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ARTICLE INFO ABSTRACT
Keywords: Polyether ether ketone (PEEK) is a high-performance thermoplastic composite matrix material renowned for
PEEK composites its exceptional mechanical properties and thermal stability, making it highly suitable for high-temperature

Thermal properties
Interfacial thermal resistance (ITR)
Molecular dynamics

applications. However, the interfacial thermal resistance (ITR) at the micro-scale interfaces between the
polymer matrix and fillers in PEEK composites, which significantly impacts heat transfer, has not been
extensively explored. In this study, we investigated the interfacial thermal properties of PEEK composites
with various filler materials using molecular dynamics simulations and the theoretical model. Our results
indicate that PEEK/SiO, composites exhibit superior interfacial thermal properties compared to other selected
materials, while PEEK/SiC composites display the highest interfacial thermal resistance. Due to the effect of
ITR, the introduction of fibers may not always improve the effective thermal conductivity of the composite.
The effect of ITR is also related to the filler size and shape. Reducing the size of the filler magnifies the effect
of ITR, and there is a critical filler length which could be used to distinguish between the positive and negative
thermal effects of introducing fillers. Our research illustrates a multiscale modeling approach to evaluate the
ITR effect on the thermal properties of PEEK composite, which could be extended to other composite systems.
The findings could benefit the multiscale modeling of composite manufacturing and the micro-structure design
of composites with consideration of thermal management.

1. Introduction increase the mechanical properties but also enhance the thermal prop-

erties of the composite. However, it also introduces numerous interfaces

Poly ether ether ketone (PEEK) composite has attracted considerable
attention across various industries including aerospace, automotive,
medical, and electronics, due to their exceptional material properties.
PEEK is recognized as a high-performance polymeric material that
exhibits excellent mechanical properties, high thermal stability, good
chemical resistance, and biocompatibility [1,2]. It can be reinforced
with various fillers, including graphene [3], SiC [4,5], SiO, [6,7], etc.,
to produce composites with different properties [1,8,9].

For thermoplastic resin, such as PEEK, the efficiency of heat transfer
during manufacturing would directly influence the thermal distribution
within the material and the temperature history during processing.
These factors affect both the phase transition behaviors and the me-
chanical response to local temperature variations, which determine the
overall quality of the final product [10]. Additionally, as thermal man-
agement becomes increasingly important for high-temperature appli-
cations, such as aircraft components [11] and electronic devices [12],
the heat dissipation capability of composites has become a key focus,
especially for PEEK composites [9]. Within the PEEK matrix, usually,
the incorporation of highly thermally conductive fillers can not only

between the polymer matrix and the fillers, which can generate inter-
facial thermal resistance (ITR) [13]. The presence of ITR can impede
the efficient transport of heat within the material, thereby limiting the
overall thermal performance [13,14]. This interfacial effect is partic-
ularly pronounced in composites with poor filler/polymer interaction
or those containing nanoscale fillers that dramatically increase the
interfacial area [12]. Achieving the optimal performance of composite
materials necessitates a comprehension of their thermal behaviors, par-
ticularly the effects of ITR, which are essential for both the optimization
of the manufacturing process and the micro-structural design of the
composites.

The ITR has been extensively investigated in numerous polymeric
nanocomposites and is often calculated using molecular dynamics sim-
ulation [3,15-21], which offers valuable insights into the heat transfer
mechanism at the atomistic level [11,22,23]. For instance, Wu et al.
obtained the ITR in four different types of PEEK/graphene nanocom-
posites using MD simulation, and analyzed the influence of varying
functional groups [3]. Additionally, multiple studies have investigated
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Nomenclature

D Filler diameter

Dg Phonon density of states in the composite

f Filler volume fraction

G Interfacial thermal conductance

J, Heat flux in the z-direction

Kegt Effective thermal conductivity of composite

K; Thermal conductivity of the filler material

K Thermal conductivity of the polymer ma-
trix

L Filler length

Ly Kapitza length on the interface

M Correlation factor in phonon density of
states between different atom types

P Filler aspect ratio

Ry Interfacial thermal resistance

T Temperature

the effect of ITR on the thermal transport efficiency of composites.
These investigations have provided new strategies to enhance thermal
management, taking into account other important factors such as filler
fraction, filler orientation, and filler shapes [24,25]. However, a gap
remains in the literature regarding the interfacial effects on the thermal
properties of PEEK composites, particularly concerning varying filler
types such as inorganic fillers like silicon carbide and silicon diox-
ide [26]. These fillers exhibit varying shapes (such as fibers, spherical,
flake) and sizes (from nanometer to micrometer) [27,28], which can
significantly influence the thermal properties of the composites. There-
fore, the absence of a comprehensive understanding of their thermal
behavior, including the effects of ITR, may hinder the optimization of
composite performance in advanced applications.

