. 3b and the line scan profile of Cu,
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Figure 3 (a) TEM image of the bonding interface between Cu particles; (b) EDS map of the interface of two Cu particles; (c) The line scan profile of Cu
element along the white arrow in (b); (d) TEM image of the interface between Cu and diamond particles; (¢) EDS map of C element; (f) EDS map of Cu
element; (g) Selected area electron diffraction (SEAD) taken from the region of (d), the interface of Cu and diamond; (h) HR-TEM images of the interface of
Cu and diamond particles; (i) The line scan profile of C and Cu elements along the white arrow in (h).
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it is confirmed that Cu content is kept similar across the inter-
face without fluctuations, which implies that even the Cu par-
ticles at the interface can also be treated as a single unit. The UV
imparts high energy to the edge of particles and atoms at the
particle boundaries, which absorb this energy and diffuse toward
defects at the interfaces. Meanwhile, the particles undergo rapid
mutual friction under ultrasonic vibration, generating heat that
accelerates atomic diffusion rates. Softer Cu particles undergo
plastic deformation to fill defects at the interfaces. Ultimately,
diffusion layers of C atoms and Cu atoms form at the interfaces,
creating a reliable metallurgical bond at low temperatures
[43,44].

The TEM morphology shows interface of Cu and diamond is
demonstrated in Fig. 3d, the Cu and diamond particle bonded
together with each other directly without any intermediate
medium, and the amplified morphology of the interface shows
in Fig. 3h, it reveals high-quality direct bonding of Cu and
diamond without cracks and pores at the atomic scale, width
about of 6-7 nm element expansion can be seen cooperate with
the line scan across the interface in Fig. 3i. which means that Cu
and diamond have mixed each other in the interface and solid
embedding of diamond in the Cu matrix was achieved [45].
From the EDS maps in Fig. 3e, f, they show that the upper half
region is diamond and the lower part is Cu. The color of each
map displays no changes near the interface, implying there is no
intermediate medium between Cu and diamond. To further
confirm the direct bonding of Cu and diamond, Fig. 3g reveals
the SEAD of the Cu/Diamond interface in Fig. 3d, which con-
sisted of two sets of spots, one of which is the red diffraction ring
from polycrystalline Cu, the rings consisted of the nano-sized Cu
grain with different orientations of which is matching (111) and
(113) crystal planes. However, the diamond phase shows some
scattered spots, which indicates that the grain size is much
bigger than Cu [46], and the spot matches with the (111) crystal
plane of diamond, further confirming the formation of the
composite. Overall, the TEM results portend the high-quality
direct bonding of both Cu and Cu particles and Cu and diamond
particles.

Mechanical and thermophysical properties characterization

Fig. 4a illustrates the densities of Cu/Diamond composites with
diamond volume proportions of 0%, 20%, 40%, and 60%. The
sample with 60% diamond volume proportion exhibits the
lowest density (5.67 g/cm’). A linear decrease in density is
observed with increasing diamond content, which is consistent
with CT measurements in Fig. 2, because diamond has a lower
density than Cu, so that the composite with a higher diamond
proportion shows lower density. Fig. 4b shows the evolution of
Vickers hardness of the composites within the range of 0% to
40% diamond volume proportion. Hardness increases gradually
because the Cu matrix acts as the main deformation-bearing
phase under deformation, resulting in a slight increase in
hardness from 30.02 HV to 68.24 HV. When the diamond
proportion reaches 60%, the harder diamond phase becomes the
dominant phase, leading to a sharp rise in hardness to 206.4 HV
[47]. Furthermore, the compression stress-strain curve of the
Cu/Diamond composite is depicted in Fig. 4c, four samples yield
at the strength of 150 MPa, and the 20% diamond volume
proportion sample shows the best plasticity of 35%. However,
the difference lies in the work hardening ability of samples, the
engineering strain of pure Cu increased sharply to 450 MPa

when deformed to higher strain, which portends the best work
hardening ability. While with the increasing diamond propor-
tion, the work hardening ability decreased, manifested in a slight
increase of strength when deformed to higher strain, and even
the 60% diamond volume proportion sample fractured at a
strain of 12.9% due to the brittleness of the diamond proportion.
Ultrasonic vibration enhances the flowability and compaction of
the material, defects between particles are filled with the severe
plastic deformation of Cu particles, but the shape of diamond
will not change so much, and its show much higher compressive
strength and higher hardness than Cu. The high compressive
strength comes from the hindrance of diamond to the disloca-
tions of Cu, because it can not cross diamond and continue to
transmit, which all significantly improves the overall densifica-
tion of the composite material and provides the basis for its high
compressive strength.

