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Abstract: The demand for thermally resilient polymer systems has intensified with the advancement of high-performance electronics
and energy applications, where materials must sustain elevated temperatures while maintaining structural and functional integrity.
Polyether ether ketone (PEEK) has emerged as a leading high-performance thermoplastic due to its inherent thermal stability and
mechanical strength, yet its thermal transport and crystallization behavior require further optimization for extreme operating
conditions. This study presents a comparative thermal engineering analysis of PEEK nanocomposites incorporating titanium dioxide
(TiO:) and zinc oxide (ZnO) nanoparticles, focusing on their influence on melting temperature, crystallinity, and molecular interaction
mechanisms. At the macroscopic level, nanoparticle inclusion enhances thermal stability by restricting polymer chain mobility and
promoting nucleation effects, leading to elevated melting temperatures and improved crystalline structure. At the microscopic scale,
interfacial interactions between nanoparticles and the PEEK matrix govern energy transfer pathways, affecting both thermal
conductivity and phase transition behavior. The findings demonstrate that TiO. and ZnO exhibit distinct roles in modifying
crystallization kinetics and molecular ordering, with implications for tailoring material performance. This comparative framework
provides critical insights into nanoparticle selection and design strategies for optimizing PEEK nanocomposites in advanced thermal
management applications.
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1.1 Background and Technological Context 1.2.1 Thermal limitations of pristine PEEK
1.1.1 High-performance polymer demand in thermal Despite its favorable properties, pristine PEEK exhibits
engineering moderate thermal conductivity, which limits its effectiveness

The rapid advancement of advanced electronics, in high-performance thermal management applications [4].

semiconductor packaging, and energy systems has intensified The polymer’s semi-crystalline nature also presents challenges
the demand for materials capable of operating under extreme incontrolling ~ crystallization behavior under ~varying
thermal and electrical conditions [1]. These applications processing and service conditions [8]. These limitations
require polymers that can maintain structural integrity, resist restrict its ability to meet the evolving demands of next-
thermal degradation, and provide reliable insulation under generation electronic and _energy systems [6]. . .

high power densities [3]. As device miniaturization continues, 1.2.2 Need for comparative nanoparticle engineering

efficient heat dissipation and long-term stability have become The integration of nanoparticles provides a pathway to
critical design considerations in modern engineering systems overcome these limitations, but the effects of different fillers

[5]. vary significantly depending on their physical and chemical
characteristics [1]. TiO2 and ZnO nanoparticles exhibit distinct
nucleation, dispersion, and interfacial interaction behaviors,
leading to different thermal engineering outcomes [3]. A
comparative analysis is therefore essential to understand their
respective roles and optimize nanocomposite performance [5].
1.3 Aim, Scope, and Structure

1.3.1 Aim and review focus

This article aims to provide a comparative evaluation of
TiO-/PEEK and ZnO/PEEK nanocomposites, focusing on
their influence on melting temperature elevation, crystallinity
control, and molecular interaction mechanisms [2]. The study
seeks to identify key factors that govern thermal performance
and guide material design strategies [7].

1.1.2 PEEK as a matrix for nanoparticle-enabled
enhancement

Polyether ether ketone (PEEK) has emerged as a leading high-
performance polymer due to its intrinsic thermal stability,
chemical resistance, and semi-crystalline morphology [2]. Its
ability to retain mechanical and thermal properties at elevated
temperatures makes it suitable for demanding environments
[6]. The incorporation of nanoparticles such as titanium
dioxide (TiO2) and =zinc oxide (ZnO) offers additional
opportunities to enhance thermal conductivity and
crystallization behavior through interfacial interactions and
nucleation effects [7].
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1.3.2 Scope and progression of the article
The scope of the article spans fundamental material properties,
processing techniques, thermal behavior, and molecular-level
interactions, culminating in application-oriented insights [4].
The structure follows a logical progression from foundational
concepts to advanced comparative analysis, ensuring a
comprehensive  understanding of nanoparticle-enhanced
thermal engineering in PEEK systems [6][8].
2.0 MATERIAL FUNDAMENTALS AND GOVERNING
THERMOPHYSICAL PRINCIPLES
2.1.1 Molecular structure and thermal stability
Polyether ether ketone (PEEK) is a semi-crystalline high-
performance polymer characterized by an aromatic backbone
interconnected by ketone and ether linkages, which confer
exceptional thermal and mechanical stability [6]. The rigidity
of the benzene rings restricts chain mobility, resulting in high
glass transition and melting temperatures that make PEEK
suitable for extreme thermal environments [8]. The presence
of ketone groups enhances intermolecular interactions, further
improving resistance to thermal degradation and oxidative
breakdown under prolonged exposure to elevated
temperatures [10].
These structural attributes enable PEEK to maintain
dimensional stability and mechanical integrity in applications
where conventional polymers fail [12]. Additionally, the
polymer exhibits excellent resistance to chemical attack,
contributing to its durability in aggressive operational
conditions [7]. The combination of thermal resilience and
structural robustness establishes PEEK as a preferred matrix
material for advanced nanocomposite systems [9].
2.1.2 Crystallinity and phase behavior
PEEK exhibits a semi-crystalline morphology consisting of
ordered crystalline domains dispersed within an amorphous
matrix, with each phase contributing distinct properties to the
material [11]. The crystalline regions provide mechanical
strength and thermal stability, while the amorphous phase
imparts toughness and processability [13]. The degree of
crystallinity significantly influences thermal performance,
including melting behavior, stiffness, and heat resistance [14].
The crystallization process in PEEK is governed by nucleation
and growth mechanisms, which can be modified through
thermal treatment and nanoparticle incorporation [6]. The
degree of crystallinity is commonly quantified using:

AH,, — AH,
Xc = W * 100
where X_is the crystallinity, AH, is the melting enthalpy,
AH._is the cold crystallization enthalpy, AHZ is the enthalpy of
fully crystalline PEEK, and ¢, is the polymer fraction [9].

2.2 Comparative Characteristics of TiO. and ZnO
Nanoparticles

2.2.1 TiO: nanoparticle structure and thermal relevance
Titanium dioxide (TiO2) nanoparticles are widely used in
polymer nanocomposites due to their high thermal stability,
chemical inertness, and strong interfacial interaction
capabilities [12]. TiO: exists primarily in anatase and rutile
phases, each exhibiting distinct structural and thermal
properties that influence composite behavior [7]. The high
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surface energy of TiO: nanoparticles promotes heterogeneous
nucleation, enhancing crystallization rates in polymer matrices
such as PEEK [10].

Additionally, TiO: exhibits notable dielectric properties,
which contribute to improved electrical insulation in
composite systems [14]. Its ability to interact strongly with
polymer chains enhances interfacial adhesion, reducing
thermal resistance and facilitating more efficient energy
transfer across the matrix-filler interface [6]. These
characteristics make TiO: an effective filler for improving
both thermal and dielectric performance in advanced
engineering materials [8].

2.2.2 ZnO nanoparticle structure and thermal relevance
Zinc oxide (ZnO) nanoparticles possess a hexagonal wurtzite
crystal structure, which contributes to their unique thermal and
electrical properties [11]. ZnO exhibits relatively high thermal
conductivity compared to many polymer-compatible fillers,
making it a promising candidate for enhancing heat transfer in
nanocomposite systems [13]. Its polar surface characteristics
enable strong interactions with polymer matrices, influencing
dispersion behavior and interfacial bonding [9].

Unlike TiO2, ZnO can exhibit more pronounced surface
activity, which may enhance or hinder dispersion depending
on processing conditions [12]. The presence of ZnO
nanoparticles can facilitate the formation of thermally
conductive pathways, particularly at higher loading levels
where particle connectivity becomes significant [7]. These
properties highlight ZnO’s potential for improving thermal
conductivity while also affecting crystallization and interfacial
dynamics in PEEK-based nanocomposites [10].

2.3 Interfacial Science and Composite Heat Transport
Principles

2.3.1 Polymerfiller interaction and dispersion energetics
The performance of polymer nanocomposites is strongly
influenced by interfacial interactions between the polymer
matrix and dispersed nanoparticles, which govern dispersion
quality and overall material behavior [14]. Surface energy
compatibility between PEEK and the nanoparticles determines
the extent to which fillers can be uniformly distributed without
forming agglomerates [8]. Poor compatibility leads to
clustering, which reduces effective interfacial area and
compromises thermal and mechanical properties [6].
Conversely, well-dispersed nanoparticles create extensive
interfacial regions that enhance load transfer and facilitate
thermal transport [10]. The stability of these interfaces
depends on factors such as particle size, surface
functionalization, and processing conditions, all of which
influence the energetics of dispersion and interaction [12].
Understanding these interfacial phenomena is essential for
optimizing nanocomposite design and achieving desired
performance characteristics [9].