This work aims to present comprehensive analyses that investi-
gate the impact of ITR on the thermal properties of PEEK composites
containing different types of fillers. We begin with a MD simulation
to assess the interfacial thermal properties between filler materials
and polymer matrices in PEEK composites, including PEEK/graphene,
PEEK/SiO,, and PEEK/SiC. Based on the results from our MD simula-
tion, we calculated the effective thermal conductivities of the compos-
ites using an effective medium theory model, considering various filler
volume fractions, sizes, and shapes. Our multiscale model and analysis
could provide valuable insights into the impact of interfacial thermal
resistance on the thermal behavior of composites, which can contribute
to enhancing thermal properties and improving the accuracy of thermal
simulations.

2. Models and simulations
2.1. Atomistic model construction

Various atomistic models were constructed to represent the interfa-
cial structure of PEEK composites, including PEEK/graphene,
PEEK/SiO,, and PEEK/SIC, as depicted in Fig. 1. Initially, the amor-
phous PEEK polymer is synthesized from ether ether ketone (EEK)
monomers. This particular model features 15 polymer chains, with
each chain being composed of 15 EEK units. The PEEK polymer has
a density of 1.30 g/cm? [29] and contains a total of 7680 atoms within
a simulation box measuring 42.6 A x 49.2 A x 39.5 A. Subsequently, the
initial polymer structure was optimized on the LAMMPS platform [30]
following a series of relaxation procedures to achieve equilibrium,
including microcanonical (NVE) for 100 ps, and canonical (NVT) at
300 K for 1 ns. The time step was set to 1 fs, and periodic boundary
conditions were applied in all three spatial directions of the model.
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Graphene sheets, a-SiO,, and f-SiC were utilized as filler material
that can also represent the nanostructure of carbon fiber [31], glass
fiber [32,33], and SiC fiber [34]. The graphene exhibited a well-ordered
structure, comprising seven layers and a total of 5600 atoms, within a
simulation box of dimensions 42.6 A x 49.2 A in-plane and 20.0A out-
of-plane (as shown in Fig. 1b). The a-SiO, was constructed from a
crystalline silica structure containing 2772 atoms. Following a quench-
ing process, as described in [33], the structure was transformed into an
amorphous structure. Subsequently, an equilibrium isothermal-isobaric
(NPT) process was applied to the «-SiO, to achieve a simulation box
dimension of 42.6 Ax49.2 A x20.0A and a density of 2.20g/cm3 at 300
K.

Three types of symmetric composite structures were constructed by
combining the polymer and filler structures, including PEEK/graphene,
PEEK/SiO,, and PEEK/SiC. Initially, a geometric optimization was per-
formed on the structures using conjugate gradient energy minimization.
Subsequently, the structures underwent a series of equilibrium and to
form the proper contact between the matrix and the fillers. The equi-
librium process involved simulations under NVE conditions for at least
100 ps, under NVT conditions for at least 1 ns, and a hot compression
procedure under NPT conditions for at least 100 ps. Periodic boundary
conditions were applied in all three spatial directions. The final box size
was approximately 43.0A x 49.0A x 120.0A with variations observed
among different composites. Additionally, the final density of PEEK
matrix was maintained at 1.30 g/cm?, which is consistent with the
experimental testing [29].

To capture the interactions between different types of atoms, a
hybrid potential was utilized in the composite systems. The polymer
consistent force field (PCFF) [35] was employed to model the molecular
behavior within the PEEK polymer material [36], include both valence
and non-bond interaction. The valence interaction consists of the bond
stretching, angle bending, and dihedral torsion, while the non-bond in-
teraction describes the van der Waals and Coulombic forces among ar-
ticles. For the covalent bonding and non-bonding interaction of fillers,
the adaptive intermolecular reactive empirical bond order (AIREBO)
potential [37] was applied to simulate the graphene [15,36], while the
Tersoff potential was used to describe SiO, [38] and SiC [39] fillers.
Furthermore, across the interface between the polymer and filler, the
interaction between atoms is assumed to be governed by van der
Waals forces. This interaction is described using a 6/9 Lennard-Jones
potential, with pair coefficients modified according to the sixth-power
mixing rule [40,41]. The detailed formulas and associated parameters
are provided in the supplementary note 1.

2.2. Thermal properties calculation

A series of non-equilibrium molecular dynamics (NEMD) simula-
tions were conducted to calculate the thermal properties of composite
systems [22]. Initially, the composites were placed within a Berendsen
thermostat at a fixed temperature of 300 K for sufficient time to
eliminate non-negligible temperature gradients within the material.
Then the composites were subjected to NVE ensembles, where a specific
amount of heat was added and extracted from the reservoir regions
at regular intervals, as illustrated in Fig. 2. Periodic conditions were
applied in all three spatial directions. The induced heat flux J, of the
entire system can be obtained by:

AQ,
=5 m
where AQ, represents the rate of heat addition in the heat source or
the rate of heat abstraction in the heat sink, which is set as a constant
value of 0.01 kcal mole™! fs™! in the composite systems. Additionally,
A denotes the cross-sectional area of the simulation box.

