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Polyether ether ketone (PEEK) is an important high-performance engineering thermoplastic, yet the thermal
transport properties of its crystalline and single-chain forms remain elusive. In this work, a deep neural network
interatomic potential is trained using ab initio molecular dynamics to accurately model thermal transport in
bulk crystalline, bulk amorphous, and single-chain PEEK. Additionally, phonon thermal transport across chains,
which are grouped together through van der Waals (vdW) interactions, exhibits a weak dependence of thermal
conductivity (k) on the number of chains, i.e., weakly ballistic transport in cross-chain directions. This behavior

contrasts with many layered materials bonded by vdW interactions, which often show a strong dependence of
cross-plane x on the number of layers. This work facilitates the understanding of thermal transport properties of
PEEK and phonon transport in vdW-bonded materials in general, offering a theoretical guideline for predicting
optimal conditions for PEEK processing and beyond.

1. Introduction

Polyether ether ketone (PEEK) is a high-performance engineering
thermoplastic that is highly valued in engineering applications due
to its exceptional combination of mechanical strength [1,2], chemical
resistance [3,4], and thermal stability [5,6]. PEEK exhibits excellent
strength and stiffness, making it suitable for demanding structural ap-
plications, while its outstanding resistance to a wide range of chemicals
ensures longevity and reliability in harsh environments [4]. Notably,
PEEK maintains its mechanical integrity at high temperatures, with
a continuous application temperature of approximately 250 °C [7,8];
moreover, it also has excellent resistance to radiation or hydrolysis [9,
10]. These unique properties render PEEK an ideal material for various
applications in the aerospace [11], and automotive industries [12],
where durable, lightweight, and high-performance materials are crucial
for enhancing efficiency and performance. Its biocompatibility also
enables its use in medical implants and devices, further broadening its
application scope [13,14]. Consequently, the three-dimensional (3D)
printing of PEEK has received significant attention in recent years
for manufacturing high-temperature performance components for var-
ious applications [15]. However, despite some experimental data, the
fundamental thermal transport mechanisms in PEEK remain elusive.

Over the past decade, phonon thermal transport in non-conductive
polymers has garnered significant attention, yielding notable insights
through experimental and computational studies. It is now well-
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established that a stand-alone, single-chain polymer can exhibit much
higher lattice thermal conductivity (x) compared to its bulk crys-
talline counterpart [16,17]. Furthermore, amorphous polymers have
much lower x than their crystalline counterparts due to entangled
phonon transport pathways [18]. Thus, understanding the theoretical
upper limit of x for PEEK, specifically that of single-chain PEEK, is
of significant importance. To date, all studies on bulk polymers have
focused exclusively on thermal transport along the chain direction,
mediated by covalent bonds, while phonon transport across polymer
chains, mediated by van der Waals (vdW) interactions, has not been
investigated. Recent studies on 2D vdW materials have sparked interest
in phonon transport across vdW-bonded layers, revealing that x in the
cross-plane direction can significantly depend on the layer count. This
finding motivates an investigation into how the number of polymer
chains affects « in the cross-chain direction for PEEK, given that
the chains are also bonded through vdW interactions. The obtained
knowledge from this work can be directly utilized in the simulation of
PEEK 3D printing, especially fused deposition modeling of PEEK, where
polymer chains are aligned in a layer-by-layer manner.

2. Methodology
2.1. Deep neural network interatomic potential

Recent advancements in the field have demonstrated that deep
neural network (DNN) potentials are significantly more accurate than
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Fig. 1. Schematics of (a) PEEK unit cell, (b) bulk PEEK with a staggered stacking
order, and (c) single-chain PEEK. Specifically, C atoms are gray, O atoms are red, and
H atoms are white.

conventional explicit-form empirical interatomic potentials [19,20].
Additionally, DNN potentials enable the atomistic modeling of mil-
lions of atoms on supercomputers, allowing the accurate calculation of
material properties and behaviors that are beyond the capabilities of
either molecular dynamics (MD) using conventional potentials which
is limited by accuracy [20], or ab initio molecular dynamics (AIMD)
which is limited by computational cost [19].

