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Abstract

The rapid advancement of modern electronics has intensified thermal management challenges,
driving the need for heat sink materials with high thermal conductivity and efficient heat removal.
Electrodeposited copper—diamond (Cu-D) composites show strong potential for next-generation
electronic applications, offering thermal conductivities exceeding those of conventional metals
while remaining more economical than composites produced through high-temperature—high-
pressure methods. Despite this promise, most studies emphasize intrinsic material properties rather
than evaluating practical cooling performance. This thesis investigates the heat sink behavior of
electrodeposited Cu-D composites under realistic operating conditions using LED junction-to-
ambient thermal resistance. Cu-D samples containing uncoated and TiC-coated diamond particles,
arranged in single-layer and multi-layer architectures, were fabricated and assessed. Uncoated
composites exhibited poorer heat sink performance than pure copper due to small, equiaxed copper
grains near the Cu-D interface, which limited thermal boundary conductance despite being free of
interfacial voids. In contrast, TiC-coated diamond particles significantly lowered steady-state LED
temperatures, demonstrating the importance of interfacial engineering in improving phonon
transport across metal-diamond interfaces. The influence of thermal interface materials (TIMs)
was also examined. Incorporating 10-30 wt.% diamond particles into the commercial thermal
paste further reduced LED temperatures, even though the thicker bond-line would typically
increase thermal resistance. This shows that TIM formulation plays an additional role in
determining overall heat sink effectiveness. Overall, this work advances electrodeposited Cu—-D
composites toward practical heat sink applications and shows that interfacial coatings, copper

microstructure, and TIM design collectively influence thermal performance.
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Chapter 1: Introduction and motivation for this research

The increasing demand for faster and more compact computing systems is reflected in Moore’s
Law, which states that transistor density in integrated circuits doubles approximately every two
years, as shown in Figure 1.1 [1]. This trend has introduced significant thermal management
challenges, as increasing power and heat are confined within progressively smaller devices. Over
the past two decades, transistor dimensions have shrunk from the microscale to mere tens of
nanometers, dramatically raising power density and exacerbating heat dissipation bottlenecks [2],
[3], [4]. Furthermore, leading semiconductor manufacturers such as Samsung and TSMC have
already commercialized 5 nm technology nodes and recently advanced to 3 nm transistors,
marking a new era of ultra-fine devices [5], [6]. While this persistent scaling enables greater
transistor density and improved energy efficiency, it simultaneously intensifies the challenge of

heat removal.

The significance of these thermal challenges extends beyond conventional computing systems.
Emerging applications in flexible electronics and mobile devices also face significant heat removal
challenges. The development of materials compatible with transparent and flexible substrates
enables innovative display technologies but introduces new thermal management problems. These
include localized hot spots in bendable circuits [ 7] and thermal expansion mismatches in multilayer
structures [8], which may ultimately limit device performance and commercial viability [4]. These
challenges are worsened by increases in power dissipation resulting from the shrinking size and

higher density of transistors and other integrated circuit components [9], [10].

These thermal challenges are also present in artificial intelligence (AI), where processors are
pushed to operate at their thermal limits for prolonged periods, significantly intensifying the
problem. Modern high-performance central processing units (CPUs) now reach power levels of
200-250 W. In comparison, Al accelerators such as graphics processing units (GPUs) and tensor
processing units (TPUs) can exceed 700 W, corresponding to local heat fluxes of roughly 100—
200 W/cm? depending on die size. Together, these processors can generate system-level heat loads
approaching 1 kW [11]. The most critical thermal challenges occur at the die level, where power

density and distribution directly impact reliability and cooling effectiveness [4]. What makes Al



workloads particularly demanding, unlike conventional workloads with variable power demands,
is their persistent thermal load characteristics. This persistent thermal load has pushed current
cooling solutions to their limits, as evidenced by data centers where Al clusters have rapidly

progressed to requiring liquid cooling within just five years [12].
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Figure 1.1: Moore's Law showing the doubling of transistors in integrated circuits every two years [13].

Furthermore, recent overheating incidents in consumer electronics illustrate how thermal
constraints directly impact user experience. For instance, Samsung's Galaxy S23 series had thermal
throttling after prolonged camera use in 2023, with internal temperatures rising to 58°C [14]. Users
reported that the case of Apple's M2 Pro MacBook Pro reached 45°C under prolonged loads,
resulting in notable performance decreases during 4K video rendering [15]. Additionally, the
ASUS ROG Zephyrus G14 displayed CPU temperatures of up to 96°C during AAA gaming

sessions, causing emergency shutdowns [16]. The LG G Flex 2, powered by the infamous



Snapdragon 810 (20nm), suffered severe thermal throttling that reduced CPU performance by 40%
during benchmark testing, with core temperatures exceeding 80°C [17]. Likewise, Sony Xperia
devices utilizing various Snapdragon chipsets (including the Xperia 1 III's Snapdragon 888)
implemented aggressive camera throttling during 4K recording, with internal sensors reporting
temperatures above 60°C after just 5 minutes of operation [17]. Even popular devices, like the
iPhone 15 Pro [18], had thermal problems when they were first released; customers complained
that the smartphone overheated when recording videos and charging wirelessly. Together, these
occurrences show how difficult it is for contemporary thermal design to strike a compromise
between thermal management and performance in small form factors (the physical size and layout

constraints of a device).

These widespread occurrences of overheating issues highlight an important issue in thermal
design: the challenge of managing increasing power densities within ever-smaller form factors
without compromising performance, safety, or user comfort. When thermal management falls
short, manufacturers are often forced to implement software-based throttling strategies, which
limit device capabilities and degrade user experience. Moreover, thermal failures can reduce the
lifespan of electronic components, accelerate material degradation, and increase the risk of system
instability or collapse. These real-world examples underscore the urgent and growing need for
more effective, scalable, and cost-efficient thermal management solutions in modern electronic

devices, especially as the demands for high performance and miniaturization continue to rise.

In consumer devices and industrial systems, where reliability, low maintenance cost, and
simplicity are essential, passive heat sinks remain the most widely adopted thermal management
solution [19], [20]. Metals such as copper and aluminum are commonly used as heat sink materials
due to their high thermal conductivity, machinability, and affordability. Thermal conductivity, a
material’s ability to transfer heat (SI unit: W/m-K) [21], is a critical parameter for heat sink
performance, as it directly affects how efficiently heat can be spread and dissipated away from
electronic components. Copper has a thermal conductivity of approximately 400 W/m-K [22],
while aluminum offers around 200 W/m-K [23]. However, despite their widespread use, these

metals face performance limitations in high-power-density applications. For example, aluminum’s



lower conductivity can limit its heat-spreading ability in compact devices, while copper’s higher

density contributes to added weight, in addition to being costly compared to aluminum.

As devices continue to miniaturize and power densities rise, traditional metal-based heat sinks are
no longer sufficient to meet thermal demands without sacrificing design flexibility or efficiency.
While active cooling methods [24], such as liquid cooling or vapor chambers, can manage higher
heat loads, they also add to system complexity, cost, and power consumption. This highlights the
need for higher-performing passive heat sink materials that can handle greater thermal loads.
Emerging material systems with superior thermal properties are therefore gaining attention as

potential solutions for the next generation of electronic thermal management.

To develop the next generation of passive heat sinks with noticeably better cooling performance,
researchers have been concentrating on carbon-based materials and composites [25]. Carbon-based
materials like diamond (1500-2500 W/ m-K [26]), graphite (700-2000W/ m-K [27]), graphene
(500-1500 W/ m-K [28]), and carbon nanotubes (CNT, 3000 W/ m-K [29]) exhibit exceptionally
high thermal conductivities, though many of these wvalues are strongly dependent on
crystallographic direction or structural orientation. However, since bulk substrates comprised of
these materials have issues with fracture (graphite), mass manufacturing (CNT), cost (CNT,
diamond), and negative thermal expansion coefficient (graphene [30]), their use in heat sink
applications is extremely limited. In this regard, metal matrix composites (MMCs) reinforced with
carbon-based materials offer a potential alternative. MMCs combine the outstanding thermal
conductivities of carbon-based materials with the manufacturability of metals. Among the most
promising of these are metal-diamond composites, such as copper-diamond (Cu-D) [31] and
aluminum-diamond (Al-D) [32]. Diamond, which exhibits the highest known thermal conductivity
among natural materials (~2000 W/m-K) [26] can significantly enhance the overall heat transfer
performance of a composite when homogenously dispersed within a metal matrix. In applications
that cannot be sufficiently cooled by conventional aluminum or copper heat sink materials, such
as high-power electronics and laser systems, these materials are particularly appealing because
they can offer better cooling performance without requiring additional expensive active cooling
systems. However, their broader use remains limited by challenges related to high manufacturing

costs, underscoring the need for ongoing research into more economical fabrication methods.



Currently, the most common methods of fabricating MMCs for heat sink applications are through
high-temperature, high-pressure (HTHP) manufacturing techniques such as gas pressure
infiltration (GPI), squeeze casting, spark plasma sintering (SPS), and hot press sintering. To keep
the metal and reinforcements from oxidizing, these procedures need oxygen-free conditions [33],
[34]. In addition, high pressures can also cause microstructural defects that weaken the thermal
performance: particle fracture, undesired phases, and interfacial cracks [34], [35]. Even though
some HTHP-fabricated MMCs exhibit thermal conductivities of 800 W/m-K, these outcomes
come at a significant cost in terms of energy consumption and specialized equipment requirement
[36]. Therefore, a more economically viable method for fabricating high-quality metal-diamond

composite heat sink materials is needed.

Electrodeposition offers a low-temperature and more cost-effective substitute for creating metal
matrix composites [37]. Despite being used traditionally for thin coatings, electrodeposition can
provide bulk materials with excellent mechanical and corrosion properties with controllable
microstructures [38], [39]. Electrodeposited composites offer a promising pathway to integrate
high-conductivity reinforcements like diamond into a metal matrix using a relatively low-cost,
scalable fabrication process, enabling tailored thermal properties suitable for heat sink applications
[40]. However, although electrodeposited Cu-D composites have demonstrated excellent thermal
conductivities (500 W/m-K- 850 W/m-K) [41], [42], [43], [44], [45], [46], [47], [48] in laboratory
settings, a critical knowledge gap remains in the literature regarding their performance as practical
heat sink materials. Most studies focus primarily on microstructural features and intrinsic thermal
conductivity, overlooking the evaluation of full heat sink level behavior under realistic thermal
loads. As such, the actual thermal performance of these electrodeposited Cu-D composites in real-
world applications, including composite design, reliability, and practical heat sink implementation,

1s still not well understood or validated.

This thesis addresses the gap in understanding the practical heat sink performance of
electrodeposited Cu—D composites under realistic operating conditions. The study investigates
how different heat sink implementation strategies, including composite structure and the use of
thermal interface materials (TIMs), influence the steady-state thermal behavior of electronic

devices. Thermal performance is evaluated by measuring the steady-state surface temperature of



each heat sink under a controlled heat flux using a commercial light-emitting diode (LED) and a
standardized temperature measurement setup. The results clarify how Cu-D composite design and
integration strategies govern heat removal efficiency in thermally loaded systems, while
establishing a direct link between microstructural design, interfacial heat transport, and practical
device-level performance. The findings demonstrate that electrodeposited Cu-D composites can
serve as cost-effective heat sink materials for next-generation electronic devices, provided that
interfacial thermal resistance between copper and diamond is mitigated through strategies such as
TiC coatings to enhance heat carrier transmission across the interface. Chapter 2 presents a focused
review of the relevant literature and effective thermal conductivity models. Chapter 3 describes
the fabrication of the composite heat sinks and the experimental methods used for thermal
performance evaluation. Chapter 4 discusses the thermal performance of the Cu-D composite heat
sinks relative to reference copper systems. Chapter 5 addresses the engineering aspects associated
with heat sink attachment and evaluates diamond-modified thermal interface materials. The thesis
concludes in Chapter 6 with a summary of key findings, limitations, and recommendations for

future work.



Chapter 2: Literature Review

2.1. Heat Removal in Engineering & Electronic Devices

2.1.1 Active and Passive Cooling Strategies

In engineering systems, cooling techniques are generally categorized as either passive or active.
Passive approaches depend solely on natural heat transfer mechanisms, whereas active approaches
employ externally powered components to enhance/force heat removal. These methods are
employed not only in electronics but also across a wide range of other applications. These include
industrial machinery such as cutting tools and furnaces, automotive engines and battery systems,
building heating, ventilation, and air conditioning (HVAC) and refrigeration systems, as well as

spacecraft thermal control systems [49], [50], [51], [52].

The difference between passive and active methods is schematically illustrated in Figure 2.1,
which compares natural convection, a passive approach where heat is carried away by buoyancy-
driven airflow without external assistance through a heat sink. It also contrasts the natural
convection with forced convection, an active approach in which a fan or other external source

drives airflow to increase the rate of heat transfer from an electronic device.

(Natural convection) | (Forced convection)

Hot air
rises Fan pushes

cool airin

Heatsink
PASSIVE ACTIVE out
COOLING COOLING

Figure 2.1: Comparison between passive and active cooling methods in electronic devices.
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Since passive cooling does not require external power, it is economically appealing for consumer
electronics, telecommunications, photovoltaic systems, and LED lighting, where long-term
dependability, low maintenance, silent operation, and energy efficiency are essential [53], [54].
Passive cooling is also widely used in building envelopes and architectural design (e.g., thermal
mass walls, ventilated facades) to reduce HVAC loads [49], in power electronics cabinets, and in

radiative cooling panels for spacecraft [55].

The performance of passive cooling is strongly influenced by the thermal conductivity of the heat
sink material, which is a measure of a material’s ability to conduct heat, typically expressed in

W/m-K. Mathematically, it is defined by Fourier’s law of heat conduction:

q= —kVT (2.1)

where ¢ is the heat flux (W-m™), k is the thermal conductivity, and VT is the temperature gradient
(K-m™). The negative sign indicates that heat flows from regions of higher temperature to lower
temperature, according to the second law of thermodynamics. Aluminum (~200 W/m-K [23]) and
copper (~400 W/m-K [31]), are commonly used due to their high conductivity. Aluminum is often
chosen for cases that require large heat sinks because its lower density and cost offer an attractive

weight-to-performance ratio, even though copper has superior thermal conductivity.