Over a period of time, a steady temperature distribution was de-
veloped within the system, which was then used for the calculation
of the thermal properties of the materials. Specifically, the thermal
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(a) Polymer microstructure

Fig. 1. Atomistic model of (a) PEEK, (b) fibers and (c) composite system.
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Fig. 2. Schematic diagram of heat transport and temperature distribution in NEMD.
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conductivity of the polymer matrix in the z-direction can be determined
by:
k= ot (2)
T T /oz’
where 0T /dz refers to the temperature gradient inside polymers. Mean-
while, the interfacial thermal conductivity G and the interfacial thermal
resistance R; are defined as:
J AT 1
G=-%Z R =% =2, 3
aT’ Ty, TG ®
where AT represents the temperature difference between the polymer
and filler.

2.3. Validation of thermal conductivity calculation for PEEK polymer

A pure PEEK polymer model was built to investigate its thermal
conductivity at the room temperature of 300 K. This model has a
dimension of 42.6A x 492 A x 79 A with a density of 1.3 g/cm? [29].
The thermal conductivity of the PEEK polymer was calculated to be
0.3 Wm~1K~1, which aligns closely with the value of 0.29 Wm~1K~!
reported by Nikonovich et al. for commercial PEEK [42]. This validates
the suitability of the simulation model as well as the potential for
estimating the thermal properties of PEEK.

3. Results and discussion
3.1. Comparison of the interfacial thermal conductivity

The interfacial thermal conductivity of PEEK composites at 300 K
was determined for three distinct filler materials: graphene, SiO,, and
SiC. For each composite, we consider three different configurations of
the amorphous structure, including the polymer and the SiO,. These
configurations have statistically similar systems, with the same con-
straints and temperature.. The result is presented in Fig. 3(b). Among all
the composite materials evaluated, PEEK/SiO, exhibits the most favor-
able interfacial thermal transport behavior, with an average interfacial
thermal conductivity value of 113.3 MWm~2K~!. This value is about
6.3 times higher than the average interfacial thermal conductivity value
of PEEK/SiC, which is 18.0 MWm~2K~!. Additionally, the interfacial
thermal conductivity of PEEK/graphene measures approximately 45.3
MWm~2K~!, roughly 2.5 times larger than that of PEEK/SiC. The effects
of filler length and polymer chain length on the interfacial thermal con-
ductivity were also investigated. Our finding indicates that the material
does exhibit a size effect to varying degrees. However, due to the scale
limitations of atomistic modeling, it is challenging to precisely quantify
the exact size effect. Nevertheless, these effects do not significantly
impact the major conclusions we have drawn. Therefore, we neglected
the size effect in our further calculations. Detailed illustrations can be
found in the supplementary note 2.

3.2. Phonon analysis of the interfacial thermal properties

To understand the notable differences in the interfacial thermal
properties observed among these PEEK composites, the phonon density
of states (PDOS) analysis was applied. This approach provides insights
into the heat transport mechanisms at the nanoscale between the
amorphous polymer and the filler materials [15,20,43,44]. The PDOS
can be obtained by the following equation [44]:

T {v(@®V(0))
o {vO)v(0))
where Dy (f) represents the PDOS of atoms at the frequency of f, the
terms (v(#)v(0)) and (v(0)v(0)) denote the velocity—velocity autocorre-
lation functions. v(0) is the atom velocity at the initial time and v(¢) is
the atom velocity at the time ¢. In this simulation, the velocity data was
collected over a period of 100 ps at an NVT equilibrium state of 300 K.

Dg(f) = cos(2z f1)dt, 4)
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The PDOS of the PEEK/SiC composite within the frequency range of
0 to 50 THz is depicted in Fig. 4. As shown in Fig. 4(a), representative
regions within the composite are denoted using circled numbers 1
through 5. In Fig. 4(b), the uppermost panels display the unique PDOS
characteristics of SiC atoms, with carbon (C) on the left and silicon
(Si) on the right of the corresponding regions. The light green areas,
purple lines, and blue lines correspondingly represent the PDOS of filler
atoms from positions away from the interface to those at the interface
(spanning regions 1 to 3). It is noticeable that from regions 1 to 3, the
peak frequency of both carbon and silicon atoms shifts towards lower
frequencies at the interface, as indicated by the black arrows. This shift
reflects the impact of interfacial interactions on the movement of filler
atoms. The central panels illustrate the movements of polymer and filler
atoms at the interface (region 3), with the orange lines representing
PEEK carbon atoms and the blue lines representing SiC atoms. It can
be seen that the predominant frequencies of amorphous polymer carbon
atoms cover a broad spectrum of 0 ~ 50 THz. In contrast, as highlighted
with light blue areas, the carbon atoms in the SiC filler occupy a
narrower frequency range of 20 THz to 30 THz, and the silicon atoms
in SiC span from O to 30 THz. This significant discrepancy in the
dominant phonon frequencies at the interface between SiC atoms and
PEEK carbon atoms indicates markedly different phonon modes. Such
differences in phonon behavior lead to increased phonon scattering.
This in turn results in an interfacial thermal resistance, affecting the
heat transfer between the polymer and filler molecules. The lower panel
showcases the PDOS of PEEK carbon atoms across the interface region
(region 3 with orange lines) extending to the bulk regions within PEEK
(region 4 with green lines and region 5 with a light blue area). It shows
that the peak frequency of PEEK carbon atoms in the range of O to 10 Hz
shifts slightly towards higher frequencies (from regions 5 to 3). This
transformation is due to the interaction of polymer atoms with filler
atoms at the interface.

