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Abstract- The CPU thermal paste is a kind of material that we
put between the processor and the heat spreader or heat sink.
This helps to reduce the resistance to heat flow between these
two parts. The CPU thermal paste is not meant to be better
than copper or aluminum at conducting heat. It helps to fill in
the tiny gaps between the surfaces with a material that can
spread the heat easily.The CPU thermal paste works by
replacing the air in these gaps with a material that can wet the
surface and create a thin path for the heat to flow. Many
people have studied the CPU paste, like Prasher in 2006 and
Razeeb and others in 2018 and Wei and others in 2024. They
found that the performance of the CPU paste depends on
many things, such as how well the filler material conducts
heat and the thickness of the paste. the pressure on the paste
and how well it wets the surface.lt is not about how well the
CPU thermal paste conducts heat, but also about its long-term
stability. Some other people, like Goel and others in 2008 and
Prasher and Shipley and others in 2003 have also studied this.
This article will talk about how the CPU thermal paste's
made, what materials are used, strengths, weaknesses and
how it has changed over time from old grease-based systems
to new nanostructured and hybrid systems. We will also talk
about alternatives to the CPU thermal paste, such as phase-
change materials, graphite sheets, liquid metals and metal-
based bonded interfaces, which have been studied by people
like S Chen and others in 2020 Hoffmeyer and others in 2017
Lee and Kim in 2024 and Razeeb and others, in 2018.

I. INTRODUCTION

The Central Processing Units get really hot. This
causes problems with the connection between the CPU
package and the cooler. Even when you have smooth metal
surfaces they touch at a few points, which leaves some space
in between. This space can trap air which is not very good at
transferring heat. This is where the thermal paste comes in.
The thermal paste fills-in these spaces, helps the surfaces fit
together better when you press them together and reduces the
difference in temperature between the CPU package and the
cooler.

For the Central Processing Units the best thermal
paste is not the one that can transfer heat efficiently. Research
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has shown that the best thermal paste for the Central
Processing Units is one that has a combination of things. It
needs to have a lot of filler which is the material that helps
transfer heat, it needs to be easy to spread, be able to fill in the
spaces between the

Central Processing Unit package and the cooler and it
needs to be stable when it gets hot or cooled. The Central
Processing Units need a paste that can do all of these things,
so people are always looking for new and better thermal pastes
for the CPUs.

What CPU Thermal paste is made of

When we talk about CPU thermal paste it is made up of two
main things: a continuous matrix and conductive fillers.

Component | Typical role Common examples from
the literature
Base matrix | Provides Silicone oils, siloxane
compliance, systems, curable silicone
wetting, grease, polymeric
spreadability, carriers  (Dal, 2004;
and adhesion to | Miyoshi et al., 2008; Q.
rough surfaces | Wang et al., 2003)
Thermally | Creates  heat- | Alumina, zinc oxide,
conductive | conduction aluminum nitride, boron
filler pathways nitride, silver, diamond,
through the | graphite, graphene,
paste carbon nanotubes (H.
Chen et al., 2013; Chou
et al., 2010; Circle et al.,
2005; Shishkin et al.,
2018; Yu et al., 2015)
Additives Tune Surface treatments,
dispersion, functionalization agents,
viscosity, rheology modifiers,
bleeding, hybrid ~filler systems
curing, and | (Kumaresan et al., 2020;
stability Lin & Chung, 2009b;
Zeng et al., 2023)
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The trend with materials is really clear. For a time
people used greases that had a lot of ceramic and metal
particles mixed with silicone. Then people started looking into
using types of fillers that are shaped like long thin sticks. They
also tried using combinations of materials like boron nitride
and graphite and graphene and carbon nanotubes and even
diamond. The idea was to create a network of these materials
that would work well together and make the grease spread
easily. The materials trend is about finding the right balance
with these materials (He & Wang, 2019; Prasher, 2006;
Razeeb et al., 2018; Y. Wang et al., 2023; Yu et al., 2015).

How Thermal Paste is made

The main challenge in manufacturing is adding
enough heat conducting material into a soft base material so
that heat can flow properly, while still keeping the paste
smooth, stable, and easy to use. Studies on highly filled pastes
mainly focus on four connected steps: choosing the right
materials, mixing the filler evenly, controlling the flow of the
paste and forming a good bonding layer during assembly
(Feger et al., 2005; Lin & Chung, 2009b; Prasher et al., 2002).

Convectional production route

1. Select a base fluid or polymer matrix, most often
silicone based for thermal stability (Miyoshi et al.,
2008; Q. Wang et al., 2003).

2. Choose filler chemistry, particle size, and particle
loading based on the needed balance of conductivity,
viscosity, cost, and electrical behavior (Circle et al.,
2005; Kumaresan et al., 2020; Shishkin et al., 2018).

3. Mix and disperse the filler into the matrix using
highshear or other intensive mixing so clumps are
reduced and the filler is distributed evenly (Feger et al.,
2005).

4. Tune the rheology so the paste can be dispensed, spread
under mounting pressure and hold a thin bond line
without excessive pumpout or oil bleed (Feger et al.,
2005; Lin & Chung, 2009b).