2322 Fundamental thermal transport laws in
nanocomposites

Thermal transport in nanocomposites is governed by the
principles of heat conduction in heterogeneous media, where
both the polymer matrix and filler particles contribute to
overall heat transfer [11]. The fundamental relationship
describing heat flux is given by Fourier’s law:
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q=—kVT
where gis the heat flux, kis thermal conductivity, and VTis the
temperature gradient [13]. In composite systems, heat transfer
is influenced by phonon transport and interfacial thermal
resistance, which can impede energy flow across material
boundaries [7].
The effective thermal conductivity of a composite can be
estimated using:
kegy = ki (k_;{ 122.&; +_2¢(kf_ km))

f m ¢(kf km)
where k,and kerepresent the thermal conductivities of the

matrix and filler, respectively, and ¢is the filler volume
fraction [6].

PEEK CHAIN STRUCTURE AND SCHEMATIC COMPARISON OF TiO, AND Zn0
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SYMBOLS § WTERACTIONS.

0 EEK Chan Pydoger ford | Dpee rernpten
e ree e
f \ / ~ -
+ l_.—’.’—‘-ll .,-—’.)—L" W as o T, Mempaerice "f__'n:’h' o
. M o
PP V—— () DOnmrce et
Al bl | ant e Nt i Ay
Ti0, / PEEX WTERFACE 120 / PEEX INTERFACE
Satle ond Ondere Mervicicd it deon Pok ©d frxctive ieteroocd neain
S00M DQ, MTERIRC 100 DG MTENACL

-9/ =7, ") 5 B Ik
J

o 8

.~ - L y
o \ Vg s ’ e e b

Bt e e

LY Fearuees

® 5000 -0 s e g Yoty
¢ St ety w0 AL

PEIX Mot o Onguraet 10

© e S by e, vy
Mevarsoe vt LYY @ it grcce

© Penow. sttre Swvs wt o 8 Lo g i s o o vl
-t & NI T b

® 10wt A S el e gy e » D W i Sarma 0003y

g cady e e .

COMPARATIVE INBGHT

M 1 el 30 ermed ot AL bt Sher ariey shoemery bt
M B TR P A0t

0 Dong ket S
aor e e
amAciy posess, 1d
et wang vty

T, Vv sebe surtea
Srg iy yewae
Tty artarcanent

Figure 1: PEEK chain structure and schematic comparison of
TiO: and ZnO interfacial interactions within the polymer
matrix
3.0 PROCESSING ROUTES, RHEOLOGY, AND

MICROSTRUCTURE DEVELOPMENT

3.1 Melt-Based Processing of TiO./PEEK and ZnO/PEEK
Nanocomposites

3.1.1 Melt blending and extrusion pathways

Melt blending and extrusion remain the most widely adopted
industrial processing routes for fabricating TiO/PEEK and
ZnO/PEEK nanocomposites due to their scalability and
compatibility with existing polymer processing infrastructure
[12]. In these methods, nanoparticles are incorporated into
molten PEEK under elevated temperatures and shear
conditions, enabling dispersion through mechanical mixing
[14]. The effectiveness of this process depends strongly on
residence time, shear rate, and processing temperature, which
collectively determine the degree of nanoparticle distribution
within the polymer matrix [16].
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Higher shear forces can improve dispersion by breaking down
agglomerates, but excessive shear may degrade the polymer or
alter its molecular weight distribution [18]. Similarly,
processing temperature must be carefully controlled to ensure
adequate melt flow without compromising thermal stability
[20]. These factors highlight the importance of optimizing
processing parameters to achieve uniform dispersion and
desirable microstructural characteristics in nanocomposite
systems [13].
3.1.2 Rheological constraints and particle mobility
The high viscosity of molten PEEK presents a significant
challenge for nanoparticle dispersion, as it limits particle
mobility and diffusion during processing [15]. This constraint
becomes more pronounced at higher nanoparticle loadings,
where increased viscosity further restricts particle movement
and promotes agglomeration [17]. The diffusion behavior of
nanoparticles in viscous media can be described using a
Stokes—Einstein-type relation:
D kgT

emnr
where Dis particle diffusivity, kgis the Boltzmann constant,
Tis temperature, nis viscosity, and ris particle radius [19].
This relationship indicates that higher temperatures and
smaller particle sizes enhance diffusion, while increased
viscosity suppresses it [12]. Consequently, achieving uniform
nanoparticle distribution requires balancing thermal energy
input with rheological constraints to optimize dispersion and
minimize clustering effects [14].
3.2 Alternative Processing Routes
3.2.1 Solution-assisted and suspension approaches
Solution-assisted processing and suspension-based techniques
offer alternative pathways for improving nanoparticle
dispersion in PEEK matrices, particularly when melt
processing limitations become significant [16]. In these
methods, nanoparticles are first dispersed in a solvent, which
reduces viscosity and facilitates more uniform distribution
before the polymer is introduced [18]. This approach can
significantly enhance dispersion quality, as the lower viscosity
environment allows nanoparticles to move freely and avoid
agglomeration [20].
However, the use of solvents introduces additional challenges,
including solvent removal, environmental concerns, and
potential impacts on polymer properties [13]. Moreover,
scaling these methods for industrial applications can be
difficult due to the complexity of solvent handling and
processing requirements [15]. Despite these limitations,
solution-based techniques remain valuable for achieving high-
quality dispersion in research and specialized applications
[17].
3.2.2 In situ and surface-assisted incorporation methods
In situ processing and surface-assisted incorporation methods
provide advanced strategies for improving nanoparticle
dispersion and interfacial compatibility in nanocomposite
systems [19]. These approaches involve modifying the
nanoparticle surface or incorporating fillers during polymer
formation, enabling stronger interactions between the polymer
matrix and the nanoparticles [12]. Surface functionalization,
for instance, can enhance compatibility by introducing
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chemical groups that promote bonding or reduce interfacial
energy [14].