Although there are distinct vibration modes in PEEK/SiO, and
PEEK/graphene, they exhibit similar behavior to those in PEEK/SiC
and will not be extensively discussed individually. These materials also
undergo a shift in phonon vibration modes from the bulk region to the
interface region. Besides, there is a noticeable mismatch in the move-
ments of polymer carbon atoms and diverse filler atoms at the interface,
as illustrated in Fig. 5(a). The panels from top to bottom represent the
behavior of PEEK/SiC, PEEK/SiO,, and PEEK/graphene, respectively.
Recognizing that the coupling of polymer and filler phonon patterns
in the low-frequency domain governs the efficiency of heat transport
across the interface [22], the frequency spectrum is categorized into
three segments for analysis [45]: low-frequency domain (0 ~ 15 THz
in light orange), middle-frequency domain (15 ~ 30 THz in light blue),
and high-frequency domain exceeding 30 THz (in white). The varying
phonon patterns of the filler atoms demonstrate different levels of
overlap with the PEEK carbon atoms. In the PEEK/SiC composites
(shown in the top panel), the carbon atoms in SiC fillers (the blue
line in the left plot) predominantly concentrate in the middle-frequency
domain, indicating a limited contribution to thermal transport across
the interface. In the middle panels, amorphous SiO, atoms (purple solid
line for C in the left plot and purple dashed line for Si in the right
plot) cover the entire frequency range from 0 to 50 Hz without sharp
peaks, demonstrating a better match with PEEK phonons (orange lines)
than PEEK/SiC. Furthermore, in the lower panel, a significant number
of graphene atoms (green line) lies in the frequency domain below 20
THz, showing an effective coupling with the polymer atoms at the low-
frequency domain. To quantitatively access the coupling in composite
interfacial atoms, a correlation factor (M) is defined to calculate the
PDOS overlap area as [46]:

v Ji DA(H) - Dy(f)d f
Jo> DAAS - [ Dy(f)df
where D, and Dy refer to the PDOS of two different atom types A and

B, and f, refers to the cutoff frequency. A higher value of M indicates
a better match in the PDOS.

(5)
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in this figure legend, the reader is referred to the web version of this article.)

The variation of M with frequency for interfacial atoms in different
PEEK composites is shown in Fig. 5(b). Given the predominant effect
of phonon overlap in the low-frequency region as opposed to the
mid-frequency and high-frequency regions on interfacial heat trans-
port, scrutiny of the low-frequency region reveals that the correlation
factor M in PEEK/SiO, (purple lines) consistently exceeds that in
PEEK/graphene (green line) and PEEK/SiC (blue lines). Consequently,
PEEK/SiO, demonstrates superior performance in interfacial heat trans-
fer compared to PEEK/graphene and PEEK/SiC composites. In the

scenario of PEEK/SiC, the limited correlation factor value of PEEK
carbon atoms with SiC carbon atoms (blue dashed line) indicates the
insufficient coupling of these atoms, which leads to a reduced value of
interfacial thermal conductivity as shown in Fig. 3.

3.3. Effective thermal conductivities of composites

To analyze the influence of the interfacial thermal resistance on the
thermal behaviors of the composite structures, Nan’s effective medium
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theory [47] was employed to calculate the effective thermal conduc-
tivities (K.g) of the composites with various filler types, including
continuous fiber, spherical fillers, flake fillers, and cylindrical fillers, as
illustrated in Fig. 6. The type of fillers was characterized by the fiber
aspect ratio P, which represents the ratio of filler length L to diameter
D. In continuous fibers, the length markedly exceeds the diameter
(P = ), with diameters typically in the microscale range. Specifically,
carbon fibers were assumed to have a circumferential arrangement of
graphene sheets in their cross-section [48]. Fillers with P values close
to 1 are classified as spherical fillers. When the length of the filler is
much less than the diameter, the filler is identified as a flake filler.
Conversely, when the P value significantly surpasses unity (P > 1),
the filler falls under the category of cylindrical fillers.

When calculating K., it was assumed that the fillers aligned in
the same direction, and heat flowed along the direction corresponding
to the shorter dimension of the filler: the length direction for flake
fillers, the diameter direction for cylindrical fillers, and with no distinct
direction for spherical fillers, as shown in Fig. 6. This configuration
allows heat to pass through a substantial number of interfaces, thereby
highlighting the interfacial effects. In all cases, heat propagation oc-
curred in the out-of-plane direction for the graphene sheets, which
exhibits the weakest heat transfer efficiency. Additionally, we assume a
dispersed distribution of the filler materials within the resin and neglect
the filler—filler interactions, such as the ITR between fillers [14].