5. Apply the paste between CPU package surfaces, where
pressure drives the material into voids and creates the
final bondline thickness that governs much of the
thermal resistance (Goel et al., 2008; Prasher, Shipley,
et al., 2003).
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Era or approach

Main idea

Main limitation

Early particle-
filled greases

Use ceramic or
metal particles in
a soft polymer
carrier

Limited conductivity
and strong sensitivity
to bond-line thickness
(Prasher, 2006; Sarvar
et al., 2006)

Improved high- | Raise filler | High viscosity and
fill greases content and | poorer conformity at
optimize particle | very high loadings
packing (Feger et al., 2005;
Prasher, Koning, et al.,

2003)
Engineered Use spherical, | More complex
filler shape and | plate-like, nano, | processing and
size or hybrid | dispersion control
particles to | (Circle et al., 2005;

improve packing
and percolation

Kumaresan et al.,,
2020; Zeng et al,

2023)
Carbon- Add graphite, | Contact resistance,
enhanced graphene, or | agglomeration, and
greases CNT-based fillers | cost remain issues (H.
for higher | Chen et al., 2013; Lin
intrinsic & Chung, 2009a; Yu
conductivity et al., 2015)
Hybrid Combine multiple | Gains in bulk

nanocomposite
greases

fillers to
synergistic
thermal paths

gain

conductivity may be
offset by stiffness and
interface losses (He &
Wang, 2019; Razeeb
et al., 2018)

A key lesson from the literature is that better bulk

conductivity does not guarantee better CPU cooling. If filler
loading makes the paste too stiff, the bond line can thicken
and contact resistance can rise, erasing the theoretical gain
(Prasher, Shipley, et al., 2003; Razeeb et al., 2018).

Advantages of thermal paste

Thermal paste remains widely used because it solves
a difficult contact problem with a lowcost, lowpressureand
serviceable material (Prasher, 2006; Razeeb et al., 2018; Stern

et al., 2005).

It fits well into tiny surface roughness and uneven
areas (Prasher, 2006; Razeeb et al., 2018).
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It can achieve low interface resistance without the
high bonding temperatures of solders or sintered metals
(Razeeb et al., 2018; Sarvar et al., 2006).

It is easy to dispense and compatible with mass CPU
assembly (Miyoshi et al., 2008; Stern et al., 2005).

It is reworkable and replaceable during maintenance,
unlike many bonded metallic TIMs (Razeeb et al., 2018).

It allows wide formulation freedom through changes
in matrix, filler and additive chemistry (Feger et al., 2005;
Kumaresan et al., 2020; Yu et al., 2015).

Disadvantages of thermal paste

The same softness that makes the thermal paste useful also
drives its main weaknesses (Due & Robinson, 2013).

Limitation Why it matters for | Representative
CPUs literature
Pump-out Thermal cycling | (Chiu et al., 2001;

can drive grease
out of the

Nagrani et al.,
2023; Wunderle et

interface, raising | al., 2019)
resistance over
time

Dry-out or bleed Loss or migration | (Dal, 2004,
of fluid phase | DeVoto et al,
changes rheology | 2017; Nnebe&
and worsens | Feger, 2008)
contact

Thickness Performance (Goel et al., 2008;

sensitivity depends strongly | Prasher, Shipley,
on bond-line | et al., 2003; J.-W.
thickness and | Zhao et al., 2019)
mounting pressure

Bulk versus | More filler may | (Prasher, Koning,

interface tradeoff improve et al, 2003
conductivity  but | Razeeb et al,,
worsen  wetting | 2018)

and compliance

Aging and
reliability limits

High temperature,

humidity, and
power cycling can
degrade
performance

(Carlton et al,
2020; Gowda et
al., 2005; Khuu et
al., 2009)

This is why many papers treat thermal grease not as a
static material property problem, but as a coupled problem in
rheology, mechanics and heat transfer (Carlton et al., 2020;
Due & Robinson, 2013).
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Reliability and degradation

For CPU applications the paste you use might work
well at first but it can lose its performance over time. The
main things that can go wrong with this paste are things like
pump-out, oil bleed, void growth and when some of the
materials inside the paste or around it start to oxidize. Also the
way the paste is put together can change because of stress.
That can be a problem too. The paste can even fail because of
these things. CPU applications need a paste that will keep
working so these problems are important to think about when
you are choosing a paste, for CPU applications (Chiu et al.,
2001; Dal, 2004; Due & Robinson, 2013; Nnebe& Feger,
2008).Accelerated testing has therefore become a major part
of TIM research. Studies use thermal cycling, elevated
temperature, humidity exposureand custom pumpout rigs to
predict longterm behavior and compare grease designs (Chiu
et al., 2001; Gonzllez et al., 2024; Gowda et al., 2005;
Wunderle et al., 2017; Wunderle et al., 2022). Recent studies
also use real-time optical and infrared techniques to observe
degradation as it happens, instead of depending only on
measurements taken before and after testing (Kulkarni et al.,
2023; McClure &Davoodabadi, 2024).