To train a DNN potential, we first conduct extensive AIMD simula-
tions using the Vienna ab initio simulation package (VASP) for bulk
PEEK, single-chain PEEK, and PEEK structures with free surfaces or
gaps. The unit cell structure of PEEK is displayed in Fig. 1a and the
relaxed structures of bulk PEEK and single-chain PEEK are shown in
Fig. 1b and c, respectively. In our AIMD simulations, we utilize a I'-
centered scheme to ensure the fast collection of training data on large
supercells of PEEK. We employ a plane-wave cut-off energy of 600
eV and a Gaussian smearing width of 0.05 eV, with a convergence
threshold of 107 eV for self-consistent electronic iterations, ensuring
precise force calculations. These simulations are performed within
the isothermal-isobaric (NPT) ensemble at various temperatures and
pressures, ranging from 300 K to 1000 K (well above the melting point
of PEEK) and from —1 GPa to 50 GPa, respectively, to capture as
many essential states of the system as possible. Additionally, structural
minimization calculations within density-functional theory (DFT) are
performed on melted or amorphous PEEK, and the resulting data are
also used to train our DNN potential.

All AIMD and DFT data, including cell parameters, atomic positions,
atomic forces, and energies, are utilized to train a DNN interatomic
potential using the DeePMD package [19,20]. In DeePMD, we set
the parameters to use the full relative coordinates to construct the
descriptor during training. We employ a neighbor list with a cutoff
radius of 6.0 A and a smoothing function cutoff radius of 0.5 A. The
embedding network comprises three hidden layers with 32, 64, and
128 neurons, respectively, while the fitting network consists of three
hidden layers, each containing 240 neurons. The DNN is trained for
16 million steps with an initial learning rate of 0.001, which decays to
3.51 x 103 by the end of the training process.

Fig. 2a, b, and c present the vibrational density of states (vDOS)
of carbon, oxygen, and hydrogen atoms in bulk PEEK at 300 K, as
predicted by MD simulations using our DNN potential and by AIMD
simulations. The excellent agreement between the vDOS predicted by
these two methods highlights the high accuracy of our DNN potential.
Additionally, we randomly selected 3000 configurations from our AIMD
simulations of bulk PEEK and single-chain PEEK under pressures rang-
ing from —1 GPa to 5 GPa and used our DNN potential to predict their
energies and atomic forces. As illustrated in Fig. 2d and e, the predicted
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energies and forces from AIMD align closely with those from our DNN
potential, further validating the reliability of the DNN potential.

It is important to note that AIMD data at high pressures of up to
50 GPa were also incorporated into the training dataset for our DNN
potential, even though the thermal transport behavior at such extreme
pressures is not explored in this work. As shown in Fig. S1 of the Sup-
plementary Materials, the DNN potential exhibits limited accuracy in
predicting forces for configurations under ultrahigh pressures, resulting
in noticeable outliers (deviating from the diagonal) in the comparison
between AIMD and DNN predictions. Nevertheless, we emphasize that
including these high-pressure data is essential for broadening the DNN
potential’s knowledge domain, enabling it to cover a much wider pres-
sure range. This broader range contributes to maintaining structural
stability during melting simulations of PEEK.

2.2. Equilibrium molecular dynamics

We performed MD simulations using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) package [21], en-
hanced with the DeePMD plugin [19] to implement our developed DNN
interatomic potential. For bulk PEEK, periodic boundary conditions
were applied in all three spatial directions, whereas for single-chain
PEEK, periodic boundaries were applied only along the chain direction,
with non-periodic boundary conditions used in the cross-chain direc-
tions. To account for the small mass of hydrogen atoms (1 g/mol), we
employed a small time step of 0.05 fs in the simulations.

At the initial stage of the MD simulations, random velocities were
assigned to the atoms according to a Gaussian distribution to achieve an
average system temperature of 5 K. Subsequently, two NPT relaxation
steps, controlled by the Nosé-Hoover thermostat and barostat [22,23],
were performed to equilibrate the structure at the target temperature.
In the first NPT step, the system temperature was gradually increased
from 5 K to the target temperature over 15 ps, followed by a second
NPT step in which the temperature was maintained for an additional
35 ps to ensure full relaxation of the structure. Once the system
was equilibrated at the target temperature, plain time integration was
conducted for 400 ps. During this period, the system heat flux (J) was
recorded every 10 steps as part of the equilibrium molecular dynamics
(EMD) simulation.

The thermal conductivity « was calculated from the recorded heat
flux data using the Green-Kubo formalism [24,25], which provides
bulk-limit values due to the use of periodic boundary conditions. Details
of how we calculate x from the heat flux data can be found in our pre-
vious work [26]. To account for statistical uncertainties inherent in the
Green-Kubo approach, three independent simulations were performed,
each with a distinct initial random velocity distribution. The x values
reported in this study represent the average of these three independent
simulations, ensuring robust and reliable results.