The effective thermal conductivity of the composite is then de-
termined in the length (K%) or the diameter (K2) directions of the

eff’ eff’
fillers [47]:

. 1+ fR0-L) .

Keff = KmTﬂlLl for ie {L, D}, (6)
with
K¢ - K,

o i Bm 7
bi K, + Li(Kf - K) @
where

K
¢ f (€)]

Ki=——m+—.
! L+yL;K¢/Kp
Here, the index i indicates the filler length (i = L) or the filler
diameter (i = D) direction in K¢ calculation. The variable f denotes
the volume fraction of the filler. The term K, represents the thermal
conductivity of the resin material. K; is the thermal conductivity of the
filler material. The parameters L, and y depend on the aspect ratio p,

and L; =1-2L;. When p > 1, there is:

P P

221 22 - 1)1

_Q+1/pKy
"ST7"G6p

Lp= cosh™! p, 9

(10)
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When p < 1, there is:
2

D 4 p -1
= COS X 11
2w -0 2= P an
(1+2p)K,
S L 12
Y GL 12)

As p approaches 1, L, tends to 1/3. In these equations, G refers to
the interfacial thermal conductivity. We note that NAN’s theory can
calculate the effective thermal conductivity for composites with both
aligned and randomly distributed fillers. In this work, we focus only on
the aligned case. More discussions regarding the randomly distributed
case can be found in [47].

In order to uncover the effects of the interface on the effective
thermal conductivities of the composites, two distinct scenarios were
examined: one that includes the consideration of interfacial thermal
resistance (G = Gj,;) and another one that assumes an ideal interface
with no thermal resistance, where the interfacial thermal conductivity
is effectively infinite (G = o). The disparity between these two sce-
narios highlights the significance of incorporating interfacial thermal
resistance, which was quantified through the relative error R using the
following equation:

Keif(G = 0) — Keff(G = Giyy)
Kei(G = o0) ’

In this equation, the effective thermal conductivity K is calculated
through substituting the atomistic simulation results into NAN’s theory.
A higher value of R leads to increased overestimation in the prediction
of K¢ when the interfacial thermal resistance is neglected.

In the calculation of K¢ and R, all the significant material proper-
ties K,, K, and G were calculated from our MD simulations. Specifi-
cally, the K,, of pure PEEK resin was determined to be 0.3 Wm™'K~!.
The values of G;, were taken as follows: 45.3 MWm™2K~! for the
PEEK/Graphene, 113.3 MWm™2K~! for the PEEK/SiO,, and
18.0 MWm™2K~! for the PEEK/SiC composite, as illustrated in Fig. 3.
Besides, the K; values were obtained from our MD simulations with a
filler dimension of 6 nm along the heat flow direction. The results were
3.35 Wm~!'K~! for graphene, 0.9 Wm~'K~! for SiO,, and 5.5 Wm™'K~!
for SiC.

The influence of ITR on the thermal conductivity of continuous
fiber-reinforced composites across varying filler volume fractions rang-
ing from O to 0.2 is depicted in Fig. 7. The ratio of K¢ to K, is plotted
to visualize the thermal property enhancement in PEEK composites.
We take a small filler diameter of 6 pm and a large filler length of
1 m to represent the continuous fiber. Three types of continuous fiber
were analyzed including carbon fiber (red lines), glass fiber (green
lines), and SiC fiber (purple lines). Fig. 7(a) shows that the K.¢/K,
of PEEK composites rises with the increasing filler fraction, and the
solid lines which represent the scenario considering the contribution

R= (13)

of the interface (G = Gj,;) are overlapped with the dashed lines which
represent the scenario neglecting the interface effects (G = ). This
indicates a marginal difference between these two scenarios and the
difference is further quantified in Fig. 7(b). It shows that although the
relative error in the K.¢/K,, calculation keeps increasing, it remains
below 0.01. Additionally, in Fig. 7(a), the slope of K./K,, varies
among PEEK composites which are attributed to the differences in
the K; values. In particular, the PEEK/SiC composite demonstrates the
steepest slope due to the highest K; value of SiC fiber.