Such modifications improve dispersion stability and reduce
the likelihood of agglomeration, leading to more uniform
microstructures and enhanced thermal performance [16].
Additionally, in situ methods allow for better control over
particle distribution and interface formation, which are critical
for optimizing thermal and mechanical properties [18]. These
techniques highlight the importance of interfacial engineering
in achieving high-performance nanocomposite materials [20].
3.3 Microstructure and Filler Distribution Outcomes

3.3.1 Dispersion, clustering, and agglomeration
phenomena

The dispersion state of nanoparticles within the PEEK matrix
plays a decisive role in determining the thermal and structural
properties of the resulting nanocomposite [13]. Uniform
dispersion leads to increased interfacial area and improved
interaction between the polymer and filler, whereas clustering
and agglomeration reduce effective surface contact and create
localized defects [15].

TiO: and ZnO nanoparticles exhibit different dispersion
behaviors due to variations in surface chemistry and particle
morphology, which influence their interaction with the
polymer matrix [17]. These differences affect the distribution
of nucleation sites and the formation of thermally conductive
pathways, ultimately impacting crystallization and heat
transfer characteristics [19]. Effective control of dispersion is
therefore essential for achieving consistent and optimized
material performance [12].

3.3.2 Percolative and interfacial network development

As nanoparticle concentration increases, the formation of
interconnected networks becomes possible, enabling enhanced
transport properties through percolation mechanisms [14].
These networks facilitate heat transfer by creating continuous
pathways for phonon propagation, reducing thermal resistance
within the composite [16]. The onset of such behavior can be
described conceptually using percolation-type scaling:
P=Py(¢—¢.)°

where Prepresents a transport-related property, gis the filler
volume fraction, ¢.is the percolation threshold, and tis a
critical exponent [18]. Below the threshold, particles remain
isolated, and transport is dominated by the matrix, whereas
above it, connectivity enhances overall performance [20]. This
transition underscores the importance of controlling filler
distribution to achieve optimal thermal engineering outcomes
[13].
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Figure 2: Comparative processing—microstructure map for
TiOo/PEEK and ZnO/PEEK systems
Table 1: Processing Method, Dispersion Quality,
Rheological Implication, and Expected Thermal Outcome
for TiO: and ZnO Nanocomposites
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4.0 COMPARATIVE THERMAL ENGINEERING:
MELTING TEMPERATURE, CRYSTALLINITY, AND
HEAT TRANSFER

4.1 Melting Temperature Elevation Mechanisms
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4.1.1 Heterogeneous nucleation induced by TiO: and ZnO
The incorporation of inorganic nanoparticles into PEEK
significantly alters its melting behavior through heterogeneous
nucleation mechanisms, where the filler surface acts as a
preferential site for crystal formation [18]. TiO. and ZnO
nanoparticles increase nucleation site density by providing
high-energy interfaces that lower the activation barrier for
crystallite formation, thereby accelerating the onset of
crystallization [20]. This effect is particularly pronounced in
TiO-filled systems due to their higher surface energy and
strong affinity for polymer chains, which promotes more
uniform nucleation across the matrix [22].
ZnO nanoparticles, while also effective nucleating agents,
exhibit different interfacial characteristics that influence the
distribution and density of nucleation sites [19]. Their polar
surface and distinct morphology can lead to localized
nucleation zones, resulting in variations in crystal size and
distribution [23]. The comparative efficiency of these fillers is
therefore governed not only by their intrinsic properties but
also by their dispersion state and interaction with the polymer
matrix [21].
As nucleation density increases, smaller and more numerous
crystallites are formed, contributing to enhanced thermal
stability and improved melting behavior [24]. This highlights
the critical role of nanoparticle selection in tailoring
crystallization processes and achieving desired thermal
performance in PEEK-based nanocomposites [18].
4.1.2 Restriction of polymer chain motion and thermal
stabilization
In addition to nucleation effects, nanoparticle incorporation
restricts polymer chain mobility within the interfacial region,
leading to enhanced thermal stabilization and elevated melting
temperatures [20]. The formation of an immobilized
interphase around TiO: and ZnO particles reduces segmental
motion, requiring higher thermal energy to disrupt the ordered
structure during melting [22]. This interphase acts as a
reinforcing region that stabilizes crystalline domains and
delays thermal transitions [19].
The shift in melting temperature can be interpreted using the
Gibbs—Thomson relation:

20
T =T2 (1— ijﬂ)
where T,.is the observed melting temperature, TJis the
equilibrium melting temperature, a,is the fold surface free
energy, Ahgis the heat of fusion per unit volume, and Lis the

lamellar thickness [23]. The presence of nanoparticles
influences these parameters by modifying lamellar structure
and interfacial energy, thereby altering melting behavior [21].
TiO: generally promotes more uniform interphase formation,
leading to consistent melting point elevation, whereas ZnO
may produce localized variations depending on dispersion
quality [24]. These differences underscore the importance of
interfacial engineering in controlling thermal transitions in
nanocomposite systems [18].

4.2 Crystallinity Control and Crystallization Kinetics

4.2.1 Degree of crystallinity and crystal growth behavior
The degree of crystallinity in PEEK nanocomposites is a key
determinant of thermal performance, influencing stiffness,
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heat resistance, and dimensional stability [19]. Nanoparticle
incorporation modifies crystallization kinetics by introducing
additional nucleation sites while also affecting crystal growth
dynamics [22]. The balance between nucleation and growth
determines the final crystalline morphology, with higher
nucleation rates typically leading to smaller but more
numerous crystallites [24].

Crystal perfection, which refers to the structural regularity and
order within crystalline regions, is also influenced by
nanoparticle interactions [18]. Strong interfacial bonding can
promote more ordered crystal formation, while poor
dispersion may lead to defects and irregular growth patterns
[21]. The presence of nanoparticles can either enhance or
hinder crystal growth depending on their distribution and
compatibility with the polymer matrix [23].

The crystallization process is often described using the
Avrami equation:

X, =1—exp (—kt")

where X.is the relative crystallinity at time ¢, kis the
crystallization rate constant, and nis the Avrami exponent
reflecting nucleation and growth mechanisms [20]. This
model provides insight into how nanoparticles influence both
the rate and nature of crystallization in PEEK systems [22].
4.2.2 Comparative influence of TiO: versus ZnO on
crystallization pathways

TiO: and ZnO nanoparticles exhibit distinct influences on
crystallization pathways due to differences in surface
chemistry, morphology, and interfacial interactions [24]. TiO:
tends to promote rapid nucleation and uniform crystal
distribution, resulting in higher overall crystallinity and
improved thermal stability [18]. Its strong interaction with
polymer chains facilitates the formation of well-organized
crystalline regions, enhancing material performance [21].

In contrast, ZnO nanoparticles often contribute to more stable
interphase ordering, which can influence crystal growth
kinetics and lead to different crystalline morphologies [23].
While ZnO may not always produce the same level of
nucleation density as TiO., its ability to stabilize interfacial
regions can result in more thermally robust structures under
certain conditions [19].

The comparative analysis of these fillers highlights the
importance of tailoring nanoparticle characteristics to achieve
specific crystallization outcomes [22]. By controlling factors
such as particle size, surface treatment, and dispersion, it is
possible to optimize crystallinity and thermal performance in
PEEK nanocomposites [20].

4.3 Thermal Conductivity Enhancement and Heat
Transfer Mechanisms

4.3.1 Phonon transport and interfacial thermal resistance
Thermal conductivity in polymer nanocomposites is primarily
governed by phonon transport, where vibrational energy
propagates through the material lattice [21]. In PEEK-based
systems, the introduction of nanoparticles creates additional
pathways for heat transfer, but also introduces interfaces that
can scatter phonons and impede energy flow [23]. The extent
of phonon scattering depends on factors such as particle size,
interfacial bonding, and compatibility between the filler and
matrix [18].
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Interfacial thermal resistance, often referred to as Kapitza
resistance, arises from mismatches in acoustic impedance
between the polymer and nanoparticle phases [24]. This
resistance can significantly reduce effective thermal
conductivity, particularly when dispersion is poor or interfaces
are not well integrated [20]. Smaller particles with high
surface area tend to increase interfacial resistance, while
improved bonding can mitigate these effects [22].