Fig. 4d shows the electrical conductivity of samples with
diamond volume proportions of 0% to 60%. Due to the low
electrical conductivity of diamond [48], the electrical con-
ductivity of the samples decreases linearly with increasing dia-
mond volume fraction. When the diamond volume proportion
reached 60%, the composite exhibited the lowest electrical
conductivity of 2.25 x 10*S/cm, approaching the regime of
insulating materials [49]. Fig. 4e displays the curves of the
thermal expansion coefficient of composites within the tem-
perature range of 300 to 400 K. The coefficient of thermal
expansion increases at 300 K and then decreases, and maintains
a level with gentle fluctuations between 330 to 400 K. The higher
volume proportion of diamond corresponds to a lower thermal
expansion coefficient, and the average thermal expansion coef-
ficient of the composite with 60% diamond volume proportion is
lower than 10 x 107° K™, The relatively low thermal expansion
coefficient is crucial to increasing the thermal stability in the
field of electronic packaging. The thermal conductivity of
composites with diamond volume proportions of 0% to 60% is
shown in Fig. 4f, as the volume proportions of diamond
increase, the thermal conductivity rises continuously, reaching
1043 W/(m K) for the sample with a 60% diamond volume
proportion, this is a relatively high value compared to other
approaches. That’s because Cu conducts heat by interaction and
collision between electrons, while diamond transfers heat via
lattice vibrations, involving the absorption and emission of
phonons. To estimate the thermal conductivity of a Cu/Dia-
mond composite using the Maxwell-Eucken Model, it can be
calculated by the following formula [34]:

j_ —j_ 2(1_Vd))“m+(1+2Vd)/1d
¢ M 2+ VoYt (1 VaYa

where A, is the thermal conductivity of Cu/Diamond composites;
Am is the thermal conductivity of Cu matrix; A4 is the thermal
conductivity of the diamond reinforcing particles; and Vj is the
volume proportion of diamond spherical particles in the Cu/
Diamond composites. By substituting the values of A, as
400 W/(m K) and A4 as 2200 W/(m K) into the model, the cal-
culated thermal conductivity when the Vy is 60% is approxi-
mately 1075 W/(m K). The experimental thermal conductivity
achieved 97.02% of the theoretical value, significantly surpassing
results obtained via other methods for fabricating Cu/Diamond
composites. The excellent performance benefits from excep-
tionally high heat transfer efficiency and strong interfacial
bonding at the Cu-diamond atomic diffusion layer. At a dia-
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Figure 4 (a) Densities of Cu/Diamond composites, (b) Vickers hardness diagram of Cu/Diamond composites, (c) compression engineering strain-stress
curves of Cu/Diamond composites, (d) electrical conductivity of Cu/Diamond composites, (e) thermal expansion coefficients of Cu/Diamond composites, and
(f) thermal conductivity of Cu/Diamond composites with diamond volume proportions of 0%, 20%, 40%, and 60%; (g) Statistical chart of thermal conductivity
and thermal expansion coefficient for commonly used thermal conductive materials; (h) Statistical chart of temperature and pressure parameters for commonly

used fabrication techniques of Cu/Diamond composites.

mond volume proportion of 20%, the high Cu content gives the
composite with a good combination of strength and ductility,
enabling facile machining and forming; it is thus suitable for
structural-thermal integrated components such as equipment
heat dissipation enclosures and brackets. For the sample with
40% diamond volume proportion, the thermal conductivity
reaches 850 W/(m K), which can meet the heat dissipation
requirements of most electronic packaging and high-power
devices such as AI/GPU chips and lasers. When the diamond
volume proportion is increased to 60%, the thermal conductivity
of the composite is further enhanced, with a concomitant
increase in brittleness, making it applicable to fields with
extreme thermal dissipation demands but relatively relaxed
mechanical property requirements, such as aerospace airborne
equipment and laser weapon heat dissipation systems.

The high thermal conductivity and low coefficient of thermal
expansion of the Cu/Diamond composite make it an ideal
option among thermal management materials. Fig. 4g presents a
statistical comparison of the thermal conductivity and coefficient
of thermal expansion of commonly used thermal conductive
materials. It demonstrates that the Cu/Diamond composite
shows more outstanding performance than pure metal materials
as well as metal compound materials. Though the pure diamond,
pyrolytic graphite sheet (PGS), graphene and carbon nanotube
(CNT) possess higher thermal conductivity and lower coefficient
of thermal expansion then the Cu/Diamond composite, dia-
monds are difficult to machining into products due to their high
hardness and brittleness; and pyrolytic PGS, graphene and CNT
limited by the anisotropic nature of thermal conductivity
properties manifested in the superior thermal conductivity of
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graphite sheet, graphene, and carbon nanotubes only available in
their in-plane while other plane is 2-3 orders of magnitude
lower than it [43-45], so Cu/Diamond composite is the most
ideal option as a new generation of thermal management
materials with high thermal conductivity and low coefficient of
thermal expansion.