2.3. Nonequilibrium molecular dynamics

Nonequilibrium molecular dynamics (NEMD) simulations are em-
ployed to investigate the dependence of x of PEEK in the cross-chain
direction as a function of the number of chains (i.e., the thickness
of PEEK in the cross-chain direction). To achieve this, bulk PEEK
supercells with varying numbers of chains stacked along the y direction
are simulated. The cross-sectional dimensions of the PEEK supercells
are fixed at 2 x 4 unit cells along the x and z directions, respectively.

In the NEMD simulations, the supercell is placed between hot and
cold baths, each containing 16 layers of chains along the y direction.
Following a structural relaxation process similar to that used in the
EMD simulations described earlier, two layers of chains at both ends
of the system are frozen, mimicking fixed boundary conditions. This
ensures structural stability and prevents heat flow across the domain
boundaries in the y direction. Subsequently, plain time integration is
performed in LAMMPS, during which Nosé-Hoover thermostats actively
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Fig. 2. Validation of the DNN potential against AIMD data. (a)-(c) The vibrational density of states of bulk PEEK predicted by AIMD and DNN based MD simulations for (a)
carbon, (b) oxygen, and (c) hydrogen atoms. (d) and (e) The comparison between the DNN and AIMD predictions of (d) energies and (e) forces.

rescale atomic velocities to maintain the temperatures of the hot and
cold baths at 315 K and 285 K, respectively. As a result, heat flows
from the hot bath to the cold bath across the PEEK supercell along the
y direction. This process continues for 1500 ps to establish steady-state
heat conduction.

The apparent « of the PEEK supercell is then determined from the
steady-state heat current and the corresponding temperature gradient,
based on Fourier’s law, following a procedure similar to that described
in our previous study [27].

2.4. Model systems

In this work, we study single-chain PEEK, bulk crystalline PEEK,
and amorphous PEEK. The single-chain and bulk crystalline structures
are readily built by replicating the corresponding unit cell along the
chain direction (for single-chain PEEK) or along all three dimensions
(for bulk PEEK), while the amorphous PEEK is obtained through a
melt-quenching process. Although polymer chains in bulk PEEK can
theoretically adopt different stacking configurations, it is well estab-
lished that the staggered stacking order is the most stable phase in bulk
crystalline PEEK. This is further corroborated by our MD simulations,
where bulk PEEK with an initially aligned stacking order transitioned
to the staggered stacking order during the simulation. Nevertheless,
it is worth noting that stacking order can significantly impact the
thermal transport properties of 2D vdW materials, such as graphite,
hexagonal boron nitride, and other 2D compounds composed of heavy
elements [28-30].

In order to generate amorphous PEEK, we leave gaps along chain
direction and raise the system temperature to 700 K in the canonical
ensemble (NVT ensemble) to intentionally melt those chains and enable
them entangle with each other. Subsequently, we use NPT to relax the
previous melting PEEK along chain direction to get rid of the gaps.
Finally, we decrease the system temperature from 700 K to target
temperatures (300 K, 400 K, 500 K, and 600 K) and then output the heat
flux information in plain time integration to calculate corresponding
temperature-dependent «. Especially, different time durations (7.5 ps,
15 ps, and 30 ps) are employed when cooling the system temperature
from 700 K to target temperature to generate three different amorphous
PEEK structures.

Fig. 3a presents snapshots of the melt-quenching process, which
starts with a bulk crystalline structure and results in an amorphous
structure characterized by entangled chains extending in all three
dimensions. As depicted in Fig. 3b, the radial distribution functions
(RDFs) for single-chain, crystalline, and amorphous bulk PEEK are
similar, indicating the preservation of polymer chain integrity in both
the crystalline and amorphous bulk structures obtained in this study.

Furthermore, Fig. 3c illustrates the vDOS for the three types of PEEK
structures calculated from our EMD simulations based on the DNN
potential. Notably, the vDOS of bulk crystalline and bulk amorphous
PEEK are similar, reinforcing our conclusion that the chains in the
amorphous phase maintain their integrity, akin to those in the crys-
talline phase, but are merely twisted and entangled. Conversely, the
vDOS of single-chain PEEK exhibits sharper peaks compared to the bulk
phases, indicating a significant influence of interchain interactions on
the vibrational properties of polymer chains.
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Fig. 3. (a) Illustrations of obtaining the amorphous PEEK by (a-I) generating a bulk PEEK with gaps along x direction, (a-II) melting the bulk PEEK at 700 K, where chains well
entangle with each other, (a-III) gradually squeezing the gaps by applying pressure along x direction at 700 K, and (a-IV) quenching the melting PEEK from 700 K to lower
temperatures. (b) Radial distribution function and (c) vDOS of single-chain, bulk crystalline, and amorphous PEEK structures predicted by EMD simulations using the DNN potential.