The impact of ITR on the thermal conductivity of composites filled
with spherical fillers across varying filler volume fractions and diam-
eters is illustrated in Fig. 8. The ratio of K. to K, is plotted for
filler volume fractions ranging from 0 to 0.2, with the filler diameter
set to be 10 nm, as shown in Fig. 8(a). Three types of fillers were
analyzed including the graphene (red lines), SiO, (green lines), and SiC
(purple lines). Under the scenario of ideal interfacial contact (G = o0),
as presented by the dashed lines, the K. of composites is expected
to increase with the rising filler fractions due to the higher thermal
conductivity of filler (K;) compared to that of PEEK, and the rate
of this increase is correlated with the values of K;. However, upon
accounting for the ITR (G = Gy, in solid lines), a significant divergence
emerges compared to the dashed lines. For PEEK/SiO, (green solid
line) and PEEK/graphene (red solid line), a substantial reduction occurs
in the rate at which the K. /K., increases with filler fraction. This
reduction is attributed to the reduced heat transfer efficiency caused
by ITR across the numerous interfaces between the polymer and filler.
Intriguingly, for PEEK/SiC composites (purple solid line), Kq¢/K,, de-
creases with the rising filler fraction. Apparently, introducing ITR not
only affects the effective thermal conductivity of the composites quali-
tatively, but also has a significant quantitative impact. As illustrated in
Fig. 8(b), the impact of ITR is further quantified by the relative error
defined in Eq. (13). The relative error is approximately proportional
to the filler volume fraction, with a notably higher escalation rate
observed in PEEK/SiC (purple line) compared to PEEK/graphene (red
line) and PEEK/SiO, (green line). This suggests that the impediment of
filler/polymer interfaces to K¢ is magnified by a higher filler volume
fraction and PEEK/SiC express a higher sensitivity to this effect. Addi-
tionally, with the filler volume fraction held constant at 0.2, the effect
of filler size was examined for diameters ranging from 3 to 1000 nm. As
depicted in Fig. 8(c), the ratio K.¢/Ky, under ideal conditions (G = o
in dashed lines) remains unaffected by variations in filler diameter
under the condition of constant filler volume fraction. However, when
accounting for the existence of ITR (G = Gy, ), as indicated by the
solid lines, the ratio K.s/Kp, is significantly lower at smaller filler
diameters compared to the ideal scenario represented by the dashed
lines. Then, the ratio increases rapidly and subsequently converges
towards the ideal value as the diameter increases. This suggests that
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Fig. 8. The influence of interfacial thermal conductivity on PEEK composites filled with spherical graphene, SiO,, and SiC fillers: (a) The K. /K, ratio and (b) relative error in
K of PEEK composites with respect to varying volume fractions of fillers at a constant filler diameter of 10 nm. (¢) The K./K,, ratio and (d) relative error in K of PEEK
composites with varying filler diameters at a fixed filler volume fraction of 0.2. Triangle markers in (c) denote the critical filler sizes where the K. /K, ratio, considering ITR,
equals 1. The inset in (c) uses the identical coordinate system as the primary plot. In (d), the triangle markers indicate the critical threshold at which the relative error falls below
0.05 for each composite material. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

an increase in filler size could substantially mitigate the impact of
ITR under the same filler volume fraction. This can be explained by
the decreased interfacial contact area within the composite, due to
the increased filler size, which reduces the heat loss. Furthermore,
the critical filler length were determined at the point where the ratio
Kegt/ K, reaches 1, as indicated by the light blue line. These critical
lengths for different composite systems are marked in Fig. 8(c) by
the solid circle markers, with an enlarged view provided in the inset
for emphasis. When the filler size is below this critical length, the
ratio Keg/Kp, is less than one, indicating an adverse effect of the
filler on the thermal conductivity of the composite. Conversely, when
the filler size exceeds the critical value, the ratio K.g/K,, is greater
than one, signifying a positive effect of the filler. For PEEK/graphene,
PEEK/SiO,, and PEEK/SiC composites, the critical filler lengths are
determined to be 7.3 nm, 4.0 nm, and 17.7 nm, respectively. These
values show an inverse relationship with the Gj,; (Fig. 3) for different
PEEK composites. In other words, for composites with higher thermal
transport efficiency across the interface, the critical length required
for filler to overcome the adverse effect of ITR could become smaller.
Furthermore, the relative error in the calculation of K. is plotted in
Fig. 8(d) across a range of filler sizes, exhibiting a rapid decline with
increasing filler size. To estimate when the influence of ITR becomes
relatively minimal and can be ignored, we set a threshold of 0.05 for the
relative error (indicated by the gray line) and identified the threshold
length that satisfies this criterion. These threshold lengths are marked
with triangles for various composite systems. For PEEK/graphene (red
triangle), PEEK/SiO, (green triangle) and PEEK/SiC (purple triangle),
the relative error falls below 0.05 when the filler diameter surpasses
140.3 nm, 28.4 nm and 398.7 nm, respectively. It can be inferred that
this threshold filler diameter increases significantly with a smaller G,
of the composite. These findings underscore the role of filler volume
fractions and dimensions in influencing the interfacial effects on the

thermal properties of composites, particularly for materials with a low
Gj, value.