Fig. 4h shows a comparison between our UV cold manu-
facture and other fabrication methods for Cu/Diamond com-
posites. The current methods for processing Cu/Diamond
composites include HTHP, SPS, VHPS, and PI. The HTHP
approach needs to be carried out at approximately 1500 to
2000 K and under a pressure of 4 to 8 GPa [19,22,50,51]. Both
the SPS and VHPS methods involve preparation temperatures
close to 1200 K and pressures ranging from 40 to 80 MPa
[26,52-54]. For the PI method, the preparation pressure and
temperature are approximately 80 MPa and 1500 K [55],
respectively. In contrast, our UV cold manufacturing method
operates at a maximum temperature of 390.1 K and a maximum
applied pressure of 16 MPa. This low-temperature and low-
pressure approach reduces energy consumption during the
processing. Additionally, it shortens the processing time from
the previous 20 min to just a few seconds, thereby enhancing
processing efficiency.

Showcase of formed composite with complex shape
In addition to the excellent mechanical and thermal manage-
ment properties of the Cu/Diamond composite, it also possesses
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highly flexible one-step forming ability. Fig. 5 shows samples
with various shapes formed by UV with a metallic luster char-
acteristic of Cu. Fig. 5a is a hexagon component, Fig. 5b is a
square sample with a round hole, this designed shape enables
easy assembly and disassembly during practical use. Fig. 5¢ is a
triangle sample, Fig. 5d is a pentagon, and Fig. 5e is a square. All
these samples were fabricated in seconds under UV with a high
replication rate. The SEM back-scattered electrons images in
Fig. 5a—c show that the corners of the sample are of good quality
at the microscopic level, the sample’s sharp corners remained
intact without fractures or cracks when subjected to angles
ranging from 60° to 120°. This high forming quality is attributed
to the effective powder flow and complete filling of the mold
cavity during the UV cold manufacture. While using other
methods to produce the structure in Fig. 5, post-processing like
wire electrical discharge machining or laser cutting is necessary.
These methods are time-consuming and inevitably generate high
temperatures, forming Cu oxide and reducing the sample’s
thermal conductivity.

Encapsulated circuit board test

The one-step formed composite can be directly encapsulated on
the circuit board to evaluate the heat dissipation performance of
Cu/Diamond composites. As illustrated in Fig. 6a, two com-
monly used thermal management materials, AIN and ALO;,
along with our Cu/Diamond composites, were simultaneously
placed on electronic components within the circuit board for

Triangle

I RERRANRY

M 1

Figure 5 Photos of (a) a hexagon Cu/Diamond composite, (b) a square with a circular hole at its center of Cu/Diamond composite, and (c) a triangle Cu/
Diamond composite, with insets of SEM images showing the corner regions of the samples; (d) Photos of a pentagon Cu/Diamond composite; (e) Photos of a
square Cu/Diamond composite; (f) The photo of all the complex parts fabricated by ultrasonic vibration, one-step forming.
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Figure 6 (a) Photo of the sample with a 40% volume proportion of diamond, along with Al,O; and AIN, encapsulated within a circuit board;
(b) Temperature variations during the continuous operation of the circuit board for a duration of 915 s; Thermal infrared images of the circuit boards at

(c) 70's, (d) 120 s, (e) 300 s, and (f) 900 s of operation.

comparative testing. To balance the thermal conductivity and
mechanical properties of these composites and evaluate their
average heat dissipation capacity, the sample with a diamond
volume proportion of 40% was selected for the tests. Meanwhile,
a component without any thermal management material is used
for comparison. During the test, the temperature variation to
evaluate the heat dissipation capacity was recorded and is shown
in Fig. 6b. The rate of temperature rise gradually decreases as the
heat generation power of the circuit board gradually reaches
equilibrium with its heat dissipation power. The maximum
temperature in the region without any heat sink materials
reached approximately 320 K, while in the area using our Cu/
Diamond composite, the maximum temperature was around
314 K, the maximum temperatures decreased by approximately
6 and 3 K when compared with commonly used Al,O; and AIN
heat sinks. Fig. 6¢-f displays infrared thermal images of the heat
sink surface captured at different moments when the power
supply is operating; our Cu/Diamond composite also performs
well at each moment. In practical applications, the operating
power of electronic components often exceeds 30 W. High
thermal conductivity Cu/Diamond composites will further
reduce component temperatures when operating in higher

power, and their heat dissipation capacity improves with
increasing diamond content, exhibiting excellent effectiveness in
practical applications.