Despite these advantages, passive cooling has notable limitations. Achieving effective natural
convection typically requires large surface areas to facilitate sufficient heat transfer to the
surrounding environment. However, as devices become smaller and more compact while their heat
dissipation continues to increase, providing sufficient surface area for efficient cooling becomes
increasingly challenging [56]. In many passive systems, performance can also be restricted by
environmental factors such as limited airflow paths, accumulation of dust or debris on heat-
dissipating surfaces, and temperature fluctuations in the surrounding medium, which can reduce

the overall effectiveness of heat transfer [57].

On the other hand, externally driven active cooling methods improve heat dissipation beyond what

can be achieved by natural convection. Common examples include forced-air cooling, liquid



cooling, and two-phase heat transfer devices such as vapor chambers and heat pipes. Forced air
cooling, which often employs fans or blowers, remains the dominant approach due to its relatively
low cost, straightforward installation, and moderate effectiveness across a wide range of power
electronics, industrial cabinet cooling, and automotive radiator applications [50], [58], [59].
However, it is fundamentally limited by air’s low heat transfer coefficient, making it insufficient

for many modern compact high-power applications.

Liquid cooling offers significantly better thermal performance than air-based methods. This is
achieved by circulating liquid coolants with higher heat capacity directly over the heated surfaces.
Liquid systems such as cold-plate-based loops, direct-to-chip cooling, and immersion cooling can
handle extremely high heat dissipation, making them suitable for demanding applications like data
centers, high-performance computing (HPC), and electric vehicles (EVs) [60]. Liquid cooling is
also employed in automotive engines for cylinder head and brake system temperature control; in
industrial process equipment such as rolling mills; and in spacecraft systems. In the latter, heat
pipes and pumped loops dissipate heat into radiators exposed to space [51], [52]. Despite these
advantages, liquid cooling introduces added complexity, cost, and potential reliability concerns
such as leakage, corrosion, and excessive maintenance requirements, restricting its application to

systems where such trade-offs are acceptable.

Two-phase cooling techniques, such as heat pipes and vapor chambers, rely on phase-change
phenomena, evaporation at the heat source and condensation at the heat sink, to efficiently
transport heat across small temperature gradients. While not the same as full refrigeration cycles
(which require compressors and pumps), these systems use the latent heat of vaporization to
passively move thermal energy without mechanical pumping. This ability to transfer large amounts
of heat with minimal temperature difference has made them increasingly popular in compact
electronic devices, where traditional active methods are impractical due to size or reliability
constraints [52]. However, two-phase systems can have limitations related to orientation
dependence and maximum allowable heat flux, and they are often more expensive and challenging

to integrate than liquid cooling solutions [61].



2.1.2 Hybrid Cooling Approaches

Hybrid cooling combines aspects of both passive and active techniques to optimize thermal
performance and cost. By leveraging the strengths of each approach, hybrid systems can overcome
the limitations of purely passive or purely active methods. A common example is a heat sink
integrated with fans, which uses the extended surface area of the heat sink (passive) while
enhancing air flow with forced convection (active) [62] as shown in Figure 2.2. This combination

is widely used in desktop CPUs, GPU cooling, and industrial control cabinets [63].

Fan

Figure 2.2: Schematic of an active—passive hybrid cooling configuration, where a fan provides forced
convection over a finned heat sink mounted on top of the device.

Other noteworthy hybrid solutions are liquid-cooled heat sinks, which effectively transfer heat
away from the source by maximizing contact surface through coolant channels embedded in a solid
metal block. Efficient and compact cooling is critical in high-power laser systems, electric vehicle
inverters, and aerospace power electronics, where these solutions are frequently applied [51], [52].
Thermal management systems in electric batteries also use hybrid strategies, combining active
liquid loops with passive heat spreaders made from high thermal conductivity materials such as
aluminum and copper; to maintain uniform temperature distribution across cells [64]. Hybrid
cooling strategies are expected to gain wider adoption, driven by industry demands for compact,
reliable, and energy-efficient solutions. All cooling strategies discussed in this section are
summarized in Table 2.1, along with representative applications and key considerations such as

cost, complexity, and reliability. This comparison demonstrates that no single approach is
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universally optimal, and that system-specific requirements ultimately determine the most suitable

thermal management strategy.

Given these constraints, the choice between active and passive cooling depends on system
requirements, cost, complexity, and reliability considerations. These inherent limitations highlight
the need for improved heat sink materials and designs capable of achieving higher thermal
performance within compact form factors. This thesis focuses on developing Cu-D composites
with high thermal conductivity for passive cooling components such as heat sinks and heat

exchangers.

Table 2.1 - Summary of Cooling Methods, Applications, and Key Considerations

Cooling Method Type Example Applications Key Considerations
Heat sink LED lighting, telecommunications i X X
i A o Low cost, silent operation, no power consumption;
{natural Passive equipment, building-integrated o Lo o
. . i limited performance in high heat flux applications
convection) passive cooling panels
Heat sink + fan Acti Desktop CPUs, GPU cooling, Low to moderate cost, simple design, moderate
ctive
(forced-air) industrial control cabinets performance; requires power and moving parts
Liquid Li Dat ters, HPC , electri
fquic cooting . e ?en ers Semvers e_ec e High thermal performance, scalable; higher cost,
{cold plates, Active vehicle battery systems, high- i . i
i i i i potential leakage and maintenance issues
immersion) performance automotive engines
i Active / Compact, effective over small temperature
Heat pipes / i Laptops, smartphones, aerospace . i i . .
Passive L gradients; orientation-sensitive, higher
vapor chambers . avionics, spacecraft thermal control K
assist manufacturing cost
High- L t JEV
Hybrid: liquid- i _Ig powertaser systems Combines high capacity with compact size; high
i Hybrid inverters, aerospace power A N
cooled heat sink . cost, complex integration
electronics
Hybrid: liquid
yort |qu-| X Battery thermal management Improved temperature uniformity; added system
loop + passive Hybrid cysterns complexi
heat spreaders y plexity

2.2 Interface Bonding Between Heat sinks and Components

The effectiveness of heat transfer at the interface between the heat sink and the heat-generating
component is equally critical as the heartsink’s bulk thermal conductivity in determining its overall
cooling performance. If interfacial thermal resistance (R), the resistance to heat flow across the

junction between two materials, is high, which can result from surface roughness or poor
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mechanical contact, even high-performance heat sinks may struggle to transfer heat effectively.

Mathematically, R can be expressed as:
R=— (2.2)

where AT is the temperature difference across the interface and Q is the heat flux through it

(W -m™2). R is expressed in m*>K-W'

The reciprocal of R is the interfacial thermal conductance (H), which is defined as:

H = (2.3)

1
R
with units of W-m2-K™'. To reduce R (or equivalently, to improve H), thermal interface materials
(TIMs) are frequently used to enhance contact and promote effective heat transfer. In addition to
selecting an appropriate TIM, the mechanical attachment method, such as clamping, bolting, or
spring-loading, also plays a crucial role in maintaining consistent, low-resistance contact over the
device’s operational lifetime. This section focuses on TIM types and bonding techniques used for

heat sink materials in electronic devices.

2.2.1 Thermal Interface Materials (TIMs)

Thermal interface materials (TIMs) are employed to mitigate the interfacial resistance that arises
from microscopic gaps and surface roughness at the contact between a heat source and a heat sink.
These imperfections can trap air pockets, which have an extremely low thermal conductivity
(~0.024 W/m-K) [65] [66], thereby becoming an additional source of thermal resistance. While
certain surface textures may increase contact area, excessive roughness often worsens the problem.
By filling these voids and creating a more uniform interface, TIMs enhance thermal contact and
reduce interfacial thermal resistance, making them essential for reliable heat dissipation in

electronic devices.

Commonly used TIMs include:

12



Thermal Tape: this is one of the least expensive heat sink attachment options, typically
made from a pressure-sensitive adhesive on both sides of a thermally conductive carrier
polymer, most often polyimide (Kapton). Thermal conductivities for commercial thermal
tapes typically range from approximately 0.3 to 1.5 W/m-K, depending on the carrier
polymer and filler content. It bonds to surfaces when pressed into place, without requiring
heat or curing, and works well with low-mass heat sinks and low-power dissipating
components. Market prices are around US $10 for a 32 m roll, which translates to less than
$0.01 per cm? in typical use, making it highly cost-effective for small-scale applications
[67].

Thermal conductive adhesives (TCAs): TCAs are typically epoxy-based materials filled
with conductive particles. Silver is the most common filler due to its high thermal
conductivity (400 W/ m-K [68]), although nickel, copper, and carbon fillers are also used.
Though silver has an intrinsic thermal conductivity of approximately 400 W/m-K, the
effective thermal conductivity of commercial TCAs typically ranges between 1 and 7
W/m-K due to filler loading limits and polymer matrix resistance. They provide strong
mechanical bonding and moderate thermal performance. However, they can be difficult to
rework and may degrade over repeated thermal cycles [69]. Compared to thermal tapes,
thermally conductive adhesives (TCAs) are generally more expensive. Commercial
products such as MG Chemicals cost approximately US $25 for a 6 mL kit. Assuming a
representative thermally conductive adhesive bond-line thickness of 50-100 um, based on
reported values for commercial thermal adhesives, this volume would cover approximately
600-1200 cm?, corresponding to an estimated cost of approximately $0.02—0.04/cm?
Additionally, TCAs typically require preparation prior to use, as most are supplied as two-
part liquid formulations that must be thoroughly mixed before application and subsequently
cured for durations ranging from 2 to 48 hours [67]. Unlike thermal greases or pastes, TCAs
cure into a solid bond, providing permanent attachment rather than a removable interface
layer.

Thermal grease/paste, and gels: they are typically composed of a silicone or synthetic oil
base filled with thermally conductive particles such as zinc oxide, aluminum oxide, boron
nitride, or silver. Commercial thermal greases typically exhibit thermal conductivities in

the range of ~1 to 8 W/m-K, with higher-performance formulations exceeding 10 W/m-K.
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These materials conform to microscopic surface irregularities when compressed, achieving
very low bond-line thickness and low interfacial resistance. However, they can “pump-
out,” meaning the compound is gradually displaced from the interface due to thermal
expansion, vibration, or mechanical stress, which reduces its effectiveness and increases
thermal resistance. Prices vary depending on filler type and quality; for example, a 3.5 g
tube of Arctic Silver 5 (silver-filled) costs about US $6-8, translating to roughly $0.015-
0.020 per cm?, while budget silicone-based greases can be as low as $0.0025-0.005 per cm?
[70], [71].

Phase-change materials (PCMs): these materials are used as thermal interface layers and
are solid at room temperature. At operating temperatures, typically between 45 °C and 70
°C, they soften or melt slightly, allowing them to flow into microscopic surface gaps and
improve interface contact without the need for manual spreading. Once cooled, they re-
solidify, maintaining the formed contact and reducing interfacial thermal resistance. PCMs
are typically made from waxes, thermoplastic polymers, or paraffin-based compounds
blended with thermally conductive fillers such as aluminum oxide, boron nitride, or
graphite to achieve conductivities in the range of ~1-6 W/m-K. They are commonly
supplied as pre-applied coatings on heat sink bases, or in thin film form (0.1-0.5 mm thick)
that can be cut to size and placed between components. Their advantages include
reusability over multiple thermal cycles and clean handling compared to greases; however,
their performance can degrade if the material repeatedly exceeds its phase-change
temperature or undergoes filler separation over time. In terms of cost, standard paraffin-
based PCM sheets average about US $0.10-0.20 per cm?, while high-performance
graphite-enhanced or metallic-filler PCMs can range from US $0.30-0.60 per cm? [69],
[71].

Thermal pads (gap fillers): these are pre-formed, solid sheets, most made from silicone
elastomers. They are embedded with thermally conductive fillers such as ceramic particles
(e.g., aluminum oxide, boron nitride) or, in higher-end products, graphite or phase-change
materials. These soft, compliant materials deform under slight pressure, allowing them to
conform to surface irregularities and fill air gaps, which improves thermal contact between
components. While easier to install, remove, and clean than grease, they generally have

higher bulk and interfacial thermal resistance, making them more suitable for simple or
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low-power applications. Thicknesses typically range from 0.5 to 5 mm, with thermal
conductivities spanning ~1-12 W/m-K depending on filler type. Costs vary widely: basic
silicone-ceramic pads average around US $0.15-0.25 per cm? while high-performance
graphite or PCM-based pads can exceed US $0.50-0.80 per cm? [65].

Advanced carbon-based TIMs (graphene or CNT-enhanced composites): these materials
leverage nanomaterials to dramatically increase thermal conductivity by creating highly
conductive pathways within the base medium. Unlike conventional thermal pads, which
are relatively thick, compliant sheets designed mainly to fill air gaps, carbon-based TIMs
are typically formulated as greases, gels, or thin coatings that operate at much smaller
bond-line thickness. Reported thermal conductivities for graphene-enhanced greases
commonly exceed 5 W/m-K under optimized filler loading [72]. Moreover, a graphene-
enhanced grease has been reported to achieve interface resistances of ~3.2—4.3 mm?*-K/W,
comparable to or better than many commercial TIMs, while increasing overall thermal
conductivity by a factor of ~17 at moderate loadings (~10 vol%). Despite these promising
results, such materials are still largely at the research and prototype stage, with limited
commercial availability. Their adoption is currently hindered by challenges in large-scale
manufacturing, dispersion uniformity of nanofillers, long-term stability, and cost, which

can be significantly higher than conventional TIMs [26].

2.2.2 Bonding Techniques

Bonding, in the context of heat sinks, refers to the mechanical method used to physically secure

the heat sink to the heat-generating component. Bonding methods provide that pressure, holding

the two parts together to maintain reliable contact over time. In practice, TIMs and bonding are

not alternatives but are used together, TIMs improve the quality of the thermal path, while bonding

ensures that this path remains stable under operational conditions. The chosen bonding method

directly affects contact pressure, interface uniformity, mechanical stability, and the long-term

reliability of the assembly under mechanical stresses and thermal cycling. An effective bonding

process minimizes the formation of air gaps, which would otherwise increase interfacial thermal

resistance, thereby ensuring consistent heat transfer throughout the device’s operational lifetime.