2.5. Spectral energy density analysis

The phonon spectral energy density (SED) analysis evaluates the
kinetic energy of different phonon modes, revealing essential phonon
properties such as phonon dispersion relations, phonon group veloc-
ities, and phonon lifetimes at finite temperatures for various struc-
tures [31-33]. It is defined in terms of the time-domain normal mode
coordinates g (1), as [31]

3 n N,
m * .
ko= X, X, Y| e ey explik - rgl. €]
a b 1 ¢

where ué;b (t) represents the ath component of the displacement of bth
basis atom in the /7A unit cell, m, is atomic mass, N, is the total number
of primitive unit cells of the entire system, ¢ is time, k denotes wave
vector, v is phonon polarization, and r is the equilibrium position of
each unit cell. g, ,(#) data are collected from the NVE ensemble of EMD
simulations over a duration of 200 ps, ensuring a high resolution of
0.005 THz for accurate analysis of phonon properties in the frequency
domain. Subsequently, SED is calculated through Fourier transform
(F[-]) of the time derivative of g4 (1) as [31]
Ck,u
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where @, (w) is the SED, w is the angular frequency, and C is a
constant. The transformed data is fitted with the Lorentzian function
to obtain the peak position w;:v and phonon lifetime (7 ).

3. Results and discussions
3.1. A comparison between single-chain and bulk PEEK

Fig. 4 shows the « of PEEK in different phases as a function of
temperature. Notably, the in-chain « of single-chain PEEK is on the
order of 10 W/m-K and decreases with increasing temperature. This
trend is attributed to increased anharmonic phonon scattering, a well-

known phenomenon in materials where phonons are the primary heat
carriers [34]. Similarly, the in-chain « of bulk crystalline PEEK also
decreases significantly with temperature due to enhanced anharmonic
scattering. In contrast, the x of amorphous PEEK and the cross-chain
x of bulk crystalline PEEK remain relatively independent of temper-
ature. In the following sections of this paper, we will elucidate the
mechanisms for the differences in x values among these various PEEK
structures.

It is well understood theoretically, from MD simulations and first-
principles calculations, that the x of single-chain polymers is usually
much higher than that of their bulk counterparts [16,35-37]. This
is due to significant interchain interactions that cause extensive an-
harmonic phonon scattering, which reduces the x of phonon modes
traveling along each chain. As shown in Fig. 4a and b, the « of single-
chain PEEK is approximately 14.6 W/m-K at 300 K, while the x of
bulk crystalline PEEK along the chain direction is only 3.4 W/m-
K. This aligns with previous findings on polyethylene, polyvinylidene
fluoride (PVDF), and other polymers, all of which demonstrate an
order-of-magnitude lower x in bulk form compared to their single-
chain counterparts [16,35-37], highlighting the significant impact of
chain-chain interactions on phonon scattering.

To better understand the underlying mechanism behind the signif-
icantly lower x of bulk crystalline PEEK compared to its single-chain
counterpart, we perform SED analysis on both structures to examine
their phonon dispersion relations and phonon lifetimes (that is, the
inverse of the scattering rates).

Fig. 5a and b display the SED heat maps in frequency-wavevector
coordinates, where the color represents SED energy intensity. Several
acoustic branches are clearly visible on the heat maps, with the lowest
branch corresponding to a transverse acoustic (TA) phonon branch.
Evidently, the slope of this TA branch significantly decreases from the
single-chain structure (panel a) to the bulk crystalline structure (panel
b). This flattening of the TA branch indicates significantly reduced
group velocities for these phonon modes, thereby reducing their contri-
bution to thermal transport. Additionally, as shown in Fig. 5d and e, the
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THz: (d) single-chain PEEK and (e) crystalline PEEK.

TA phonon mode in single-chain PEEK has a much longer lifetime (45.6
ps) than in bulk PEEK (7.3 ps). The comparison of phonon lifetimes
for more k points can be found in Fig. S2 of Supplementary Materials.
Based on these results, we conclude that bundling single-chain PEEK
into a bulk polymer reduces « through the flattening of the TA phonon
branch and increased phonon scattering due to interchain interactions.