Mechanism of cold manufacturing and high thermal conductivity
As shown in the Fig. 7, at the beginning, Cu and diamond
powders are mixed together randomly, these particles are not
smooth sphere so the edge of powders have numerous defects,
like indicated by Fig. 7a. When the ultrasonic vibrations begins
as shown in Fig. 7b, the energy generated by high-frequency
vibrations can be absorbed by atoms in the material, especially in
the areas with a large number of defects at the edge of particles.
This high frequency vibrations provide additional energy sup-
port for atomic diffusion [56], significantly increasing the
probability of atoms (especially carbon atoms with strong
bonding in diamond) detaching from the lattice and migrating
[57]. Driven by the coupling of vibrations and force, the softer
Cu particle undergoes plastic deformation to fill the gaps
between particles, and the more and deeper defects bite into
each other. As the vibration continues, as shown in Fig. 7c, some
heat is generated due to vibration induced by mechanical fric-
tion and further increases the atomic migration rate, so mutual
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Figure 7 (a) Schematic diagram of the initial state of Cu and diamond powders showing some initial defects and gaps before ultrasonic vibration start;
(b) Schematic diagram of state showing more defects in the edge of particle and less gaps after 0.8 s of UV; (c) Schematic diagram of Cu and C atoms diffusion
after 1.5 s of ultrasonic vibration, with an inset showing the migration direction of atoms in the gaps; (d) Schematic diagram of bulk composite formed by UV,
with an inset showing the atomic-scale illustration of interfacial diffusion zone between Cu and diamond.

diffusion occurs between Cu and C atoms, like the inset of
Fig. 7c, and higher level severe plastic deformation of Cu par-
ticles fills the remaining cracks. Cu particles connected with each
other to form the matrix of composites, and the mutual diffusion
of Cu and C atoms was frozen to form reliable diffusion
bonding. All particles become a bulk one in the end, as shown in
Fig. 7d.

UV enables direct metallurgical bonding between Cu and
diamond which significantly enhances the thermal conductivity
of the composite, primarily due to the unique physico-chemical
effects it induces at the interface: the vibration energy promotes
atomic diffusion and rearrangement of Cu and diamond at the
interface to form the mutual diffusion layer, it has favorable
phonon-matching characteristics and acts as an ideal “phonon
bridge” rather than a complete barrier, effectively mitigating the
large vibrational mismatch between Cu (electron-mediated heat
transfer) and diamond (phonon-mediated heat transfer), thus
significantly reducing interfacial thermal resistance [58]. Addi-
tionally, the UV enhances material flowability and compaction,
markedly increasing the overall densification of the composite,
reducing phonon-scattering defects such as pores and micro-
cracks, and establishing more efficient pathways for heat transfer
[59].

CONCLUSIONS

In summary, a one-step and heat-source-free cold manufactur-
ing method for fabricating Cu/Diamond composites through
UV under room temperature and low-pressure conditions has
been proposed. Microscopic observation and CT analysis
revealed that the formed composites show no visible pores or
cracks, and the diamonds were uniformly distributed within the
Cu matrix. TEM analysis results indicate that direct metallur-
gical bonding has been achieved between Cu particles. Mean-
while, an atomic diffusion zone with a thickness of 6-7 nm was
discovered at the interface between Cu and diamond particles,
implying that diamond particles have formed a solid embedding
structure with Cu matrix, which effectively addresses the issue of
poor wettability between Cu and diamond. Additionally, the
high-quality bonding enables it to achieve a high compressive
yield strength exceeding 150 MPa. The maximum proportion of
diamond in the composite is 60%, with a thermal conductivity

exceeding 1043 W/(m K) and a coefficient of thermal expansion
less than 10 x 107° K™', demonstrating excellent thermal prop-
erties. Additionally, it allows for the one-step molding of various
complex structures, which has potential for large-scale industrial
production. Compared to currently commonly used heat sink
materials such as AlL,O; and AIN, packaging tests in circuit
boards have demonstrated their superior heat dissipation of
electronic components. The excellent properties and loose pre-
paration conditions make UV-cold-manufactured Cu/Diamond
composites a candidate for commercial thermal management
materials.
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