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Abstract: We investigated, via a phase-field model simulation, the effects of a matrix’s properties and
a filler’s characters on the polytetrafluoroethylene (PTFE) crystal growth process in composites under
various supercooling degrees. The results show that the supercooling degree has a deciding influence
on the crystal growth process. The intrinsic properties of PTFE polymer, such as anisotropic strength
and phase transition latent heat, affect the growth rate, orientation, and interfacial integrity of the crys-
tal trunk and the branching of the PTFE crystal growth process. The factors of the PTFE crystallization
process, such as anisotropic strength and phase translation interface thickness, affect the uniformity
and crystallization degree of the PTFE crystal. In the composites, the biphasic interface induces
the crystal growth direction via the polymer chain segment migration rate, of which the degree
depends on the shapes of the filler and the PTFE crystal nucleus. According to the results, choosing
the low molecular weight PTFE and mixture filler with various particle sizes and surface curvatures
as the raw materials of PTFE-based composites improves the crystallization of the PTFE matrix.

Keywords: phase-field model; polytetrafluoroethylene (PTFE)-based composites; polymer crystallization

1. Introduction

Polytetrafluoroethylene (PTFE) is considered an outstanding candidate for use as a di-
electric medium for high-frequency devices [1] due to its excellent dielectric properties and
stability versus frequency, and it can meet the pressing demand for the rapidly developing
modern information industry [2]. Although PTFE has excellent dielectric properties at
a high frequency, its high thermal expansion coefficient, low thermal conductivity, and poor
mechanical properties limit its application in electronic devices [3]. These deficits could be
overcome by making PTFE-based composites with fillers to modify the matrix’s thermal,
mechanical, and dielectric properties [2,4—6]. Researchers are trying to design composites
by predicting the properties of the composites. For this purpose, it is the most popular
way to analyze composite properties based on their composition. However, it does not
work well most of the time since, besides the composition, the microstructure also deter-
mines the composites’ properties. After compounding with filler, the phase transition from
the amorphous phase to the crystalline phase during processing progress is influenced
by the biphasic interface greatly [7-12]. For composite materials, fillers have an impact
on the crystallinity, microstructure characteristics, and local crystallization rate of polymer
crystals [8]. The influence of compounds affects the nucleation and growth process of
polymer crystals [9,10]. In addition to the common spherical and banded crystals of PTFE,
fibrous crystals, shish-kebab crystals, and dendrites can be obtained with filler, extra field,
or preparation processes [13-19]. With those, the crystal morphology and microstructure of
the PTFE matrix can be tailored, and then, its properties, including thermal conductivity,
dielectric loss, mechanical strength, and so on, are also affected [20-24]. This coupling effect
between the microstructure and composite leads to a scale-span complexity [25-27], which
brings difficulties and limitations to the experimental study of the composite properties.
To overcome this barrier in composite material design and to clarify the action mechanisms
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of intrinsic and extrinsic factors on crystallization, it is necessary to clarify the influence of
the biphasic interface on the PTFE crystallization process using computational simulation.

The phase-field method is an effective tool for investigating crystalline phase trans-
formation. It builds phenomenological expressions describing physical systems based
on the basic principles of thermodynamics and dynamics using an order parameter to
distinguish the phases during solidification and avoiding the explicit tracking of the growth
interface. It is a powerful way to predict microstructure evolution in the process of crys-
talline phase transformation, considering the microscopic, high-sharpness interface be-
tween two phases as the diffusion interface region in the computational domain, which
conform to the non-equilibrium thermodynamic principle [28]. After Kyu’'s pioneering
work on the polymer crystallization phase-field model [29], the method was also devel-
oped and applicated in polymer research, covering the investigations of the crystal pattern
formation, internal field generation during crystallization, and the nucleus’s effects [30-36].
However, as reported so far, there is no report on this method’s application in PTFE
crystallization phase transformation.