3.2. Thermal transport in amorphous PEEK

In practical applications, such as 3D printing, PEEK is typically
utilized in an amorphous state, where the polymer chains are entangled
and twisted. To account for this characteristic, we generate amorphous

PEEK structures from the crystalline state through a melt-quenching
process, as illustrated in Fig. 3a.

The « of melt-quenched PEEK, as shown in Fig. 4b, is significantly
lower than the in-chain « of its crystalline counterpart but slightly
higher than its cross-chain «. This behavior arises because, in amor-
phous PEEK, phonons often travel across chains, where heat conduction
is less efficient than within individual chains. Within PEEK chains,
covalent bonds facilitate efficient phonon transport, while interchain
regions rely on weaker vdW interactions, as evidenced by the markedly
lower cross-chain x compared to the in-chain « of crystalline PEEK, as
shown in Fig. 4b.

Even for phonons traveling within the chains of amorphous PEEK,
the effective x is reduced due to the twisted and disordered trans-
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Wei et al. [38] from NEMD simulations.

port pathways. The physics underlying cross-chain phonon thermal
transport will be discussed in greater detail later in this paper.

3.3. Thermal transport across chains

VAW materials have garnered significant attention in recent years
due to their unique electronic and photonic properties. In terms of
thermal transport, it has been observed in graphite and multilayer
graphene that their « increases notably with the number of layers,
indicating strong ballistic phonon transport behavior [38]. Recognizing
that interchain interactions are also governed by vdW interactions and
that the impact of the number of chains on thermal transport across
chains has not been previously studied, we perform NEMD simulations
to investigate the dependence of « in the cross-chain direction on the
number of chains.

As shown in Fig. 6, the cross-chain x of PEEK increases with the
number of chains (or layers of chains) up to 48 chains, after which x
becomes constant. Notably, the « of multilayer PEEK increases with the
number of vdW-bonded layers, resembling the increasing cross-plane «
of multilayer graphene and other materials. However, unlike graphene,
the dependence of PEEK’s cross-chain x on the number of chains is
much weaker than the dependence of multilayer graphene’s cross-plane
x on the number of layers.

This behavior arises from the significant coupling between in-
trachain phonons (within individual polymer chains) and interchain
phonons (between adjacent chains) in PEEK. This coupling is markedly
stronger than the coupling observed between intralayer phonons
(within individual graphene layers) and interlayer phonons (between
layers) in multilayer graphene. The weak coupling in multilayer
graphene is evidenced by the similar in-plane x values of multi-
layer graphene (or graphite) and single-layer graphene. In contrast, as
demonstrated in this study for PEEK and reported for other polymers
such as polyethylene, the in-chain « of bulk polymers is often an
order of magnitude lower than that of their single-chain counterparts.
This disparity indicates that the intrachain phonon-interchain phonon
interactions in PEEK are sufficiently strong to significantly impede the
transport of intrachain phonons. Conversely, these robust interchain in-
teractions can also hinder the transport of interchain phonons, thereby
diminishing the dependence of PEEK’s cross-chain x on the number of
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chains. Further evidence of the strong interchain coupling in PEEK is
provided by the pronounced slope of the phonon acoustic branches
in the cross-chain direction, as shown in Fig. 5c, which reflects the
presence of stiff bonding between chains.

4. Conclusion

In this work, we trained a DNN interatomic potential from AIMD
simulations for PEEK, a crucial material in modern industry that is
compatible with 3D printing. We found that the in-chain « of bulk
crystalline PEEK is much lower than that of its single-chain counter-
part. This reduction is due to significant interchain interactions that
increase phonon scattering and reduce the phonon group velocities of
TA phonons. Additionally, we found that the cross-chain x of PEEK
increases with the number of chains in the heat transfer direction,
indicating some degree of ballistic phonon transport across the chain.
However, the dependence of cross-chain « on the number of chains is
relatively weak, unlike the case of multilayer 2D materials, where the
cross-plane x increases significantly with the number of layers. This
is because of the strong coupling between interchain and intrachain
phonons in PEEK, which scatters interchain phonons and reduces the
ballistic nature of cross-chain thermal transport. Finally, our simula-
tions on amorphous PEEK show a « that is similar to, though slightly
higher than, the cross-chain « of PEEK, indicating that thermal trans-
port in amorphous PEEK is governed by cross-chain thermal transport
due to the significantly entangled chains. This work will be useful for
the understanding of thermal transport behaviors in PEEK and for its
application in 3D printing or other fields.
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