The thermal properties of composites with flake and cylindrical
fillers are also analyzed to assess the impact of filler shape, as shown
in Fig. 9. For flake fillers, with a volume fraction of 0.2 and a diameter
of 6000 nm, the ratio of K¢ to Ky, is calculated for lengths from 3 nm
to 1000 nm, as illustrated in Fig. 9(a). With the assumption of ideal,
perfectly conductive interfaces (G = oo, represented by dashed lines),
the ratio K.g/K,, incrementally rises with increasing filler length. In
contrast, considering the impact of ITR (G = Gy, solid lines), the ratio
K/ K,, initially begins at a value that is less than one, then increases
sharply, and eventually tends to align with the dashed lines indicative
of perfect interfaces. For cylindrical fillers, with a volume fraction of
0.2 and a length of 6000 nm, the variation in the K¢ to K, ratio with
filler diameters from 3 nm to 1000 nm is displayed in Fig. 9(b). The
ratio K¢/ Ky, considering G = Gy, (solid lines), follows a comparable
trend to that in Fig. 9(a), showing an initial steep increase followed
by a gradual convergence towards the value represented by G =
(dashed lines). Additionally, a critical filler length is identified where
Ke/Ky = 1 for G = Gy, for both flake and cylindrical fillers. These
critical lengths are summarized in Fig. 9(c) for different filler shapes
and materials. It is observed that spherical fillers (blue diamonds), flake
fillers (red circles), and cylindrical fillers (yellow triangles) have iden-
tical critical sizes of 7.3 nm, 4.0 nm, and 17.7 nm for PEEK/graphene,
PEEK/SiO,, and PEEK/SiC composites, respectively. This indicates that
the critical length is independent of the filler shape, but associated
with the intrinsic material properties. Furthermore, the relative errors
for flake and cylindrical fillers are calculated and depicted in Figs.
9(d) and 9(e), respectively. Both types of fillers show a rapid decrease
in relative error, which then gradually stabilizes near zero. However,
they show varying rates of decreasing in relative error and display
different sensitivities to the filler size. Fig. 9(f) demonstrates the critical
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filler lengths for various shapes at which the relative error reaches
0.05. It can be found that the critical lengths of spherical fillers in
composite materials are larger than those of flake and cylindrical fillers.
This indicates that nanocomposites filled with spherical fillers can be
susceptible to the influence of ITR at a large scale, whereas those with
flake fillers are affected only when the filler is reduced to an extremely
small scale. Notably, for PEEK/SiC composites, which exhibit larger
interfacial thermal resistance, the variation in critical lengths among
different filler shapes is more pronounced compared to PEEK/graphene
and PEEK/SiO, composites. Thus, for composites with spherical SiC
fillers, the significance of ITR is highlighted until a sufficient filler size
is achieved. While for nanocomposites with flake and cylindrical fillers,
the ITR can generally be ignored unless the filler size is extremely small.

In this section, we investigate the role of ITR on the effective
thermal conductivity of PEEK composites, taking into account various
filler shapes, sizes, and volume fractions. We utilized the relative error
R to quantify the disparity in the thermal properties of composites with
and without the consideration of ITR. A higher value of R indicates
a more important role of ITR in the thermal analysis and modeling
of PEEK composites. For continuous fiber-reinforced composites, the
extremely small value of R suggests a negligible effect of ITR on the
thermal properties of the composite. In contract, for spherical, flake
and cylindrical fillers, the necessity to consider ITR in the thermal
analysis of PEEK composites depends on the size and fraction of the
filler. The influence of ITR on the thermal transport in composite, as
represented by the value of R, can be mitigated by reducing the filler
fraction and increasing the filler size. Meanwhile, we define a threshold
length for fillers to minimize the effect of ITR to an acceptable level,
where the relative error R remains below a specific marginal value.
For example, if we set this value to 0.05, it means that considering ITR
introduces 5% difference compared to the case without ITR. The gray
lines in Fig. 8(d) and Fig. 9(d)(e) indicate this level of relative error,
and the corresponding solid triangles indicate the threshold length for
PEEK composites with graphene (red triangle), SiO2 (green triangle)
and SiC (purple triangle). For PEEK composites with SiC fillers, we find
that ITR must be considered when the diameter of the spherical fillers
reduces to 0.4 pm, while for flake and cylindrical fillers, this occurs
when the size reduce to 0.08 pm and 0.23 pm respectively. In other

words, these values can be used as references to determine whether to
consider the effect of ITR on theoretical modeling and thermal behavior
prediction. Since the relative error for continuous fibers is extremely
low, it is not necessary to account for ITR in their case. We note that
R = 5% is decided based on our own experience, and other values
can be used depending on the specific accuracy requirements of the
application. However, the evaluation strategy described in this work
remains applicable.