TiO: and ZnO differ in their ability to facilitate phonon
transport, with TiO: generally providing more stable interfaces
and ZnO offering higher intrinsic thermal conductivity [19].
The interplay between these factors determines overall heat
transfer efficiency in the composite [23].

4.3.2 Filler connectivity, thermal pathways, and
comparative transport efficiency

The formation of continuous filler networks is critical for
enhancing thermal conductivity in nanocomposites, as it
enables efficient heat transfer through interconnected
pathways [22]. At low filler concentrations, particles remain
isolated, and heat transfer is dominated by the polymer matrix
[18]. As concentration increases, the likelihood of particle
connectivity rises, leading to improved thermal transport
through percolation mechanisms [24].

The effectiveness of these pathways depends on the spatial
arrangement and dispersion of nanoparticles, with well-
distributed fillers forming more efficient conduction networks
[20]. TiO: typically contributes to uniform network formation
due to its strong interfacial interactions, while ZnO may form
more conductive pathways at higher loadings due to its
intrinsic thermal properties [21].

Thermal resistance can be expressed as:

L
Rip = LA
and the composite heat flux relation is given by:
dr
q=—kespA--

These relationships illustrate how both material properties and
structural configuration influence heat transfer performance
[23]. The comparative efficiency of TiO. and ZnO fillers
therefore depends on achieving an optimal balance between
dispersion, connectivity, and interfacial resistance [19].
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DSC-BASED SCHEMATIC: MELTING TEMPERATURE SHIFT AND
CRYSTALLIZATION PEAK CHANGES IN TIO/PEEK AND ZnO/PEEK
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Figure 3: DSC-based schematic showing melting temperature
shift and crystallization peak changes in TiO:/PEEK and
ZnO/PEEK
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Figure 4: Comparative thermal conduction pathways and
interfacial resistance zones in TiO:-filled versus ZnO-filled
PEEK
5.0 MOLECULAR INTERACTION MECHANISMS

AND STRUCTURE-PROPERTY RELATIONSHIPS

5.1 Polymer—Nanoparticle Molecular Interactions

5.1.1 Interfacial bonding, adsorption, and surface activity
At the molecular level, the performance of PEEK-based
nanocomposites is governed by the nature of interactions
between polymer chains and nanoparticle surfaces, which
define interfacial bonding and energy transfer pathways [22].
In TiO: and ZnO systems, physical adsorption dominates the
interaction mechanism, involving van der Waals forces, dipole
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interactions, and localized electrostatic attractions between the
polymer backbone and oxide surfaces [24]. The presence of
polar functional groups in PEEK enables interaction with the
surface sites of nanoparticles, creating localized regions of
enhanced bonding [26].

Surface polarity plays a crucial role in determining the extent
of interaction, as it influences the formation of interfacial
zones where polymer chains exhibit altered mobility and
orientation [28]. These localized interaction regions act as
bridges between the filler and matrix, facilitating stress
transfer and thermal coupling [23]. The effectiveness of these
interactions depends on surface chemistry, particle size, and
dispersion quality, which collectively determine the stability
and functionality of the interphase [25].

5.1.2 Filler-dependent molecular affinity in TiO:. and ZnO
systems

TiO. and ZnO nanoparticles exhibit distinct molecular
affinities toward PEEK due to differences in surface chemistry
and electronic structure [27]. TiO: typically demonstrates
stronger adsorption characteristics, resulting in more uniform
interfacial bonding and enhanced compatibility with the
polymer matrix [29]. This leads to improved dispersion and
consistent interphase formation, which contributes to uniform
thermal and mechanical properties [22].

ZnO, on the other hand, exhibits higher surface polarity and
reactivity, which can lead to stronger localized interactions but
also increased susceptibility to aggregation under certain
conditions [24]. These differences influence how each filler
interacts with polymer chains, affecting local ordering and
interfacial energy distribution [26]. As a result, TiO- tends to
promote more homogeneous structural organization, whereas
ZnO may introduce localized heterogeneity depending on
processing conditions [30].

5.2 Chain Dynamics, Free Volume, and Interphase
Ordering

5.2.1 Chain mobility restriction and interphase formation
The incorporation of nanoparticles into PEEK matrices
significantly alters chain dynamics by restricting segmental
motion in the vicinity of the filler surface, leading to the
formation of an interphase region with distinct physical
properties [23]. This restriction arises from interfacial
interactions that reduce the free volume available for chain
movement, effectively immobilizing polymer segments near
the nanoparticle surface [25].

The interphase region exhibits enhanced thermal stability
compared to the bulk polymer, as the constrained chains
require higher energy to undergo conformational changes
[27]. This effect contributes to improved thermal performance
and increased resistance to degradation under high-
temperature conditions [29]. The extent of mobility restriction
depends on factors such as filler concentration, dispersion, and
interfacial bonding strength, all of which influence the size
and properties of the interphase [22].