Common bonding techniques in electronics cooling include:
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Mechanical fastening: In both consumer and industrial electronics, mechanical fastening
(such as spring-loaded Z-clips, clamps, or screws) is the most popular technique for
securing heat sinks. To keep the heat sink and device in contact, these systems use regulated
pressure. They are inexpensive, reusable, and adjustable to different heat sink shapes.
Uneven pressure distribution, however, may cause localized separation and eventually
lower the thermal performance [67], [74].

Soldering: Soldering creates a metallurgical connection between the component and the
heat sink base, resulting in an extremely stable, low-resistance interface. Tin-based or
indium-based alloys, chosen according to mechanical and thermal requirements, are
commonly used. Although soldering provides strong mechanical integrity, it requires
relatively elevated processing temperatures, typically in the range of ~180-250 °C for tin-
based solders and ~150-200 °C for indium-based solders, making it unsuitable for
electronics that are sensitive to heat exposure [75].

Brazing: Brazing is another bonding method. It is similar to soldering but uses filler metals
like silver-copper alloys at greater temperatures. For larger or heavier heat sinks, brazing
is usually utilized in applications that require outstanding mechanical strength and stability
at high temperatures. Although highly reliable, the elevated processing temperatures (often
above 450 °C) can risk damaging delicate electronic components, so careful temperature
control is required during assembly [76].

Diffusion bonding: Diffusion bonding is a solid-state joining technique that allows for
atomic-level bonding by pressing two surfaces together for a long time at high
temperatures. This method creates hermetic joints that are highly robust and have very little
interfacial resistance. However, it is typically saved for high-reliability or aerospace-grade
systems because it is a labor-intensive procedure that requires accurate surface preparation

[77].

In this thesis, the focus will be on evaluating a range of thermal interface materials (TIMs) for Cu-
D composite heat sinks, including commercially available options such as thermal tapes and
thermal pastes. Their performance will be systematically compared under controlled conditions to
assess their effectiveness in enabling efficient heat transfer. In addition to testing these established

materials, this work will also involve the development of a custom TIM, where diamond particles
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are incorporated into a conventional thermal paste to examine their effect on thermal performance.
This modification is intended to better match the high thermal conductivity of Cu-D composites

and could provide insights into designing TIMs tailored for advanced composite heat sinks.

2.3 Metal-Diamond Composite heat sink materials via HTHP methods

Metal-diamond composites have been extensively studied as viable candidates for heat sink
applications, offering high thermal conductivity values suitable for enhancing heat removal in
high-performance microelectronics. Diamonds are incorporated into metallic matrices using
various high temperature/high-pressure (HTHP) processing techniques, including gas pressure
infiltration (GPI), spark plasma sintering (SPS), and vacuum hot pressing (VHP). Particle size,
diamond content, matrix selection, and interface quality all have a significant impact on reported
thermal conductivities. The primarily material systems have been copper—diamond, silver—

diamond, and aluminum—diamond composites [78], [79], [80], [81], [82], [83].

Silver exhibits the highest intrinsic thermal conductivities of all metals (~430 W/m-K) [68]. When
combined with diamond, silver-based composites consistently show high thermal conductivities,
often above 750 W/m-K. For instance, Ag—Si—diamond composites with ~57 vol.% diamond
achieved ~782 W/m-K [84], while pure Ag—diamond composites with similar diamond volume
fractions reached ~847 W/m-K [85]. Despite their high thermal conductivity, silver—diamond
composites are not favored for practical applications because silver is expensive and the cost of

maintaining a silver-plating bath limits its industrial use.

Aluminum's low density (2.7 g/cm?®) and affordability make it a desirable material for lightweight
heat sink applications, despite its modest intrinsic thermal conductivity (~200 W/m-K) [68]. Its
thermal conductivity is usually increased by a factor of two to three when diamond reinforcement
is implemented. While infiltration processes achieve high thermal conductivities (550700
W/m-K), particularly at diamond loadings beyond ~55 vol.%, these values exceed those obtained
by conventional SPS and sintering, which typically yield 360-430 W/m-K. This significant
improvement in conductivity is attributed to the formation of intermetallic AlsCs, which

strengthens the bond between the diamond and aluminum matrix [86], [87].

17



A notable approach to lower interfacial resistance at the metal-diamond interface in composites is
the utilization of interfacial intermetallic carbides [88], [89], [90], [91]. Rather than relying solely
on the intrinsic conductivity of the metal, intermetallic carbides such as TiC, WC, and AlC;
provide vibrational spectra that overlap with both the metal matrix and diamond, thereby
facilitating phonon transmission across the otherwise mismatched interface. As illustrated in
Figure 2.3, the vibrational density of states (VDOS) of pure metals is concentrated at relatively
low frequencies compared to the high-frequency modes of diamond. The addition of an interfacial
carbide introduces intermediate vibrational states, thereby creating a phonon bridge that enhances

thermal boundary conductance between the metal matrix and the diamond [92].

Vibrational DOS (a.u.)

0 10 20 30 40
Frequency (THz)

Figure 2.3: Schematic of vibrational density of states (VDOS) for metal, intermetallic carbide, and
diamond.

The importance of such interfacial carbides extends directly to practical coating strategies used in
Al—diamond composites. By deliberately introducing carbide-forming elements, researchers have
been able to enhance thermal conductivity. For example, Zhu et al. reported that uncoated
infiltration-based composites reached ~727 W/m-K, but their conductivity decreased significantly
upon thermal hysteresis. After 1000 thermal cycles, W-coated diamonds stabilized the composite
near 615 W/m-K due to the formation of AlsW on diamond particles, while WC-coated composites
retained ~703 W/m-K but showed reduced stability with further cycling. Likewise, Kondakci and

18



Solak demonstrated that SiC-coated diamond/Al composites-maintained conductivity above 450
W/m-K up to 200 °C, reaching ~528 W/m-K compared with ~376 W/m-K for uncoated
counterparts. These results highlight the critical role of surface coatings in preserving long-term
stability and optimizing thermal conductivity in Al-diamond systems [93], [94]. A summary of
reported values from different fabrication methods and coating strategies is provided in Table 2.2,
highlighting the impact of both the processing route and interfacial design on the achievable

thermal conductivity and stability of Al-diamond composites.

Table 2.2 - Reported thermal conductivities of Al-diamond composites. (TC = thermal conductivity).

Diamond Diamond Particle TC range
Coating Method vol.% size (um) (W/m-K) Notes Ref.
Powder-based,
SPS/ 4050 | 165200 | 360431 | moderate | L)
Sintering . [96]
bonding
Uncoated
High TC, [35],
. limited [91],
Infiltration 58-63 98-395 550-676 stability duc to | [97].
AlCs [98]
WC Infiltration ~60 100200 | 703-727 | WC lessstable |,
coated under cycling
SiC coated | Infiltration |  55-60 100-200 ~528 Suljﬁrgsses [93]
4C3
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Copper's high intrinsic thermal conductivity (~400 W/m-K)[68], reasonable cost, and widespread
use in electronics and thermal management applications makes it a frequently studied matrix. Due
to copper’s poor wettability on diamond surface, interfacial bonding quality can vary significantly.
As aresult, SPS and sintering methods report a wide range of thermal conductivities, from as low
as ~185 W/m-K in poorly bonded systems to ~750 W/m-K when improved interfaces are achieved.
Infiltration methods generally provide superior results, reaching 230-900 W/m-K, particularly
when coarse diamond particles are used, since their lower surface-to-volume ratio reduces the total
interfacial resistance. Interface control and alloying have pushed these values further: Li ef al.
demonstrated ~930 W/m-K using Cu—Zr alloys, where a thin ZrC interlayer (~400 nm) suppressed
phonon scattering and enhanced bonding at Cu-D interfaces [99]. Similarly, WC-coated
composites by infiltration have reported ~900 W/m-K at ~62 vol.% diamond [85], while ultra-
high-pressure infiltration (2 GPa) with Cu—Ti alloys produced ~900 W/m-K through the formation
of a TiC interfacial layer [100]. These results are summarized in Table 2.3, which compiles
reported thermal conductivities of Cu-D composites produced by different processing routes and
interfacial modification strategies. These observations, consistent with findings in Al-diamond
composites, confirm that carbide coatings and alloying strategies are essential for optimizing both

interfacial bonding and thermal transport in Cu-D systems.

Although diamond reinforcement has been shown to significantly increase the thermal
conductivity of metallic matrices through powder-based sintering, spark plasma sintering, and
infiltration, these processes have some challenges. Achieving maximum conductivities often
requires extreme processing conditions, specialist equipment, or specific alloying additions (e.g.,
Ti, Zr) to promote carbide interlayers [32] which drives up cost and reduces economic viability.
Furthermore, long-term reliability can be affected by interfacial challenges such as poor wettability
of copper on diamond [101], instability of thermal transport at the metal/diamond boundary due to
weak phonon coupling and interfacial degradation [32], and phase degradation, for example,
hydrolysis of Al«Cs in Al-diamond systems, where exposure to moisture leads to the formation of

Al(OH)s and CHa, degrading interfacial stability [102].

20



Table 2.3 - Reported thermal conductivities of Cu-D composites. (TC = thermal conductivity)

. . Particle
C(t)atl:g Method Dilz::ln;)/nd size {V(sf /1:11?1%;9 Notes Ref.
« /0
P (pm)
. [80], [103], [104],
Siifesrifl 5-70 | so-110 | 185-742 L““:/l:ggif’oor [105], [106],
g y [107], [108]
Uncoated
Infiltration | 65-95 | 70-550 | 230_900 | Bestuncoated | [88], [100], [109],
results [110]
. [80], [103], [104],
SPS/ 560 | 75-156 | 285-654 | € TiC, CrCa, [105], [107],
Sintering ZrC coatings [111]
Carbide- | 1 o1tion | 60-65 | 70420 | 550-700 | €72 B-SIC | (851 (881, [112]
coated coatings
Infiltration 62 420 900 WC-coated [85]
Pressure Cu—Zr alloy,
. ! ~61 ~100 930 optimized ZrC [99]
infiltration )
Alloyed interlayer
Cu
matrices
. Cu-Ti alloys,
High-temp | /5 s ~100 ~900 ultra-high [99]
infiltration
pressure (2 GPa)

2.4 Electrodeposition of copper-diamond composites

Electrodeposition has emerged as a promising alternative to traditional high-temperature high
pressure fabrication techniques such as infiltration, hot pressing, and spark plasma sintering. The
main advantage is that it can create Cu-D composites at ambient conditions at room temperature.
Through electrodeposition, diamond particles suspended in the electrolyte can be uniformly
embedded within a copper matrix. However, the resulting microstructure and thermal performance
of the composite are highly dependent on processing parameters, such as bath chemistry, current

density, temperature, and particle size distribution, which govern the interfacial bonding and
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overall thermal conductivity. Several studies have reported notable promising thermal
conductivity values via electrodeposition techniques. Cho ef al.[42] showed that with 34.7 vol.%
loading, TiC-coated particles increased the conductivity to 557 W/m-K, whereas uncoated
diamonds produced 454 W/m-K at 68.2 vol.%. Wu et al. [113] created void-free uncoated Cu-D
composites with values of about 615 W/m-K. By using a bimodal distribution of diamond particles
to increase packing density, they were able to improve this from 615 W/ m-K to 651 W/m-K [43].
Zhou et al. used electrodeposition to produce Cu-D composite foils with tungsten-coated micro-
diamond particles. The composites had a thermal conductivity of 509.7 W/m-K under ideal
processing conditions (diamond size 100/120 pm, current density 133.3 mA/cm?), which was a
28.4% improvement over pure copper (397 W/m-K). However, the thermal conductivity
progressively dropped after repeating thermal cycling between 196 °C and 200 °C. 13.5% loss
after 5 cycles, remained comparatively steady for 15 cycles, and then dropped rapidly to 306.5
W/m-K (60.5% of the initial value) after 20 cycles [114]. Luo ef al. [115] created single-layer
composites reaching 588 W/m-K. Arai and Ueda [46] achieved 662 W/m-K at 61 vol.% diamond
by electrodepositing dense Cu-D composites at room temperature and pressure. Their careful
potentiostatic control, which reduced hydrogen evolution during deposition, was attributed to this
high conductivity. The copper matrix completely filled the spaces between diamond particles by
inhibiting the development of H- bubbles. Particle size effect was also discovered by Wu et al.
[41], who reported a record 846 W/m-K with 400 um particles, while smaller particles exhibited
less noticeable thermal conductivity increases. A summary of these reported values is provided in
Table 2.4, which consolidates the thermal conductivities of electrodeposited Cu-D composite.
These results indicate that electrodeposition can produce Cu-D composites with thermal

conductivities on par or even higher than those achieved by high-temperature procedures.
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Table 2.4 - Reported thermal conductivities of electrodeposited Cu-D composites.

Thermal
. . . . Conductivity
References Particle size / coating Diamond vol.%
(W/m-K)
Cho et al. [42] 400 um uncoated; TiC- 68/34.7 454/557
coated
Wuetal [113] 100 pm, uncoated ~40 615
Wu et al. [43] 30 um + 100 pm ~45 651
(bimodal)
Luo et al. [115] 100 um, uncoated 36 588
Zhou et al.[114] 100-120 pm, W-coated - 509.7 — 306
Arai & Ueda [46] 230 pum, uncoated 61 662
Cho et al. [44] 66 um, uncoated 42 222
Wu et al. [41] 400 um, uncoated - 846

Using electrodeposition, high-performance Cu-D composites with thermal conductivities between
450 and more than 800 W/m-K can be created. Reported values vary widely due to differences in
surface treatments, plating conditions, and diamond particle size. The achievement of such high
conductivities under room-temperature and ambient-pressure conditions highlights
electrodeposition as an economically viable alternative to HTHP-based methods for fabricating

next-generation electronic heat sink materials.