Replacements for thermal paste

The literature does not suggest one single
replacement for all cases. Instead, it describes different types
of alternatives, where each one is more suitable depending on
factors like performance, ease of maintenance, reliability and
manufacturing cost (Razeeb et al., 2018; Wei et al., 2024).

Phase-change materials

Phase-change TIMs are solid or semi-solid while
being handled, but they soften or melt at operating
temperature to spread more effectively across the surface.
They are less messy to use and usually provide more
consistent performance than grease-based TIMs, while still
remaining softer than metal-bonded materials (Lee & Kim,
2024; Ramaswamy et al., 2004; & et al., 2025). CPU-focused
work also exists for high-power server processors (Shia &
Yang, 2020). Their main limits are activation behavior,
leakage control and applicationdependent stability (Allen,
2012; Chacon, 2024).

Graphite sheets and pads

Graphite-based TIMs provide a dry and reusable
alternative with good heat conduction along the surface and
useful flexibility in specially designed forms. Research on
natural graphite, flexible graphite, and aligned graphite
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structures shows that they are promising for high performance
computing and reusable thermal interfaces (Faltstrom, 2014;
Hoffmeyer et al., 2017; Smalc et al., 2003; Y. Zhao et al.,
2012). Their weakness is that thermal performance depends
strongly on through-thickness transport and contact quality, so
they are not a drop-in replacement in every CPU geometry
(Faltstrom, 2014; Hoffmeyer et al., 2017).

Liquid metals and low-melting metal TIMs

Galliumbased liquid metals and low-melting alloys
can deliver far higher intrinsic thermal conductivity than
polymer greases. This makes them attractive where maximum
heat flux removal matters (S. Chen et al., 2020; Martin &
Kessel, 2007; Zhang & Deng, 2023). Indium and indium-
based TIMs also appear often in microprocessor packaging
work (Deppisch et al., 2006; Too et al., 2009). The main
drawbacks are cost, oxidation, wetting control, possible
leakage, corrosion compatibility, and lower ease of rework
than paste (S. Chen et al., 2020; Razeeb et al., 2018; Stagon et
al., 2020).

Solder and sintered-metal interfaces

Bonded metallic TIMs, including indium solder
systems and sintered silver, can achieve very low thermal
resistance and good long-term structural stability in some
packages (Deppisch et al., 2006; Wereszczak et al., 2014).
They are better viewed as packaging-level interfaces than as
user-applied CPU paste replacements. Their limits are process
temperature, stiffness, rework difficulty, and manufacturing
complexity (Razeeb et al., 2018; Wereszczak et al., 2014).

Carbon nanostructured replacements

CNT arrays and related nanostructured solid TIMs
are appealing because they may combine thin bond lines with
strong intrinsic axial conductivity (Tong et al., 2007; Xu &
Fisher, 2006). Yet the literature repeatedly shows that contact
resistance at the ends of the structure remains a hard problem,
and large-scale reliable manufacturing is still challenging
(Hansson et al., 2018; McNamara et al., 2012; Razeeb et al.,
2018).

1. DISCUSSION

The literature suggests that CPU thermal paste should
be understood as a systems material rather than a simple
compound. The best design is not the one with the most
conductive filler in isolation. It is the one that creates the
lowest total interface resistance after assembly and keeps that
performance through thermal and mechanical aging (Due &
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Robinson, 2013; Goel et al., 2008; Prasher, Shipley, et al.,
2003).

This helps explain the historical path of the field.
Older work focused on replacing air gaps with compliant
greases and improving filler loading. Newer work pushes
toward engineered particle packing, hybrid fillers,
nanostructures, and metallic alternatives. At the same time, the
most mature literature keeps returning to the same practical
limits: viscosity, bond-line thickness, wetting, pump-out, dry-
out, and contact resistance (Feger et al., 2005; Prasher, 2006;
Razeeb et al., 2018; Wei et al., 2024).

I11. CONCLUSION

CPU thermal paste is typically made by dispersing
thermally conductive fillers into a compliant polymer or
silicone matrix and tuning the mixture so it can spread well,
form a thin bond line, and remain stable during service (Feger
et al., 2005; Lin & Chung, 2009b; Miyoshi et al., 2008). Its
main advantage is that it conforms to rough surfaces and
provides low-cost, reworkable thermal coupling. Its main
weakness is that the same softness that enables conformity
also makes it vulnerable to pump-out, dry-out, and other aging
effects (Chiu et al., 2001; Due & Robinson, 2013; Nnebe&
Feger, 2008).

The field has moved from conventional ceramic and
metal particle greases toward hybrid and nanostructured
composites, but no single approach solves all tradeoffs. For
the highest performance, phase-change TIMs, graphite sheets,
liqguid metals, and metal-bonded interfaces are the main
replacement paths discussed in the literature (S. Chen et al.,
2020; Deppisch et al., 2006; Hoffmeyer et al., 2017; Lee &
Kim, 2024). The central message across decades of research is
that future CPU TIM development will depend less on
headline conductivity and more on achieving a stable, thin,
low-resistance interface under real operating conditions
(Prasher, 2006; Razeeb et al., 2018; Wei et al., 2024).
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