5.2.2 Molecular ordering and crystallite development
Nanoparticle incorporation also influences molecular ordering
and crystallite development by acting as nucleation centers
that guide the alignment of polymer chains [24]. The presence
of well-dispersed fillers promotes interface-induced ordering,
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where chains align along the nanoparticle surface, facilitating
the formation of more organized crystalline structures [26].
This ordering effect enhances crystallinity and contributes to

MOLECULAR INTERACTION MODEL SHOWING CHAIN CORFINEMENT, INTERPHASE
REGIONS, AND FILLER-SPECIFIC THERMAL RESPONSE I Ti0,/PEEX AND ZnO/PEEX

PR TIC, { TIRN: STRONG INTERFACE & UNFORM COMPINEMINT S 290 ) PEDC POLAR ITERACTION & LOCALZID CONFMEVENT S

improved melting behavior and thermal stability, as more \ Wi rcacin S S s v
ordered structures require greater energy to disrupt [28]. The | ot \ /

relationship between molecular ordering and thermal response b s £ % e
can be described using an Arrhenius-type mobility relation: [ A\ = —-i
D = Dyexp ( —g—%) } Q O‘ oy
where Drepresents molecular mobility, D,is a pre-exponential | () AT ; \
factor, E,is activation energy, Ris the gas constant, and Tis ‘ ‘ @ !

temperature [30]. This relation highlights how increased " YRR et Sl e
activation energy due to interfacial constraints reduces chain orlrrata ~os L e
mobility, reinforcing ordered structures [23]. ‘ o ‘l‘l pulaywaibezrey
5.3 Comparative Mechanistic Interpretation of TiO: and - EEF
ZnO Reinforcement — = =

5.3.1 Energy transfer and interface efficiency

The efficiency of energy transfer within PEEK e (e () 2etmmas — " —(rasa
nanocomposites is strongly influenced by the nature of the Po et s oS o
polymer—nanoparticle interface, which governs both thermal — : =
and molecular coupling pathways [25]. TiO: nanoparticles, ﬂ"" E}H’EE‘E” s:::““ . ::;—
with their stable interfacial bonding and uniform dispersion, =] Taxp [T ——— | | A
facilitate efficient energy transfer by minimizing interfacial e bk A el '{ R s J‘]- nlicid

resistance and promoting consistent thermal pathways [27]. In
contrast, ZnO nanoparticles may provide higher intrinsic
thermal conductivity but can exhibit less uniform interface
formation, affecting overall efficiency [29].

5.3.2 Mechanism-based explanation of performance
differences

The differences in performance between TiO. and ZnO-filled
PEEK systems can be attributed to their distinct interaction
mechanisms and structural effects [22]. TiO: tends to enhance
crystallinity and thermal stability through uniform nucleation
and strong interfacial bonding, while ZnO influences localized
ordering and thermal transport through its higher conductivity
and surface activity [28]. These contrasting mechanisms
highlight the importance of filler selection in tailoring
nanocomposite properties for specific thermal engineering
applications [30].
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Figure 5: Molecular interaction model showing chain
confinement, interphase regions, and filler-specific thermal
response in TiO/PEEK and ZnO/PEEK
6.0 COMPARATIVE MODELING, OPTIMIZATION,

AND PERFORMANCE BENCHMARKING

6.1 Predictive and Semi-Empirical Modeling Approaches
6.1.1 Physics-based property estimation

Physics-based modeling provides a foundational approach for
estimating thermophysical properties of TiO/PEEK and
ZnO/PEEK nanocomposites by integrating effective medium
theories and crystallization kinetics models [29]. These
models enable the prediction of thermal conductivity and
crystallinity by accounting for filler wvolume fraction,
interfacial resistance, and phase distribution within the
composite [31]. Crystallization-based interpretations further
link nucleation density and growth rates to melting
temperature shifts and structural ordering, offering insight into
the thermodynamic and Kinetic processes governing material
behavior [33].

6.1.2 Data-driven comparative prediction opportunities
Data-driven approaches, particularly machine learning
techniques, provide powerful tools for modeling nonlinear
relationships between composition, processing conditions, and
thermal properties [35]. By leveraging experimental datasets,
these models can identify optimal nanoparticle loadings and
predict performance trends across different configurations
[30]. Machine learning frameworks enable rapid exploration
of compositional design spaces, reducing reliance on
empirical trial-and-error methods while enhancing predictive
accuracy and efficiency [32]. This integration of data-driven
modeling with traditional approaches offers a comprehensive
strategy for optimizing nanocomposite performance [34].