2.5 Metrics for Measuring Heat sink Performance

The evaluation of heat sink performance requires standardized parameters that capture both
material-level properties and system-level thermal response. Heat sink performance is best
evaluated using standardized engineering metrics that reflect real operating conditions. Rather than
relying only on intrinsic material properties such as thermal conductivity, these metrics quantify

how effectively a heat sink removes heat under applied power and defined boundary conditions.
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Heat sink performance is frequently evaluated using a variety of techniques, each of which focuses

on a distinct facet of heat dissipation.

One of the most widely used metrics is thermal resistance (Rg), which has already been defined in

Section 2.2 as the ratio of temperature difference to applied heat load:

RO = = (2.4)

where AT is the temperature rise between the junction and the reference point (ambient, case, or
substrate), and Q is the applied heat load. In the context of heat sink testing, this relationship is
typically expressed as junction-to-ambient (Rejya ), junction-to-case (Rojc) or case-to-ambient (Roca
), depending on which part of the thermal path is being evaluated. These parameters consolidate
the combined effects of conduction through heat sink, interfacial resistance at the TIM layer, and
convection to the environment, and are therefore widely adopted for both datasheet specifications

and comparative evaluation of heat sink performance [65], [115].

Thermal impedance (Zy) is used to characterize transient thermal response in addition to steady-
state behavior. In contrast to thermal resistance, which is measured at thermal equilibrium, Zg

records the time-dependent temperature change as power is applied or removed. It is defined as:

AT(t)
P

Z0(t) = (2.5)

Here, AT (t) represents the transient temperature difference as a function of time, and P is the
applied or dissipated power during heating or cooling. In high-power electronics such as GPUs or
IGBTs operating under non-steady duty cycles. Zy provides critical insight into how a heat sink
manages pulsed loads or abrupt variations in heat generation [58]. These dynamics are often
modeled using equivalent thermal RC networks, which allow prediction of system behavior under

dynamic operating conditions.
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Reporting the temperature increase per unit power (47/P) is another approach. In experimental
settings where distinguishing between junction, case, and ambient contributions, is not feasible,
this metric can be used. It offers a simple way to compare the heat sinks of various materials or
geometries under the same heating situation, despite conceptually being similar to thermal

resistance [56], [59].

In addition to resistance and impedance, composite metrics are also employed for comparative
evaluations, particularly when new materials are benchmarked against conventional solutions.
These metrics extend beyond absolute values to provide normalized or weight-sensitive measures
of performance. Thermal performance ratio (TPR) [117] is a normalized metric used to compare

thermal conductivity against a standard reference material, usually aluminum. It is expressed as:

k(material)

TPR = (2.6)

k(Aluminum)

where x (material) is the thermal conductivity of the material under study, and « (4luminum) is
the thermal conductivity of aluminum. A TPR greater than one indicates superior performance
relative to aluminum. This simple normalization is used in the evaluation of advanced heat

spreader materials.

Figure of merit (FOM) provides a performance measure that accounts for both conductivity and

density, making it especially useful in mass-sensitive applications. It is defined as:
k
FOM = > 2.7)

where x is thermal conductivity and p is material density. Higher FOM values indicate better
thermal transport per unit mass, which is critical in aerospace and electronic packaging

applications [118].

Overall, these quantitative techniques provide a framework for evaluating heat sink performance.

Among them, thermal resistance remains the most widely adopted industry standard. In this thesis,
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junction-to-ambient thermal resistance (Roj4) is used as the primary metric, since it directly

captures the overall cooling effectiveness of Cu—diamond composite heat sinks under practical

operating conditions.

2.6 Predictive Models for Effective Thermal Conductivity of Composites

Analytical models play a critical role in establishing theoretical expectations for heat transport in
particle-reinforced metal matrix composites. Since diamond possesses an exceptionally high
intrinsic thermal conductivity relative to copper, the rule of mixture predicts that increasing the
diamond volume fraction should enhance the overall composite conductivity. However, this
improvement is strongly dependent on interfacial heat transfer. Two standard models for the

thermal conductivity of composites are explained in this section.

2.6.1 Hasselman—Johnson (H-J) Model

The mathematical description of thermal transport in composite materials originates from
Maxwell’s treatment of spherical inclusions embedded within a continuous matrix. Maxwell’s
model assumes perfect thermal contact between the matrix and reinforcement, implying infinite
thermal boundary conductance. As a result, it commonly overestimates the effective thermal

conductivity of composites containing highly conductive particles [119].

Hasselman and Johnson extended Maxwell’s formulation by incorporating finite interfacial
thermal resistance and solving the steady-state heat conduction equation. In the Hasselman-

Johnson model, the effective thermal conductivity of composite is given [120]:

K K K 2K
2 (2B-T2-1)Vp+ Bt S Py
Km  hr

K K K 2K
(1— P _ —p)Vp+ PPy
m Km hr

(2.8)

where k. is the composite thermal conductivity, k;, is the matrix thermal conductivity, k,, is the
particle thermal conductivity, h is the thermal boundary conductance between the matrix and the
particles, r is the particle radius, and V,, is the particle volume fraction. By incorporating interfacial

conductance, the Hasselman—Johnson model provides more realistic predictions for metal—
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diamond composites, where heat carrier transmission mechanism at the interface introduces

significant thermal resistance.

In the limiting case where h — oo, the interfacial resistance vanishes and the equation reduces to

the classical Maxwell model [119] given by:

Kp+2Km+2Vp(Kp— Km)

e = Km Kp+2Km—Vp(Kp— Km) 2.9)

This equation is based on effective medium theory, where a two-phase composite is treated as a

homogeneous material with an equivalent thermal conductivity.

2.6.2 Differential Effective Medium (DEM) Model

While the Hasselman—Johnson model is well suited for composites containing dispersed particles,
it does not fully capture increased particle—particle interactions at higher loadings. The DEM
model addresses this by incrementally adding particles and continuously updating the effective
thermal conductivity. The Differential Effective Medium (DEM) model extends the Bruggeman
approach by establishing a differential relationship between the effective thermal conductivity and

the volume fraction of the dispersed phase [121].
For spherical inclusions, the DEM formulation can be expressed implicitly as:

_ 1
1—Vp = 222 (£ey73 (2.10)

Kp—Km Km

The influence of thermal boundary conductance and particle volume fraction on effective thermal

conductivity is further illustrated in Appendix A (Figure A.4).

Since the original Bruggeman framework neglects interfacial thermal resistance, the particle

conductivity is replaced with an effective particle conductivity defined as [122]:
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K

— p
Keff = TZ—?) (2.11)

which explicitly accounts for finite thermal boundary conductance. As h — oo, the effective

particle conductivity approaches the intrinsic particle conductivity.

Together, the Hasselman—Johnson and DEM models demonstrate that the influence of diamond
volume fraction on composite thermal conductivity is strongly governed by interfacial heat
transport. When thermal boundary conductance is insufficient, the high intrinsic conductivity of
diamond may not translate into improved composite performance. Conversely, once adequate
interfacial conductance is achieved, increasing diamond content can produce substantial gains in

effective thermal conductivity.
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Chapter 3: Experimental Procedures

3.1 Materials and Methods

Copper—diamond composite materials were electrodeposited in an acidic copper plating bath
containing diamond particles supplied by DEV Industrial Corp. (Boca Raton, FL, USA). Two
types of diamond particles were used for fabricating the composite heat sinks evaluated in Chapter
4: synthetic diamond particles and TiC-coated diamond particles, both with a nominal particle size
of approximately 400 pm. Representative morphology and particle size distribution of these
particles are shown in Figure 3.1 based on statistical measurements of 250 randomly selected

particles. The average particle size was 405 um with a standard deviation of 40 pum.
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Figure 3.1: (a) SEM micrographs of diamond particles and (b) respective particle size distribution.

Prior to electrodeposition, both diamond particles were etched in a 10 vol.% HNOs solution to
remove surface impurities and improve surface cleanliness, producing a more chemically active
surface that promotes interfacial bonding during copper deposition [123], [124]. In addition to the
heat sink diamond particles, smaller synthetic diamond particles with a nominal size of
approximately 65 um were used exclusively for the thermal interface material work presented in
Chapter 5. The morphology and particle size distribution of these particles are shown in Figure
3.2. This particle size was selected to be smaller than the thickness of the compressed as-received

thermal paste layer, which is approximately 120 um (Appendix A.S). Larger particles were not
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used, as they would increase the overall thickness of the TIM layer. An increase in bond line
thickness leads to higher thermal resistance, which would counteract the benefits of incorporating
a high thermal conductivity filler and ultimately degrade thermal performance. These smaller

particles were rinsed with deionized water and dried prior to incorporation into paste-based

formulations.
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Figure 3.2: (a) SEM image of the synthetic diamond particles and (b) the corresponding particle size
distribution (right), showing an average particle size of 65 + 6 um.

All diamond particles used in this work exhibit cubo-octahedral shapes primarily showing (111)
and (100) planes with near-equiaxed geometry (aspect ratio close to unity). The copper plating
bath composition and operating parameters are summarized in Table 3.1. Copper sulfate
pentahydrate (CuSOa4-5H20, 250 g/L) served as the primary source of Cu*" ions, while sulfuric
acid (H2S0s, 230 g/L) was added to enhance electrolyte conductivity and maintain Cu?* solubility.
The acidic environment also facilitated anode dissolution, ensuring a stable supply of copper ions

throughout the electrodeposition process.
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Table 3.1 - Bath composition and plating parameters for Cu-D composite materials

Bath compositions

CuSO04(5-H,0) 100 - 120 g/L
H>SO4 (Sulfuric acid) 230 g/L (125 mL/L)
Diamond particle concentration 2 g/l

Plating parameters

Bath temperature 20 °C
Current density (per cathode area) 12 mA/cm?
Bath agitation rate 125—-150 RPM

A titanium cathode was used for electrodeposition, onto which a 3D-printed polylactic acid (PLA)
frame with a 1 cm X 1 cm plating area was secured using an electroplating maskant (Enplate Stop-
off No.1, Canadian Finishing System Ltd., Burlington, ON, Canada). Titanium was chosen since
it develops a thin, stable TiO: passivation layer, which limits bonding with the electrodeposited
copper and facilitates easier removal of the composites following deposition [125]. High-purity
copper nuggets (99.99%, Belmont Metals Inc., Brooklyn, NY, USA) served as the anode. The
experimental apparatus is shown in Figure 3.3a, while a schematic illustration of the system is
provided in Figure 3.3b for clarity. The setup employed a horizontally oriented titanium cathode
in a gravity-assisted (sedimentation) plating arrangement to facilitate diamond particle
incorporation. Deposition was performed with a DC power supply in a magnetically stirred plating

bath.
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Figure 3.3: (a) Experimental electrodeposition apparatus for fabricating Cu-D composites and (b)
schematic illustration of the plating setup.
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The sequential development of Cu-D composite samples during electrodeposition is demonstrated
in Figures 3.4(a—f), with the corresponding schematical illustration is shown in Figure 3.4(g).
Diamond particles initially settle on the cathode surface and become embedded by copper growth.
As electrodeposition proceeds, additional layers of diamond particles are introduced one after
another, each encapsulated by the copper matrix, until the desired composite thickness is achieved.
An initial layer of diamond particles was established by briefly increasing agitation in the plating
bath before the power source was activated, allowing the particles to settle uniformly on the
cathode. Once electrodeposition began, the particles were incorporated into the growing copper
layer. Subsequent layers were introduced by intermittently re-suspending the particles through
short bursts of agitation, ensuring that each new layer was deposited only after the preceding layer
was sufficiently covered with copper. During the particle suspension process, the stirring rate was
increased to approximately 400 RPM for ~1 min, after which the diamond particles were manually
leveled across the cathode. The timing of each burst was set by the estimated copper deposition
thickness, which was calculated from the applied current and Faraday’s law, accounting for the
two-electron reduction of Cu?* to Cu. The resulting mass deposition rate was converted to volume
using the density of copper and then to an average layer thickness based on the cathode area.
Agitation was applied only after sufficient copper coverage had formed over the previously
deposited particle layer, ensuring mechanical encapsulation before the introduction of additional
particles. A sample calculation used to estimate copper deposition thickness and guide agitation
timing is provided in Appendix A.7. This iterative stacking approach, performed continuously
without interrupting the current, resulted in a multilayered Cu—diamond composite structure with

uniformly distributed diamond particles and good interlayer bonding, as illustrated in Figure

3.4(g).
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Figure 3.4: (a—d) Optical micrographs showing diamond particle deposition and copper coverage during
electrodeposition; (e,f) as-prepared composite heat sink after grinding; (g) schematic of layer-by-layer
particle embedding and copper growth.

In terms of diamond particle distribution, two types of Cu-D composites were fabricated: single-
layered (SL) and multi-layered (ML) (Figure 3.5). The SL composite contained one diamond layer
positioned near the cathode side, whereas the ML composite incorporated several diamond layers
distributed throughout the composite thickness For each configuration, TiC-coated and uncoated
diamond particles were used, resulting in four composite samples: coated single-layer (CSL),
coated multi-layer (CML), non-coated single-layer (NCSL), and non-coated multi-layer (NCML),
fabricated to replicate the high thermal conductivity values reported previously [42]. Two baseline
materials, aluminum (Al) and pure copper (Cu), were also evaluated. Pure copper samples were
electrodeposited under identical conditions without diamond particles to enable a direct
comparison. These configurations allowed systematic assessment of the effects of particle coating

and composite architecture on the thermal performance.
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(a) Single-layered (b) Multi-layered

Titanium cathode Titanium cathode

Figure 3.5: Schematic illustration of the electrodeposited Cu-D composite configurations:
(a) SL and (b) ML composites. Each configuration was also prepared using TiC-coated diamond particles
to investigate interfacial effects.

In total, seven heat sink samples were evaluated in this thesis. Six heat sink samples were used for
the heat sink performance evaluation presented in Chapter 4, while an additional larger pure Cu
heat sink was used exclusively for the thermal interface material evaluation described in Chapter
5. Of'the seven samples, six were fabricated by electrodeposition, including pure Cu reference heat
sinks and Cu-D composite heat sinks containing diamond particles with and without surface
coatings. The Al heat sink was used as a commercially sourced reference (purchased from Home
Depot and cut and grinded to identical external dimensions as the electrodeposited samples). Only
one heat sink was produced for each configuration. All heat sink samples were mechanically
ground using silicon carbide (SiC) abrasive papers from 240 to 800 grit. The same grinding
procedure was applied to all specimens to ensure consistent surface quality for radiation and
convection. Samples were ground until the thickness became uniform across the planar area to

minimize variations in thermal contact resistance during testing.