3.4. Discussion

In the systems discussed in this work, the thermal conductivities
of the filler materials are higher than that of the PEEK matrix. In the
previous section, we analyzed the impact of polymer/filler interfaces on
the effective thermal conductivity of composites. As shown in Fig. 6, the
analysis focuses on heat conduction through the shorter dimension of
the fillers, which involves the maximum number of interfaces. These in-
terfaces lead to phonon scattering, thereby reducing the heat transport
efficiency within the composites. As the filler dimensions decrease, with
the same filler fraction, the total contact area between the filler and
polymer expands exponentially [49], which could significantly reduces
the heat transfer efficiency. We define a critical filler dimension L, at
which the ratio K.¢/K,, equals one. When the filler dimension drops
below this critical value (L; < L), the reduction in heat transfer
efficiency would overweigh the thermal conductivity enhancements
provided by the fillers over the PEEK matrix. This results in a detri-
mental effect on the K¢ of the composite, where K. decreases with
increasing filler volume fraction. This is also observed in the published
work, for instance, Wu et al. [3] demonstrated that for single-layer
graphene reinforced PEEK, due to the introduction of ITR, the thermal
conductivity of the composite in the out-of-plane direction becomes
lower than the PEEK polymer.

The critical filler dimensions L. have been examined across dif-
ferent filler types, shapes, and volume fractions, as demonstrated in
Figs. 8 and 9. It was found that L., corresponding to the condition
where K. /K., equals one, varies among different filler materials but
is independent on the filler shape and volume fraction. The value of
L. is related to the Kapitza length L, of the composite system, which
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is given by the formula L, = K, Gn [43]. In Fig. 10, an 111ustrat1ve
plot of the Kapitza length L, and the critical filler dimension L.
provided. When the heat flux goes from the polymer to the filler, the
temperature experiences a significant drop across the polymer/filler
interface, denoted as ATy. The equivalent temperature drop would
occur when the heat goes through a polymer region of length L,
which is the Kapitza length. Additionally, within the filler region, a
temperature drop of AT; is observed over a length of L;. Consequently,
in the composite, a total temperature drop AT; + ATy occurs with the
introduction of the filler. When the dimension of the filler L; equals
L., this total temperature drop is equivalent to that in a pure polymer
region with the same dimension. This implies that the filler of this
size (L.) neither enhances nor reduces the thermal conductivity of
the polymer, which means K. = K. From Fig. 10, the relationship
between L, and L, is numerically derived as follows: L, = Ly X K
(a detailed derivation can be found in supplementary note 4). Ut111z1ng
the results from our MD simulation, the L, are calculated to be 6.6 nm
for PEEK/graphene, 2.6 nm for PEEK/SiO,, and 16.7 nm for PEEK/SiC.
These values lead to the respective critical lengths L. of 7.25 nm,
3.9 nm, and 17.6 nm, which are consistent with the results in Fig.
9(c). They provide a rough guideline that when filler diameters exceed
these critical values, interfacial effects should be incorporated into the
thermal simulation and analysis of PEEK composites.

Once the filler dimension exceeds L., the incorporation of high
thermal conductivity fillers can enhance the thermal conductivity of
PEEK composites. However, the presence of ITR may significantly
reduce the extent of this enhancement. This reduction effect can be
quantified using the relative error calculation presented in Eq. (13),
where a minimal relative error indicates a negligible interface impact.
To constrain the relative error within a specific minor range, the filler
dimension should exceed a critical threshold, as indicated by the trian-
gle markers in Figs. 8(d) and 9(d), (e). We note that the threshold value
may vary depending on the application requirement. The determination
of the critical filler dimension L. and the critical threshold for minimal
relative error could provide guidance for assessing the necessity of
incorporating ITR in the analysis of thermal transport phenomena. By
integrating the effects of ITR into thermal transport analysis, we can
not only optimize the thermal properties of the composite materials
but also significantly enhance the accuracy of thermal simulations.

4. Conclusions

In this study, a NEMD approach combined with NAN’s theory
are employed to investigate the heat transfer performance of various
types of PEEK composites. The results highlight that PEEK/SiO, and
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PEEK/graphene demonstrate superior interfacial thermal transport ca-
pacity than PEEK/SiC. This improved performance can be attributed
to a higher degree of overlap in phonon vibration modes at the in-
terface. Besides, the interfacial thermal resistance may diminish the
effective thermal conductivity of composite materials. This reduction
can be exacerbated by higher filler volume fractions, smaller filler
sizes, spherical filler shapes, and lower interfacial thermal conductivity.
Furthermore, we proposed a critical filler length to assess the impact of
interfacial thermal resistance and clarified the competitive mechanisms
that govern the effective thermal conductivity of PEEK composites.
By delving into the significance of interfacial thermal resistance, this
study not only contributes to a better understanding of heat transfer
mechanism within PEEK composites but also paves the way for multi-
scale evaluation of ITR effect and design strategy for efficient thermal
management in industries where these materials are prevalent.

Glossary

composite A combination of two or more materials with different
physical and chemical properties.

PEEK Poly ether ether ketone.

interfacial thermal resistance The opposition to heat flow across the
interface between two materials.

molecular dynamics A computational simulation method used to
study the physical movements of atoms and molecules over time.

effective medium theory A theoretical framework used to describe
how the properties of composite materials can be understood based on
the individual properties of their constituent materials.

phonon A quantum of vibrational energy (as in a crystal).

phonon density of states The number of phonon modes at different
frequencies in a crystal.
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