6.2 Multi-objective Optimization of TiO. and ZnO
Loading
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6.2.1 Balancing melting elevation, and
conductivity
Optimizing nanoparticle loading requires balancing multiple
performance objectives, including melting temperature
elevation, crystallinity enhancement, and thermal conductivity
improvement [31]. Increasing filler content can enhance
thermal properties, but excessive loading may negatively
impact crystallization behavior and mechanical integrity [33].
Multi-criteria design approaches are therefore essential to
identify optimal compositions that achieve the desired
combination of properties without introducing detrimental
effects [29].
6.2.2 Avoiding agglomeration and excessive interface
resistance
A critical aspect of optimization is preventing nanoparticle
agglomeration, which reduces effective surface area and
disrupts thermal pathways [32]. High filler concentrations can
also increase interfacial thermal resistance, limiting heat
transfer efficiency despite improved intrinsic conductivity
[34]. Identifying optimal loading windows ensures that
nanoparticles remain well-dispersed while maintaining strong
interfacial interactions, thereby  maximizing overall
performance [35].
6.3 Comparative Performance Metrics
6.3.1 Thermal metrics for benchmarking
The evaluation of nanocomposite performance relies on key
thermal metrics, including melting temperature (T,,), degree
of crystallinity (X_), and thermal conductivity (k), along with
stability trends under varying conditions [30]. These
parameters provide a comprehensive assessment of how
nanoparticle incorporation influences thermal behavior and
material reliability [33].
6.3.2 Interpretation of comparative engineering value
Comparative analysis of TiO. and ZnO systems reveals that
each filler offers distinct advantages depending on application
requirements [29]. TiO: typically enhances crystallinity and
stability, while ZnO contributes more significantly to thermal
conductivity under certain conditions [32]. Selecting the
appropriate filler thus depends on balancing these
performance attributes to meet specific engineering objectives
[34][35].
Table 2: Comparative Benchmarking of TiO./PEEK and
ZnO/PEEK Nanocomposites

crystallinity,
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gglomeratio bett_e ... |without surface | to disperse
n Tendency | compatibility treatment uniform

with PEEK y
Overall Balanced High thermal TiO: is
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TiO./PEEK ZnO/PEEK .
Performance . . |Comparativ
Nanocomposite|Nanocomposite .
Parameter s s e Insight
Thermal performance | conductivity stability-
Engineering | with strong | with trade-offs [focused; ZnO
Performance [crystallinity and| in uniformity is
stability and dispersion |conductivity-
focused

7.0 CONCLUSION

7.1 Semiconductor Packaging Relevance

7.1.1 Thermal management needs in packaging systems
PEEK nanocomposites reinforced with TiO. and ZnO offer
improved heat dissipation capabilities essential for modern
semiconductor packaging. Their ability to manage high
thermal loads enhances device reliability, reduces overheating
risks, and supports continued miniaturization in high-
performance electronic systems.

7.1.2 Electrical insulation and dimensional stability
relevance

Beyond thermal performance, these nanocomposites provide
excellent electrical insulation and dimensional stability under
elevated temperatures. This ensures consistent functionality,
prevents dielectric breakdown, and maintains structural
integrity in demanding packaging environments where
thermal and electrical stresses coexist.

7.2 Energy Infrastructure Opportunities

7.2.1 High-temperature insulation and structural
applications

In energy systems, TiO/PEEK and ZnO/PEEK
nanocomposites demonstrate strong potential for high-
temperature insulation and structural applications. Their
enhanced thermal resistance and mechanical durability enable
reliable operation in power electronics, grid components, and
renewable energy technologies.

7.2.2 Durable nanocomposite design for harsh
environments

These materials are well-suited for harsh environments
characterized by thermal cycling, chemical exposure, and
mechanical stress. Their resilience supports long-term
performance, reducing maintenance requirements and
improving system longevity in critical energy infrastructure
applications.

7.3 Challenges and Emerging Research Directions

7.3.1 Scalability, dispersion stability, and process
economics

Despite their advantages, challenges remain in achieving
uniform  nanoparticle  dispersion at industrial scale,
maintaining stability during processing, and managing
production costs. Addressing these issues is essential to enable
widespread adoption and ensure consistent material
performance across large-scale manufacturing systems.

7.3.2 Hybrid fillers, surface tailoring, and intelligent
optimization

Future research should focus on hybrid filler systems,
advanced surface functionalization, and data-driven
optimization strategies. These approaches can enhance
interfacial interactions, improve property balance, and enable
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the design of next-generation nanocomposites tailored for

specific thermal and structural performance requirements.
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