3.2 Sample dimensions and diamond volume fraction calculations
For each composite sample, the diamond volume fraction was determined using the measured mass
and dimensions of the electrodeposited coating, applying the rule of mixtures based on the known

densities of copper and diamond. The theoretical density of each composite (p.) was first obtained

from the measured mass (m) and geometric volume (V) using p, = % The diamond volume

fraction (V) was then calculated from the rule of mixtures:
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(bcu—pPc)
V, = ——= X 1009 3.1
d (pcu— PD) % G-1)

where p¢, and pp are the densities of copper (8.96 g-cm™) and diamond (3.52 g-cm™),

respectively.

The dimensions and diamond volume fractions of the tested samples are listed in Table 3.2, where
the diamond content for each composite was calculated using Equation (3.1) based on the
measured mass, sample dimensions, and material densities. All samples were ground until their
thicknesses became reasonably uniform across the whole planar area. The sample dimensions were

all approximately 1 cm X 1 cm X 0.125 cm while the diamond volume fractions were up to 55%.

Table 3.2 - Dimensions and diamond volume fractions of heat sink samples used in the composite heat sink
performance evaluation (Chapter 4). Thickness errors are from statistical variations across planar areas

Length ( y Diamond
Heat sink material ong cm) Thickness (mm) Mass (g) vol. frac.
Width (cm) o
(%)
Al 1.28 +£0.04 0.332+£0.01 -
Cu 1.27 £0.04 1.053 +£0.01 -
1.00 £0.01
NCSL X 1.24 +£0.04 0.971 £0.01 | 19.8 +£0.7
NCML 1.00£0.01 1244004 | 08204001 | 424+ 15
CSL 1.25 £0.03 0.998 £0.01 | 17.0+0.5
CML 1.25+0.04 0.740+£0.01 | 552+ 1.9

The larger pure Cu heat sink used for the thermal interface material testing in Chapter 5 is not
included in this table, as it has a larger footprint (1.30 x 1.30 cm?) and thickness (0.215 cm)
compared to the composite heat sinks evaluated in Chapter 4, and was therefore not part of the

composite heat sink performance testing.

3.3 Scanning electron microscopy and X-ray diffraction

Scanning electron microscopy (SEM, Zeiss GeminiSEM 500) was used to determine the
distribution of diamond particles and the microstructures of the electrodeposited materials. The

composite samples were cut in half using a waterjet to see the cross-sectional microstructures.
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The crystallographic orientations of Cu-D composites were characterized using a Bruker D8
Endeavor X-ray diffractometer (XRD). The software package of the X-ray diffractometer (Rigaku
Miniflex 600) provided the Inorganic Crystal Structure Database (ICSD) with the relative
diffraction peak intensities for randomly oriented crystalline materials. The diffraction condition,
governed by Bragg’s law (Figure 3.6), describes the requirement for constructive interference,
which occurs when the path difference between X-rays reflected from successive crystal lattice

planes is equal to an integer multiple of the X-ray wavelength:

nA = 2dsinf 3.2)

where 7 is the diffraction order, 4 is the X-ray wavelength, d is the interplanar spacing, and & is

the Bragg angle. This principle explains the origin of diffraction peaks used to calculate the

orientation index.
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Figure 3.6: Schematic illustration of Bragg’s law showing the diffraction of X-rays from successive atomic
planes in a crystalline material.

Using equation 3.3, the XRD orientation index nuk of a measured (4kl) peak was calculated [126].

( I(hk1),m >
oI m
Mo = D) ) (3.3)

I(hkD),r
Zhlklll I(hlklll)’.r
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where [ is the XRD intensity, subscripts "m" and "r" stand for the measured specimen and the
randomly oriented crystalline material, respectively. Akl is the Miller index, and the summation
takes over all the peaks observed from the XRD pattern. A material's preferred orientation can be
determined by the orientation index. The orientation index for every peak in a random crystal
orientation is 1. However, if a peak's orientation index is higher than 1, it means that the plane in
consideration is preferentially oriented with the observed sample surface. A sample orientation

index calculation can be found in Appendix A.1.

3.4 Heat sink performance testing and setup

The thermal performance of the samples was evaluated by integrating them as heat sinks on the
back of a commercially available light-emitting diode (LED, TOPINCN BO7F67GRWD), as
shown in Figure 3.7. The LED consists of an InGaN/GaN junction mounted on an aluminum
substrate with a silicone encapsulant and operates within a forward voltage range of 9-12 V and a

typical forward current of 200 mA.

Top view Cross-sectional view

InGaN/GaN junction |
region Anode

Aluminum

/ base plate

0.1 cm,

Cathode
Figure 3.7: The LED used in this project (LED lamp beads, TOPINCN)
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The experimental setup shown in Figure 3.8 was used for both the composite heat sink
performance evaluation presented in Chapter 4 (left) and the thermal interface material (TIM)

studies presented in Chapter 5 (right).

Chapter 4 Chapter 5 |

Power =
source

Thermocouple location
& Lighting area

Diamond
Paste

it i - = Heatsink
Figure 3.8: Experimental setup for LED-based heat sink performance testing. The LED is mounted onto
the heat sink using a thermal interface material (TIM), with temperature measured via a thermocouple near
the lighting region. Figure shows configurations for Chapter 4 (thermal tape interface) and Chapter 5
(diamond-enhanced thermal paste).

=

For Chapter 4, the heat sink samples were attached to the LED using a thermally conductive
adhesive tape (HOAOH, aluminum/silicone). The electrodeposited heat sinks used in these tests
had dimensions of approximately 1.00 x 1.00 % 0.125 cm? (Table 3.2). The thermal tape had an
approximate thickness of ~0.2 mm and thermal conductivity ~3 W-m™-K™!, based on manufacturer
specifications. In Chapter 5, for modifying heat sink attachment with diamond particles,
commercial thermal paste (SYY-157) and its diamond-enhanced formulations were evaluated as
the thermal interface materials (TIMs). To better capture the influence of the thermal interface
layer, larger heat sinks with dimensions of approximately 1.30 x 1.30 x 0.215 cm® were used. A
fixed amount of 0.05 g of TIM was applied in each test to maintain consistency in bond line thermal

mass. In all cases, the cathode-facing side of each composite sample was oriented toward the LED.
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A K-type thermocouple was attached directly onto the surface of the LED chip near the lighting
area using silver paint and epoxy to ensure good thermal coupling and prevent movement during
testing. The LED assembly was secured using a clamp-style test fixture (Figure 3.8), which held
the LED and heat sink vertically and allowed stable electrical connections to the power supply.
The total LED dimensions were approximately 1.2 cm x 1.7 cm % 0.3 c¢m, corresponding to a
volume of 0.612 cm?. For the composite heat sink evaluations in Chapter 4, the LED was operated
at 200 mA, while in Chapter 5, the current was reduced to 150 mA to mitigate thermal aging as
this chapter required many repeated measurements to collect statistics for anticipating human
errors associated with manually applying TIMs. In all cases, the steady-state LED voltage was

maintained at 8.52 + 0.01 V.

3.5 Preparation of diamond-modified thermal interface materials

Three diamond—TIM formulations were prepared at 10 wt.%, 20 wt.%, and 30 wt.% filler loadings
as part of the experimental work presented in Chapter 5. The corresponding diamond volume
fractions were estimated using the rule of mixtures based on the densities of diamond (3.51 g/cm?)
and the thermal paste (2.9 g/cm?®), yielding approximately 8.4 vol.%, 17.1 vol.%, and 26.2 vol.%,
respectively. For each mixture, 0.50 g of the thermal paste was first weighed, followed by the
addition of the appropriate mass of diamond particles (resulting in total masses of 0.55 g, 0.62 g,
and 0.71 g, respectively). The diamond particles were then manually incorporated into the paste
using a shearing and folding action with a small spoon and a flat plastic card. During mixing, the
paste was repeatedly pressed and spread to promote uniform particle dispersion while minimizing
additional air entrapment. The viscosity of the composite increased with higher particle loading,
but all formulations remained sufficiently spreadable for application onto the LED surface. The 30
wt.% formulation represented the highest practical loading that maintained a workable viscosity;
higher diamond loading made the overall TIM excessively thick and difficult to spread uniformly.
A schematic summary of the preparation workflow is provided in Figure 3.9, illustrating the

weighing of materials, the addition of diamond particles, and the manual blending process.
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Figure 3.9: Schematic of diamond-loaded thermal paste preparation, showing filler addition (10-30 wt.%)
and homogenization by mixing, shearing, and folding.
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Chapter 4: Heat Sink Performance of Electrodeposited Copper—
Diamond Composites Using Thermal Tape Interface

This chapter addresses the thermal performance of -electrodeposited Cu-D composites
implemented as heat sinks of a commercial LED with a thermal tape interface. The objective is to
optimize the composite design by investigating the effects of particle stacking configuration and

intermetallic coating (TiC) on the heat sink performance of the composites.

4.1 Electron microscopy and X-ray diffraction patterns

Microstructural features of the electrodeposited Cu-D composites are presented in Figure 4.1. In
the planar view (Figure 4.1a), diamond particles appear uniformly distributed within the copper
matrix, indicating effective incorporation during deposition. Cross-sectional images (Figures 4.1b
and 4.1c) show that the particles are aligned with the copper growth direction. The faceted voids
observed within the matrix correspond to regions where diamond particles were dislodged during

waterjet cutting. It can be seen that the diamond particle distributions in the copper matrix were

successful as intended (CSL & CML).

e ' L %“1
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Figure 4.1: (a) Planar SEM view of as-deposited composite samples on the side facing the cathode, and
microstructures of the cross-sections of (b) a CSL (19.8 vo0l.%) and (c) CML sample (42.4 vol.%).
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At higher magnifications, the ion-milled cross-sectional SEM micrographs of electrodeposited Cu-
D interfaces (Figure 4.2) reveal a continuous region between the copper matrix and diamond
particles in both CML and NCML. No significant cracks, voids, or other interfacial defects are
observed that could impair thermal conduction across the Cu-D boundary. For the composite with
uncoated diamond particles (Figure 4.2a, b), copper near the interface consists of fine grains on
the order of ~1 pm without any columnar textures. According to previous studies, this is not
desirable for high thermal boundary conductance compared to large columnar textured grains [44]
and may negatively affect the heat sink performance. In comparison, the TiC-coated composite
(Figure 4.2 ¢, d) also shows a defect-free interface. The thin black lines observed in Figure 4.2¢
correspond to re-deposited diamond fragments generated during the ion-milling process. In
addition, copper adjacent to the TiC-coated diamond also exhibits an equiaxed grain structure
rather than the columnar texture typically associated with high thermal boundary conductance,
indicating that the presence of the TiC interlayer alone does not promote the formation of large,

oriented grains during electrodeposition.

Figure 4.2: SEM micrographs of ion-milled electrodeposited Cu—D interfaces showing defect-free bonding
for (a,b) uncoated and (c,d) TiC-coated diamond particles.
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XRD patterns obtained from both sides of the electrodeposited samples are presented in Figure

4.3. Based on the orientation indices summarized in Table 4.1, the pure copper deposit initially

exhibits a preferred crystallographic orientation along the [220] direction, consistent with

observations from copper electroplated in acidic baths reported in previous studies [127], [128].

However, this [220] texture weakens as the deposition progresses and composite thickness

increases. In contrast, for the Cu-D composites, the presence of diamond particles suppresses the

[220] preferred orientation at the early stages of deposition. The absence of a distinct diamond

(220) peak is attributed to the predominance of (100) and (111) facets on the diamond particle

surfaces, as observed in Figure 3.1a. Furthermore, no diamond peaks are detected on the

composite side facing away from the cathode, since most of the diamond particles on that side are

embedded and fully encapsulated by the copper matrix, as illustrated in Figure 3.4e.
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Figure 4.3: XRD patterns of the electrodeposited pure copper and Cu-D composite materials obtained from
(a) sample side facing the cathode and (b) sample side facing away from the cathode.

43



Table 4.1 - Copper crystallographic orientation indices (1) for electrodeposited pure Cu and Cu—diamond
heat sink materials.

Heat sink materials Planes | 1y (start of plating = end)
(111) | (0.43 £0.01) = (0.9440.01)
Pure Cu (200) | (0.50 £0.01) = (1.05 £0.01)

(220) | (3.5540.03) = (1.18 £0.03)
(111) | (0.98 £0.01) = (0.90 £0.01)
Copper-diamond (200) | (0.97 £0.02) = (1.10 +0.02)
(220) | (1.19 £0.05) = (1.27 £0.06)
(111) | (1.10 £0.04) = (0.96 £0.01)
(200) | (0.81 £0.02) = (1.03 £0.03)
(220) | (0.97 £0.05) = (1.12 £0.07)

Copper-diamond
(+TiC on diamond)

For the composites containing TiC-coated diamond particles, TiC (111) diffraction peaks appear
as doublets (Figure 4.3, indicated by triangles), which can be attributed to variations in TiC formed
on the (100) and (111) diamond surfaces. Both types of composites, those with and without TiC
coatings, exhibit additional peaks corresponding to CuO and Cu:0, indicating surface oxidation.
The intensity of these oxidation peaks is significantly higher on the cathode-facing side compared
to the opposite side. This difference arises from the sedimentation plating process, wherein the
cathode-facing surface contains a greater number of exposed diamond particles, as shown in
Figures 3.4e and 3.4f. The increased exposure of diamond particles appears to be promoting
localized oxidation of the copper matrix. Here, the extra thermal resistance from the oxidation
layer was assumed to be negligible, as it is much thinner than the thermal tape and beyond the

scope of this work. However, future work would be required to quantify its exact impact.

4.2 Heat sink performance of electrodeposited copper-diamond composites

The heat sink performance of Cu-D composites, along with that of commercially available
aluminum, are shown in Figure 4.4 while the respective steady-state temperatures of the LED with
different heat sink materials are summarized in Table 4.2. The dimensions and diamond volume

fractions of the tested samples are summarized in Table 3.2 (see Section 3.2).
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Figure 4.4: Heat sink performances of (a) Cu-D composites and (b) Cu-D composites with intermetallic
TiC coatings on diamond particles.

Table 4.2 — Steady-state LED temperatures with different heat sink materials, calculated from the average
temperature of the last 30 seconds in the plateau. The uncertainties are the respective standard deviations.

Heat sink material Steady-state temp.
Al 8527+ 0.13°C
Cu 81.43 £ 0.15°C
NCSL 83.93 £ 0.13°C (1)
NCML 84.09 + 0.24 °C (1)
CSL 78.65 £ 0.23°C (1)
CML 76.97 £0.09°C (1)

For the uncoated Cu-D composite, the inclusion of diamond particles resulted in an increase in
steady-state temperature relative to the pure copper heat sink, indicating a reduction in overall
heat-removal efficiency. This observation contrasts with the results reported by Cho et al. [44];
electrodeposited Cu—D composites containing large (~400 pm) uncoated diamond particles
achieved up to ~13% higher thermal conductivities than pure copper. The present work, however,
reveals the opposite trend, lower heat sink performance despite using similarly large particle sizes.

This discrepancy can be attributed to the microstructural evolution of the copper matrix at the Cu—
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D interface. The copper microstructures near diamond particles observed from this thesis and a
previous study from Cho et al. [44]are shown in Figure 4.5 (with permission). In this work, the
ion-milled cross-section (Figure 4.5(a)) reveals small equiaxed copper grains near the diamond
particles (400 um). In contrast, in ref. [44], vertically oriented columnar copper grains extending
from the surface to the Cu-D interface when similar ~400 um particles were incorporated (Figure
4.5(c)) [44]. The microstructure of copper near diamond particles in this work resembles that near
66 um particles in ref. [44] (Figure 4.5(b)), which was not favorable for high thermal boundary
conductance. Consequently, although the current electrodeposited interface is metallurgically
continuous and free of voids or cracks, its thermal boundary conductance (TBC) remains limited
because the copper grain structure is unfavorable for efficient phonon transportation. The absence
of the columnar morphology likely stems from the variation in plating geometry between this work
(1 ecm X 1 cm, square-shaped) and ref. [44] (1.5 cm X 0.3 cm, needle-like). This could have
affected how the current-density field developed during electrodeposition. These findings suggest
that in electrodeposited systems, achieving a defect-free interface alone is insufficient, and that the
interfacial copper grain orientation and size play an equally decisive role in determining heat-
transfer efficiency. Nevertheless, it is worth noting that columnar copper grains would not have
offered substantial improvements in the heat sink performance here since the maximum thermal
conductivity reported in ref. [44], with the columnar copper grains, is only 454 W/ m-K. On the
other hand, when the diamond particles are coated with TiC, a notable improvement in thermal
performance is achieved. The lowest LED temperature recorded was 76.97 °C for the multilayered
Cu-D composite with TiC coatings, representing a 4.46 °C decrease relative to the pure copper
heat sink and an 8.30 °C decrease compared to the aluminum heat sink. This reduction is
particularly significant considering that the heat sinks used in this chapter had a volume of only
0.125 cm?, nearly five times smaller than the LED (0.612 cm?®). These results confirm that
establishing effective vibrational coupling between copper and diamond through interfacial
coatings like TiC is critical for optimizing heat sink performance in electrodeposited Cu-D
systems. Although the multi-layer Cu-D composite with TiC coatings showed the best thermal
performance, the single-layer Cu-D composite with TiC coatings also showed a significant
improvement over pure copper and aluminum heat sinks, reaching a steady-state temperature of
78.65 °C. This shows that even a single-layer diamond in the composites can deliver substantial

cooling performance, and a compromise can be considered between heat sink performance and
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fabrication cost, as single-layered diamond composites involve lower raw materials cost as well as

reduced labor associated with multi-stacking diamond layers.

Current work Previous work Previous work

Figure 4.5: Comparison of copper matrix microstructures near diamond particles in uncoated Cu-D
composites. (a) Present work showing fine, equiaxed copper grains; (b,c) previous work illustrating
interfaces with (b) 66 pm and (c) 420 um diamond particles.

4.3 Discussions

Building upon the predictive models introduced in Chapter 2, the Differential Effective Medium
(DEM) approach was applied to interpret the influence of diamond volume fraction and interfacial
thermal conductance on composite thermal conductivity. As described in Section 2.6.2, the
effective particle conductivity relation accounts for the interfacial thermal resistance between
copper and diamond. The effective particle conductivity relation previously defined in Equation
2.11 was therefore used in this section to support the discussion of the experimental thermal

performance trends without repeating the equation.

The thermal conductivity of electrodeposited copper is approximately 400 W/m-K [42], [44],
while the diamond particles incorporated in the present composites have an average size of 405
pm. Using the diamond particle thermal conductivity of k, = 1800 W/m-K, as reported in a
previous study employing diamond particles from the same manufacturer [38], the minimum Cu-
D interfacial thermal boundary conductance (TBC) required to enhance the composite thermal
conductivity (compared to pure copper) is estimated to be 2.6 MW/m?-K using equation 4.1

(details available in Appendix A.2). As heat sink performance directly correlates with the heat
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sink thermal conductivity, these findings suggest that the effective TBC at the electrodeposited
Cu-D interfaces in this chapter is below 2.6 MW/m?-K.

Figure 4.6 summarizes the reported values of thermal boundary conductance at Cu-D interfaces
without intermediate coatings on the diamond surface, directly cited from literature or derived
from analyzing experimentally measured thermal conductivity in Cu-D composites fabricated by
both electrodeposition and high-temperature synthesis methods. The corresponding numerical data
used for Figure 4.6 are available in Appendix A.3 (Table A.2). Most studies involving high-
temperature processes report TBC values on the order of ~5 MW/m?-K, with a few exceptional
cases reaching 30-50 MW/m?-K. In contrast, aside from the early study (ref. [42]) and the present
work, several investigations on electrodeposited Cu-D composite materials reported high thermal
conductivities up to 846 W/ m-K and Cu-D boundary conductance comparable to exceptional
results from high temperature methods (Figure 4.6). These higher values are commonly attributed
to the formation of defect and void-free interfaces between copper and diamond, as observed in
multiple reports [41], [45], [47], [48], [114], [115]. However, ref.[44] demonstrated low thermal
boundary conductance on the order of 3 MW/m’K at defect-free Cu-D interface formed by
electrodeposition. In this work, despite the absence of visible microstructural defects at the
micrometer scale (Figures 4.1 and 4.2), the TBC inferred from the heat sink performance is also
estimated to be on the order of 3 MW/m?* K, comparable to most values obtained from high-
temperature synthesis methods. This observation underscores that a defect-free interface does not
necessarily ensure high thermal boundary conductance. These scattered results can be brought into
better contexts if compared with theoretically calculated thermal boundary conductance values at

the Cu-D interfaces.
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Figure 4.6: Thermal boundary conductance (TBC) at the Cu—diamond interface as a function of diamond
particle size, comparing electrodeposition and high-temperature fabrication methods.

The upper bound for the achievable thermal boundary conductance (TBC) at the Cu-D interface is
typically estimated using classical phonon transport models, namely the Acoustic Mismatch Model
(AMM) and the Diffuse Mismatch Model (DMM). Both models are based on continuum wave

mechanics and describe phonon transmission across dissimilar interfaces.

In the AMM, the interface is treated as a perfectly smooth boundary, and phonon transmission is

governed by the acoustic impedances of the two materials:

47,7,

a = —
1=2 (Z1+2)?
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where Z; = p;v;is the acoustic impedance, p;is the density, and v;is the sound velocity of material

i. The corresponding TBC can be expressed as:

Gamm = i 2 waDj Ci(w, Tvj(w)a;,(w)dw (4.2)

where Cj(w, T)is the phonon heat capacity per mode and wp, ;is the Debye frequency. The AMM
assumes specular phonon transmission and provides an upper theoretical limit for well-bonded,
coherent interfaces [127]. Conversely, the DMM assumes completely diffuse phonon scattering,

where phonons lose memory of their incident direction upon transmission. The transmission

coefficient (@1 _,,) is determined by the ratio of the phonon densities of states in the two materials:

2jD2(wp)vaj
Yj[D1(wj)vij+ Dz (w))v2)]

A2 = (4.3)

where D;(w) is the phonon density of states (DOS) of material i, representing the number of
available phonon modes per unit frequency that can participate in thermal transport, and v; is the
phonon group velocity. The DMM provides a more realistic lower bound for thermally rough or
incoherent interfaces [129]. Using these models, the theoretical TBC at a Cu-D interface is
approximately 49 MW/m?K at 300 K [45]. A bit more refined predictions are available through
ab-initio calculations, which are 24.2 - 27 MW/m?K at 300 K[130], [131], [132]. Experimental
validation of these numbers, measured from pristine Cu-D interfaces prepared by depositing
copper films on diamond plates, range from 27.5 MW/m?*K to 110 MW/m?K [131], [132], [133],
[134], [135], [136], averaging to ~55 MW/m?K.

Since interfaces produced by thin-film deposition techniques such as sputtering or electron-beam
deposition are considerably more pristine (i.e., well bonded structures without impurities) to those
formed by high-temperature synthesis or electrodeposition, achieving thermal boundary
conductance values on the order of ~30 MW/m?-K (the lower bound typically reported for film-
deposited systems, Figure 4.6) would require extraordinary interfacial bonding mechanisms at the

Cu-D boundary. In Cu-D composites fabricated by high temperature methods, despite the low
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wettability of carbon-based surfaces for copper [137], [138], [139], [140], firm interfaces and high
thermal boundary conductance can be explained by high external pressures during the synthesis.
For example, 2 of the 4 exceptional thermal boundary conductance results in Figure 4.6 from high-
temperature methods involved synthesis pressures on the order of GPa [108], [141]. However,
such specialized conditions do not exist for Cu-D interface formed by electrodeposition, as the
nature of microstructure formation is the diamond particles being surrounded by the copper matrix
growing from the cathode. Therefore, thermal boundary conductance on the order of 30 MW/m?K
or higher in electrodeposited Cu-D interfaces is weakly justified by defect/void free interfaces as
conflicting thermal boundary conductance results exist on similar defect-free interfaces [44], [45].
The findings of this study are consistent with previously reported results [44] and further indicate
that a defect-free Cu-D interface alone is not sufficient to achieve thermal boundary conductance
values (greater than 30 MW/m?-K) in electrodeposited Cu-D heat sinks. This highlights that
interfacial integrity, while necessary, does not solely govern thermal transport in electrodeposited
systems, and that factors such as copper grain structure also play critical roles. Bridging this
discrepancy will require extensive interfacial characterization in combination with heat sink
performance testing and bulk thermal conductivity measurements to fully clarify the mechanisms
that limit thermal boundary conductance. Such combined investigations are essential before
electrodeposited Cu-D composites can advance toward practical application and

commercialization.

4.4 Research Contributions from This Chapter

The heat sink performance of electrodeposited Cu-D composites was evaluated within a practical
framework, where TBC at the Cu-D interface was examined as one of several key factors
influencing overall thermal transport. Despite using relatively large diamond particles (405 pm),
the overall performance of the uncoated composites remained lower than pure copper, consistent
with previously reported thermal conductivity values for electrodeposited Cu-D materials [42],
[44]. Introducing TiC interfacial coatings on the diamond particles led to a clear improvement in
heat sink performance, demonstrating that appropriate interfacial engineering can enhance phonon
transmission and overall thermal transport. The replicated performance trends, together with the

improvement from TiC coatings, confirm that electrodeposited Cu-D composites can function
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effectively as heat sink materials in electronic applications when suitable interface modifications

are applied.
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Chapter 5S: Engineering Thermal Interface Materials and its Effect
on the Performance of Metal-Based Heat Sink Materials

The previous chapter evaluated the heat sink performance of electrodeposited Cu-D composites,
demonstrating how material design and diamond interfacial coatings influence the ability for these
materials to lower device temperature. The insights gained from the previous chapter provided a
foundation for a follow-up work in this chapter, which focuses on the interface between the heat
sink and electronic components, extending the discussion from heat sink material design to system-
level heat sink implementation. In practical applications, the thermal management performance of
a cooling system is not only determined by the heat sink material but also by the thermal interface
material (TIM) that couples the heat source to the heat sink. Commercial TIMs, while widely used
and generally effective, still exhibit characteristics such as porosities and low thermal conductivity,
all of which can influence the overall thermal performance of the assembly [142], [143]. To
investigate whether the performance of a commercial TIM can be improved further, this chapter
examines the effect of incorporating diamond particles into commercially available thermal paste.
The goal is to assess how these diamond-modified formulations affect the quality of the interface
and the steady-state temperature of the LED-heat-sink system, thereby determining whether

enhancements beyond the base performance of the commercial TIM can be achieved.

5.1 Thermal Interface Materials Used in This Chapter

A commercially available thermal paste (SYY-157) was selected as the base thermal interface
material (TIM) in this chapter owing to its established use in electronic cooling applications. The
paste has a thermal conductivity of 15.7 W-m™-K™" according to the manufacturer. Its matrix is
silicone and has carbon-based particles (likely graphite), which serve as the primary thermally
conductive filler. Numerous voids and low-density regions are distributed throughout the paste
matrix, disrupting continuous heat-transfer pathways and reducing the effective contact area
between the LED and the heat sink. An optical micrograph illustrating the presence of such pores
is shown in Figure 5.1. These voids increase the thermal resistance of TIM layer. To account for
uncertainty associated with optical contrast limitations, the pore population was quantified using
manual Image] point counting to establish lower and upper bounds, yielding a density of

approximately 3.7 x 102 to 2.0 x 10? pores/mm? (Appendix A.4). While a rough pore density was
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estimated using Imagel, the associated uncertainty is high due to optical contrast limitations.
Therefore, no direct quantitative comparison to the diamond volume fraction was made. Instead,
the pores are qualitatively identified as a contributing factor to the relatively lower thermal

performance of the as-received paste.

Figure 5.1: Optical micrograph of the commercial SYY thermal paste showing some pore regions
highlighted.

Such microstructural features are typical characteristics of silicone-based thermal pastes, which
often contain isolated pore regions that can interrupt continuous heat-transfer pathways and
contribute to their low thermal conductivity [144]. These observations motivated the investigation
of whether the TIM layer could be improved by increasing the proportion of continuous solid
pathways across the TIM interfaces to enhance its effective thermal conductivity. Incorporating
diamond particles increases the solid volume fraction of the TIM and consequently reduces the

overall pore fraction of the TIM mixture, in addition to the diamond being an excellent heat
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conductor. As a result, the effective thermal conductivity of the TIM layer improves, with the

magnitude of enhancement depending on particle loading and interfacial resistance.

5.2 Results and discussion

Before evaluating the thermal performance of the diamond-modified TIMs, it is necessary to
quantify the thickness of each applied TIM layer, as the thermal resistance of a TIM is directly
proportional to its bond-line thickness (Appendix A.6), which is affected by the viscosity of the
TIM and its respective diamond contents. The thickness of each TIM layer was measured from
side-view optical micrographs using Imagel. The copper heat sinks thickness (2.15 mm), measured
using a caliper, was used to calibrate each image. The average of these measurements over all four
sides was used to determine the overall bond-line thickness. An example of TIM thickness

measurement is shown in Figure 5.2.

-
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Figure 5.2: (a) Pixel-to-length calibration in ImageJ using the known copper heat sink thickness (2.15 mm).
(b) Representative thickness measurements of the TIM layer obtained from the calibrated image.

The measured TIM bond-line thickness is shown in Figure 5.3 for the baseline thermal paste (0
wt.% diamond) and the higher diamond loadings (10, 20, & 30 wt.%). A substantial increase in
bond-line thickness is observed at 30 wt.% diamond loading compared to the unfilled thermal
paste. This behavior is expected, as the addition of rigid solid particles increases the effective

viscosity of the composite, reducing its ability to flow and compress during mounting.
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Figure 5.3: Measured TIM bond-line thickness for the baseline thermal paste (0 wt.% diamond) and the
higher diamond loadings (10, 20, & 30 wt.%).

The results of the thermal performance evaluation are presented in Figure 5.4 and summarized in
Table 5.1. Figure 5.4 shows the corresponding temperature—time results, while Table 5.1 provides
the numerical steady-state values for each thermal interface material (TIM) condition. The
commercial paste and all diamond-modified formulations (10 wt.%, 20 wt.%, and 30 wt.%) were
each repeated three separate times entirely to account for potential human-related variations in
TIM application (e.g., manual preparation of mixtures, differences in particle distribution, and
inconsistencies in spreading). Due to these practical factors, all TIMs, commercial and diamond-
containing, exhibited some degree of trial-to-trial variability errors. Nevertheless, a clear and

consistent trend emerged: increasing the diamond content further improves heat sink performance.
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Figure 5.4: Transient LED temperature as a function of diamond wt.% for different thermal interface
materials (TIMs). Corresponding LED steady-state temperatures are shown in the inlet. Error bars represent
the standard deviation across three independent trials.

Table 5.1 — Steady-state LED temperatures of different TIMs, calculated from the average temperature of
the last 30 seconds in the plateau. The uncertainties are the standard deviations from the three trials and
thermocouple stability.

TIM Steady-state temp.
Heat sink alone (no TIM) 72.64 + 0.03 °C
Thermal paste 69.70 + 0.25 °C
10% diamond paste 68.21 £ 0.30 °C
20% diamond paste 67.58+ 0.32 °C
30% diamond paste 66.73 + 0.15 °C

When tested without any TIM, the LED reached a steady-state temperature of 72.64 = 0.03 °C.

Applying the commercial thermal paste reduced the temperature to 69.70 £ 0.25 °C, confirming
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that even a conventional TIM provides a meaningful reduction in interfacial thermal resistance.
The 10 wt.% diamond paste achieved a steady-state temperature of 68.21 = 0.30 °C, already better
than the commercial paste. The 20 wt.% formulation provided a more substantial improvement,
reducing the temperature to 67.58 £+ 0.32 °C. The best performance was obtained with the 30 wt.%
diamond paste, which reached 66.73 £+ 0.15 °C, representing a 3 °C reduction relative to the pure
thermal paste. At first consideration, these outcomes may look surprising. Measurements provided
earlier indicated that increasing diamond loadings produced progressively thicker TIM layers,
which would lead to increased interface resistance and worse thermal performance. This behavior
would align with results in Appendix A.5 showing that thicker TIM layers lead to higher steady-
state temperature. The experimental findings, however, indicate an opposite pattern. The improved
thermal performance of the diamond-modified TIMs shows that the increase in effective thermal
conductivity provided by the diamond particles outweighs the drawback of a thicker bond-line. As
a highly conductive filler, diamond is expected to introduce additional heat-transfer pathways
within the paste. While the presence of diamond particles may partially reduce low-conductivity
regions such as pores, this effect was not directly quantified in the present work and should
therefore be considered a plausible contributing mechanism rather than a confirmed outcome.
Future work involving quantitative pore analysis would help clarify the extent to which diamond
addition alters the void structure of the TIM. The progressive decrease in temperature with
increasing diamond fraction is consistent with improved thermal transport, suggesting that the
enhancement in effective TIM conductivity offsets the thermal resistance associated with a thicker
bondline. In essence, the thermal benefit of diamond addition exceeds the performance penalty
introduced by the increased interface thickness. Importantly, these results highlight a clear
opportunity for further optimization, as reducing the thickness of diamond-enhanced TIMs through
improved compression or refined paste formulations would likely yield additional gains in thermal

performance.

5.3 Contribution from this chapter

This chapter demonstrated that the commercial SYY-157 thermal paste can be reinforced with
small synthetic diamond particles to improve the thermal performance. Diamond-modified TIMs
were then developed by incorporating 10, 20, and 30 wt.% diamond particles into the thermal
paste. Although higher diamond loadings resulted in thicker bond-line layers, all diamond-TIM
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formulations outperformed the commercial paste. Steady-state LED temperatures decreased
progressively with increasing diamond content, reaching 68.21 °C, 67.58 °C, and 66.73 °C for 10,
20, and 30 wt.%, compared to 69.70 °C for the unmodified paste, respectively. These results
indicate that the improved heat conduction pathways provided by diamond offer better thermal
performance that offsets the issue of increased thickness. Overall, diamond incorporation
significantly enhances TIM performance, and further reductions in bond-line thickness are

expected to yield even greater thermal improvements.
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Chapter 6: Conclusion and Future Work

6.1 Conclusions

This thesis investigated the heat sink performance of electrodeposited Cu-D composites,
replicating Cu-D thermal conductivities published by Dr. Cho in practical heat sink performance
and examining how intermetallic coatings, composite microstructure, and thermal interface

materials collectively influence the heat-removal performance for practical electronic applications.

The experimental results revealed that although electrodeposition can produce defect-free Cu-D
interfaces without cracks or voids, a pristine interface alone does not ensure high thermal boundary
conductance and consequently, better heat sink performance. The copper grain microstructure,
particularly the lack of columnar texture at the interface, limited phonon transport. As such,
composites fabricated with uncoated diamond particles exhibited higher steady-state LED
temperatures compared to pure copper heat sinks, indicating that the effective TBC at the
electrodeposited Cu-D interfaces was below the ~2.6 MW/m?K threshold required for
conductivity enhancement as predicted by the Differential Effective Medium (DEM) model.

In contrast, a significant improvement in thermal performance was achieved using TiC-coated
diamond particles. The multilayered Cu-D composite with TiC coatings recorded the lowest LED
steady-state temperature (76.97 °C), representing a 4.46 °C reduction relative to pure copper and
an 8.30 °C reduction compared to aluminum under identical conditions. These findings confirm
that interfacial modification with intermediate coatings such as TiC, which are known to
effectively bridge the vibrational mismatch between copper and diamond [42], [78], [80], [90],
[104], [133], [137], is important for enhancing phonon coupling and interfacial heat transport.
Additionally, the relatively high diamond volume fractions in the multilayer composites
contributed to the observed thermal improvements, consistent with composite heat-transfer models
in which increased particle loading enhances effective conductivity when interfacial resistance is
sufficiently minimized. These observations demonstrate that electrodeposition can produce high-
performance, application-ready metal-diamond heat sinks under ambient conditions through

proper interfacial engineering and diamond particle distributions.
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In addition to microstructural and interfacial engineering, this thesis also examined the influence
of thermal interface materials (TIMs) on overall heat sink performance. Image-based pore analysis
showed that the commercial silicone-based SY'Y paste contained 3.7 % 10?to 2.0 x 10? pores/mm?,
limiting its effective thermal transport capability. Incorporating 10-30 wt.% diamond particles into
the paste produced progressively improved thermal performance, reducing the steady-state LED
temperature from 69.70 °C (commercial paste) to 66.73 °C (30 wt.% diamond), despite the
associated increase in bond-line thickness. These results demonstrate that the enhanced solid
conduction pathways introduced by diamond more than offset the thickness penalty and highlight

TIM formulation as an additional pathway for improving heat sink behavior in Cu-D systems.

Overall, this work extends previously reported thermal conductivity values of electrodeposited Cu-
D composites and advances them toward practical heat sink applications. It shows that high-
performance Cu-D materials can be achieved through a combination of interfacial engineering,
microstructure optimization, and tailored thermal interface materials. Together, these findings
demonstrate that electrodeposition remains a scalable, cost-effective method for producing next-
generation passive cooling components and that further improvements are attainable through

continued refinement of deposition parameters and TIM design.

6.2 Future Work
6.2.1 Thermo-Mechanical Reliability and Long-Term Stability

For electrodeposited Cu-D composites to be adopted in real heat sink applications, their long-term
stability under thermal hysteresis cycles must be studied. While this work demonstrated promising
steady-state heat sink performance, future studies should evaluate the durability and structural
integrity of Cu-D composites when exposed to repetitive temperature fluctuations,
thermomechanical loading, and environmental aging. Repeated heating and cooling cycles during
device operation can induce thermal fatigue at the Cu—diamond interfaces due to the large
mismatch in the coefficients of thermal expansion (CTE) between copper (~17 x 107¢ K™ [145])
and diamond (~1 x 107 K™ [145]). Such cycling may lead to gradual formation of microcracks,
delamination, or voids at the interface, ultimately increasing interfacial thermal resistance. To
quantify these effects, thermal-cycling and hysteresis testing should be performed within

representative temperature ranges (e.g., 25—150 °C), monitoring any progressive change in thermal
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resistance or heat sink performance. Analytical methods such as transient thermal impedance or

in-situ infrared thermography can be used to capture degradation dynamics in real time [4].

Environmental factors also play a critical role in long-term stability. Exposure to elevated humidity
or oxygen at high temperature can promote oxidation and corrosion of the copper matrix,
compromising bonding strength and electrical contact. High-temperature storage (e.g., 200 °C in
air) is recommended to assess oxidation resistance and interfacial adhesion, particularly for coated
systems such as TiC-modified Cu-D composites. Complementary mechanical testing, using nano-
indentation or micro-shear adhesion methods, can reveal how interface strength evolves with aging

and cycling [146].

Another important aspect of reliability assessment is the measurement of the effective CTE of the
Cu-D composite. As the diamond volume fraction, coating type, and interfacial quality change, the
overall CTE can deviate from theoretical predictions, affecting stress evolution during temperature
excursions. Accurate determination of CTE using thermomechanical analysis (TMA) or high-
temperature X-ray diffraction would enable predictive modeling of stress distributions in
integrated Cu-D/semiconductors. Through a combination of accelerated thermal-cycling,
environmental exposure, and thermo-mechanical characterization, future research can reveal the
dominant degradation mechanisms and define the operational limits of electrodeposited Cu-D heat
sinks. Establishing reliable data will be critical for translating laboratory-scale composites into

industrialized, high-performance thermal-management materials.

6.2.2 Fabrication of Fin-Shaped and Structured Copper—Diamond Composites
Translating electrodeposited Cu-D composites from laboratory-scale heat sinks to real-world heat
sink architectures requires developing scalable fabrication strategies that retain microstructural
integrity while enabling efficient heat removal. One of the most promising directions is the creation
of fin-shaped or structured Cu-D geometries, which are widely recognized as the most effective
configuration for heat sink applications. Fin structures maximize the surface area available for
convective heat transfer, allowing more efficient removal of heat into the surrounding
environment. This geometry also enhances airflow distribution and reduces thermal resistance,

leading to superior overall heat-spreading capability compared to flat or solid designs.
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A practical and adaptable method that could be explored involves first electrodepositing thick Cu-
D composite blocks under optimized electrodeposition conditions, followed by laser cutting or
micromachining to form the desired fin structure, as illustrated in Figure 6.1. This proposed
fabrication route would enable precise shaping of the electrodeposited composite without
compromising its internal Cu-D microstructure or the strong interfacial bonding achieved during
electrodeposition. After cutting, post-processing and polishing steps could be employed to
minimize surface irregularities and heat-affected zones, ensuring smooth heat transfer across the
fin base. This combination of electrodeposition and precision machining would provide a flexible

pathway to produce customized, high-surface-area heat sinks while maintaining the superior

interfacial properties intrinsic to the Cu-D composite structure.

(a) Electrodeposited (b) Laser cutting to form fin- (c) Post-processing and polishing
Cu-D block shaped geometry to achieve final surface

Figure 6.1: Schematic illustration of the proposed fabrication route for fin-shaped Cu-D composite heat
sinks: (a) electrodeposition of a thick Cu-D composite block, (b) laser cutting fin geometries, and (c) post-
processing and polishing to achieve final surface finish.

However, while this approach serves as an effective proof of concept, it involves considerable
material loss and additional processing time due to laser cutting. For practical scalability and cost-
effectiveness, future work should therefore focus on developing a direct electrodeposition or
electroforming process capable of producing fin geometries in situ without the need for bulk post-
machining. This can be achieved using 3D-printed or microfabricated conductive molds that define
the fin architecture before deposition. By co-depositing copper and diamond particles within these
pre-defined molds, near-net-shape Cu-D fins could be fabricated. Such a mold-assisted

electrodeposition process, if successful, would drastically reduce material waste, maintain
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geometric precision, and enable scalable manufacturing of complex, high-surface-area heat sinks,

as illustrated in Figure 6.2.

(a) 3D printed fin- (b) Inserted into (c) 3D printed mold

shaped mold cathode removed after Cu-D
sample prepared

Figure 6.2: Schematic illustration of the proposed mold-assisted electrodeposition route for fabricating fin-
shaped Cu-D composites: (a) 3D-printed fin-shaped mold, (b) mold inserted into the cathode for
electrodeposition, and (c¢) removal of the mold after deposition to reveal the final Cu-D fin structure.
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Appendix A: Supplemental Materials

A.1 Sample Orientation Index Calculation

Figure A.1 shows the XRD pattern of the pure Cu reference sample used to illustrate the procedure
for calculating the orientation index (OI). Individual diffraction peaks corresponding to FCC-
allowed reflections were fitted using Lorentzian profiles to obtain the integrated peak areas. A
representative Lorentzian fit for the Cu (111) reflection is shown in Figure A.2. The extracted
fitting parameters, including the peak position, full width at half maximum (FWHM), and
integrated peak area, are summarized in Table A.1. These integrated peak areas were subsequently

used in the calculation of the orientation index.
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Figure A.1: XRD pattern of the pure Cu reference sample.
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Figure A.2: Lorentz peak fit for the Cu (111) reflection used to determine the integrated peak area.

Table A.1 - Lorentzian peak fitting parameters for the Cu (111) reflection obtained from the pure Cu
reference sample, including peak center position, full width at half maximum (FWHM), and integrated peak

area used for orientation index calculations.

Parameter Value
Fitting type Lorentzian
Peak center, 20 (°) 43.374 +£0.001
Full width at half maximum, FWHM (°) 0.221 = 0.003
Peak area (Intensity, a.u.) 2348.9 £ 26.6
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Step 1: Identify the reflection

The peak at 20 = 43.37° corresponds to the FCC (111) plane.

Reflection parameters used:

Plane h k 1

m=h+k+P

(111) 1 1 1

Step 2: Extract the integrated peak area
From the Lorentz peak fit:

Integrated area, A (111) =2348.89369
FWHM = 0.2215

R2=10.9888

This integrated area is used in intensity fraction calculation.

Step 3: Calculate the intensity fraction (IF)

Using peak areas obtained for all FCC reflections in the pure Cu sample:

Miller Index Area(A)
(111) 2348.89
(200) 1258.53
(220) 3922.53
(222) 1647.95

Zl = 2348.89 + 1258.53 + 3922.53 + 1647.95 = 9180.0
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2348.89

IFRy1; =

Step 4: Reference intensity fraction (IFR)
From the ICSD reference data:
IFRy1; = 0.06024

Step 5: Orientation index (OI)

IF;;; 02559
IFRy;; 0.6024

01111 = = 04248

This value indicates that the (111) plane is not preferentially oriented relative to the ICSD

powder reference (OI < 1).

A.2 DEM-Based Evaluation of the Influence of Thermal Boundary

Conductance on Composite Thermal Conductivity

To further support the experimental trends discussed in Section 4.3, supplementary DEM
modelling results are provided in Figures A.3 and A.4 to illustrate the critical role of thermal
boundary conductance in determining the effectiveness of diamond reinforcement in copper-based
heat sinks. As shown in Figure A.3, even though 400um diamond particles possess exceptionally
high intrinsic thermal conductivity (1800 W/m-K), the effective conductivity of a Cu-D composite
remains below that of pure copper when the interfacial conductance is low. A sharp rise in
composite conductivity occurs only once the TBC exceeds approximately 2.6 MW/m?-K. Figure
A.4 supports this behavior by demonstrating that the benefit of increasing diamond volume
fraction is entirely dependent on achieving sufficiently high TBC. At low conductance values (~1
MW/m?-K), adding diamond reduces thermal conductivity, whereas at higher conductance (~10
MW/m?-K), the composite conductivity increases steadily with particle loading. These DEM
predictions directly support the experimental findings of this chapter by showing that the limited
heat sink performance of uncoated composites arises not from microstructural defects but from

restricted phonon transmission at the Cu-D interface.
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Figure A.3: DEM-predicted effective thermal conductivity of a Cu-D composite versus thermal boundary
conductance (TBC) for 400-um diamond particles (k = 1800 W/m-K). Conductivity remains below pure
copper at low TBC and increases sharply above ~2-3 MW/m?-K.
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Figure A.4: DEM-predicted composite thermal conductivity versus diamond volume fraction at varying
thermal boundary conductance (TBC). Conductivity decreases at low TBC (~1 MW/m?-K) but increases at
high TBC (~10 MW/m?-K). A minimum TBC of ~2.6 MW/m?-K is required to exceed pure copper.

A.3 Copper—diamond TBC values from literature

Supplementary Table A.2 provides the numerical data set used to generate Figure 17. It compiles
thermal boundary conductance (TBC) values at Cu-D interfaces without intermediate coatings
from both electrodeposited and high-temperature synthesized composites. Reported values are
taken directly from the literature, and missing TBC values are derived using the differential

effective medium model.
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Table A.2 - Literature values of thermal boundary conductance (TBC) at uncoated copper—diamond
interfaces. Highest reported values are listed; missing values were estimated using the DEM model.

Electrodeposition
Diamond particle size (um) TBC (MW/m’K) Source
400 3.4 Cho et al. [42]
420 3.1 Cho et al. [44]
30 48 Wu et al. [41]
100 55 Wuet al. [113]
100 48.8 Wu et al. [45]
170 21.3 Luoetal [115]
100 47.6 Wu et al. [43]
230 15 Arai & Ueda [48]
230 15 Arai & Ueda [47]
150 73 Zhuo et al. [114]
High temperature methods
Diamond particle size (um) TBC (IMW/m*K) Source
75 1.03 Lietal [82]
100 5 Hu & Kong [147]
110 1.8 Chu et al. [148]
90 2 Chu et al. [103]
100 1.6 Chu et al. [80]
100 50 Abyzov et al. [149]
230 0.4 Wang et al. [150]
70 34 Kang et al. [151], [152]
55 50 Chen et al. [141]
102 4.8 Liet al. [152]
125 0.5 Schubert et al. [137]
195 5 Schubert et al. [153]
75 2.4 Zhang et al. [104]
100 29.7 Yoshida & Morigami [108]
100 0.5 Zain-ul-abdein ef al. [154]
210 30.5 Xuetal [131]
100 2.4 Ren et al. [155]

A.4 Manual Lower- and Upper-Bound Pore Population Analysis

Manual pore population analysis was performed using ImageJ to account for uncertainty
associated with optical contrast and pore definition in the thermal paste micrographs. The image
scale was first calibrated using the 50 um scale bar present in each micrograph. Point counting

was then carried out using the ImageJ Point Tool. For the lower-bound analysis (Figure A.5a),
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only large, dark, and clearly resolved pore features were counted. Ambiguous features and low-
contrast regions were intentionally excluded to ensure a conservative estimate of pore population.
For the upper-bound analysis (Figure A.5b), all non-uniform contrast features within the image,
including small and weakly contrasted regions that may correspond to pores, were counted. This
approach intentionally overestimates pore population to bracket uncertainty associated with optical
imaging limitations. The total image area was measured directly in ImagelJ, and pore population

density was calculated by normalizing the counted features by the image area.

Lower bound Upper bound

Figure A.5: ImageJ-based manual pore population analysis of commercial SYY thermal paste: (a) lower-
bound estimate from clearly defined pores; (b) upper-bound estimate including all possible pore features.
The true population lies between these limits. Scale bar: 50 pm.

A.5 Thermal paste lightly pressed vs hardly pressed

As discussed in Chapter 5, a thicker interface increases the effective thermal resistance of the TIM
layer. This geometric effect is reflected in the steady-state thermal response: the lightly pressed
sample reached a higher LED temperature (70.75 °C) than the hard-pressed interface (69.70 °C)
(Figure A.7), despite both tests using the same TIM and the same applied power.
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Figure A.6: Measured bond-line thickness of the commercial thermal paste under light and hard pressing
conditions. Light pressing produces a noticeably thicker TIM layer, which contributes to higher thermal
resistance and reduced cooling performance.

A.6 Steady-State Thermal calculations with Convection, Radiation and

Interfacial Resistance

A steady-state one-dimensional heat transfer model was formulated to relate the junction
temperature of the aluminum heater substrate to the area-normalized interfacial thermal resistance
between the aluminum substrate and the copper heat sink. Heat generated in the aluminum flows
through the TIM layer and across the aluminum-TIM—copper interfaces to the outer copper
surface. All other external surfaces are treated as thermally insulated, such that heat removal occurs
exclusively from the exposed copper surface by natural convection and thermal radiation. Under
these assumptions lateral heat spreading is neglected. A schematic illustration of the assumed heat-

flow path and boundary conditions is shown in Figure A.8.
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Figure A.7: Simplified steady-state one-dimensional heat transfer model showing heat flow from the
aluminum heater through the thermal interface material (TIM) to the copper heat sink, with dissipation by
natural convection and radiation.

The applied heat flux was estimated from the transient heating response of the aluminum heater
. . . dr
substrate using an energy balance. The rate of temperature rise measured experimentally was e

0.394K/s, and the heat flux was calculated using:

L mcp d_T

YRlrT: (A.1)

where m and A are the mass and planform area of the aluminum part and ¢, is the specific heat
capacity of aluminum. Using the known mass-to-area ratio of the aluminum, the resulting effective
heat flux was approximately g"" = 950 W /m?. This value represents the heat input to the heat sink
system under the applied electrical loading and is therefore used in the steady-state analysis

presented in this appendix.

At the outer copper surface, the arriving heat flux must equal the combined convective and

radiative losses to the environment. The surface temperature T therefore satisfies:

q" = h (Ty — Tyy) + &0 [ (T, + 273.15)* — (T, + 273.15)%] (A.2)
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where T, is the ambient air temperature, h. is the natural convection heat transfer coefficient, € is
the surface emissivity of the copper heat sink, and o is the Stefan—Boltzmann constant. The
ambient temperature was taken as T,, = 23°C, corresponding to the measured laboratory room
temperature during testing. A natural convection heat transfer coefficient of h, = 10 W/m? was
used, which is representative of free convection from small horizontal metallic surfaces in
quiescent air under laboratory conditions [156]. An emissivity value of € = 0.1 was selected for
the copper heat sink. While fully polished metallic surfaces can exhibit emissivities as low as ~
0.05, the electrodeposited copper surface used in this study was neither mirror-polished nor
severely roughened [157]. The chosen value therefore represents an intermediate, physically
realistic emissivity that avoids underestimating or overestimating radiative heat losses.

Substituting these values into Eq. (A.2) gives:

950 =10 (Ts — 23) + 0.1 (5.67x10°%) (Ts* — 296%) (A.3)

The resulting steady-state copper surface temperature is approximately 63°C. This temperature is
set entirely by the convection and radiation boundary conditions and is not affected by the

magnitude of the interface resistance.

The temperature rise between the aluminum substrate (junction temperature T;) and the copper
surface temperature Ty is governed by the interfacial thermal resistance, expressed in area-

normalized form R/ (m?-K/W). The junction temperature may therefore be written as:

T,=T,+q"R." (A.4)

For the present system, the interfacial thermal resistance is dominated by heat conduction through

the thermal interface material layer rather than bulk conduction through the copper or aluminum.

The effective interfacial resistance may therefore be expressed as

t
R{ === (A.5)
TIM
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where tpy is the TIM bond-line thickness and krpy is its effective thermal conductivity. Equation
(A.5) shows that the interfacial resistance increases linearly with TIM thickness for a given

material conductivity.

Substituting Eq. (A.5) into Eq. (A.4) demonstrates that, under any positive applied heat flux, the
junction temperature increases directly with TIM thickness. Thicker TIM layers therefore result in
higher junction temperatures, while reducing the bond-line thickness lowers the effective
interfacial resistance and minimizes the temperature rise between the aluminum substrate and the

copper surface.

Representative steady-state junction temperatures calculated using Equations (A.4) and (A.5) are
presented in Table A.3. The interfacial thermal resistance values are derived directly from the
thermal interface material bond-line thickness using R. = trm/ktim, With an effective thermal
conductivity of krpy = 0.61 W/m - K. The selected thicknesses of 50-300 pum span the
experimentally observed range in this study and allow the effect of increasing TIM thickness on

junction temperature to be calculated.

Table A.3 — Steady-state junction temperature as a function of TIM bond-line thickness (Calculated using
q" =950 W/m?, kryy = 0.61 W/m- K, and T, = 63.0°C.)

T; (°C
friv (pm) R’ (m*K/W) Increase above Ts (°C) .
50
8 20x10~° 0.0779 63.0779
100
150 2.46x10~ 0.2336 63.2336
200 3.28x1074 0.3115 63.3115

These results show that, for thin and relatively high-conductivity TIM layers, interfacial thermal

resistance contributes to a temperature rise under any positive heat flux. This analysis highlights
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the importance of minimizing TIM bond-line thickness and maintaining good interfacial contact

to achieve optimal steady-state thermal performance.

A.7 Sample Copper Deposition Thickness Estimation for Agitation Timing

Electrodeposited copper mass can be estimated with Faradays law as per below:

ItM
m= F (A.6)

where m is the deposited copper mass, [ is the applied current, t is the deposition time, M is the

molar mass of copper, n = 2 for Cu?* + 2e~ — Cu, and F is Faraday’s constant.

Using the applied current of 12 mA, cathode area of 1 X 1 cm?, and copper density of 8.9 g/cm?,
the approximate copper deposition thickness was estimated to guide the timing of agitation and

additional diamond stacking during multilayer electrodeposition.

Table A.4 — Sample thickness estimation for a given deposition time

Estimated Cu Thickness Approximate Time
1 mm Cu ~62.5 hrs
0.5 mm Cu ~31.2 hrs

0.5 mm layer with 50 vol.% diamond assumption
~15.6 hrs

These values provide an approximate estimate of copper growth time under the selected deposition
conditions. During fabrication, agitation bursts of approximately 400 RPM for 1 min were applied
only after sufficient copper coverage had formed over the previous diamond layer. This helped

maintain particle redistribution while reducing the risk of disturbing poorly diamond particles.
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