In this paper, the Allen-Cahn phase-field equation [37] coupled heat transfer equation
was used to simulate the crystallization phase transition process of PTFE. From the PTFE’s
intrinsic properties to its crystallization process factors, we investigated the effects of
the anisotropic mode, supercooling degree, anisotropic strength, latent heat, and inter-
face thickness of PTFE crystal patterns. Furthermore, with the advantage of the phase-
field method, we also studied the influence of different biphasic interfaces introduced by
the second-phase filler and filler shape on the crystallization process of PTFE, to suggest
a potential way to improve the performance of PTFE-based composites.

2. Methods

The crystallization process of PTFE was simulated using the phase-field method.
In the model, the non-conserved order parameter, ¥ (7, t), is used to describe the phase
evolution over time and space: ¥ (r, t) = 0 and ¥(r, t) = 1. These denote the liquid phase and
the complete crystalline phase, respectively. The total free energy of the system, F, consists
of the local free energy density, f1ocal [38], and the gradient free energy density, f a4, Which

is Equation (1):
F(Y,T) = /[flocal (Y, T) + fioca (F)]dV (1)

v

A modified Allen-Cahn equation is used to describe the crystalline phase evolution,
and its dimensionless form is shown in Equation (2):
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where caret represents the dimensionless form, W describes the height of the nucleation
barrier [32], ¢ is a temperature-dependent unstable barrier [39], {j is the value of ¥ in a sta-
ble solidification state [30,40], kg is the interface gradient coefficient (related parameters
of the interface thickness). B(6) = 1 + ecos(jf) represents the interface anisotropic growth
rate [41], where ¢ is the anisotropic strength, j is the number of modes, and 0 is the angle
between the interface normal and the reference axis.

The crystallization of the polymer is affected by the temperature field. At the same
time, latent heat has an obvious influence on the growth of the crystal interface [30].
To determine the temperature at the growing crystal front, the heat conduction equation
(which is coupled with the phase-field equation above) can be derived from the enthalpy
conservation law, and its dimensionless form is shown in Equation (3):
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where, « = k7/(0Cp), K= AH/Cp (related parameters of the latent heat); parameters p, Cp,
xr, and AH represent density, specific heat capacity, thermal conductivity, and melting
heat, respectively.

In this paper, Equations (2) and (3) are numerically solved on the grid region of
the 600 x 600 square. The center finite difference method and explicit forward difference
method are used for the discrete parts of space and time, respectively. The dimension-
less time step and space step are fixed as At and Ax = Ay, respectively. Cyclic boundary
conditions are used for both phase-field variables and temperature fields at the bound-
ary. Input parameters in the model are shown in Table 1. A detailed procedure for
the derivation of the above equations, parameters, and dimensionless steps can be found
in the Supplementary Information.

Table 1. Sets of the material parameter and model parameter used for the simulations of PTFE [42—44].

Material Parameter Model Parameter
Tw = 327 °C D=1x10""m?/s
T9, = 340 °C d=1x10"m
T, = 315°C & =095
p =23 x 10% kg/m> Af=25x%x1075
AH = 8.2 x 10* kJ /mol A% =Aj=15x10"2

Cp = 6.788 x 10* kJ/(mol - K)
k7 = 0.256 W/ (m - K)
o =186x10"2]/m?

In addition, PTFE composite materials can be regarded as a large number of irregular
fillers randomly distributed in a region. Using mathematics, we can find the appropriate
description criteria, such as the pebble-shaped filler as a whole convex; the polygon filler’s
angular surface has uneven characteristics in the mathematical description. Therefore,
in this paper, the free deformation method, based on the stretch factor [45], is used to find
the appropriate topological changes between the curves and obtain the parameterized
representation of the filler. The shape of the curve can be controlled by changing the pa-
rameters interactively to better represent the actual filler shape. As shown in Figure 1, five
kinds of fillers (A, B, C, D and E) are added to the simulated area. The shape settings of
these fillers have three typical characteristics, namely, concave surface, convex surface,
and flat plane (fillers A, B, C and D all contain convex and concave surfaces, and filler E
corresponds to the flat plane). The attachment sites of the crystal nuclei are, respectively,
arranged in these three places (concave position of filler B, convex position of filler D, flat
position of filler E), and the rodlike and curved crystal nuclei are also arranged (as shown
in Figure 1b,c).

Figure 1. Shape design of the filler and the location of the crystal nuclei. (a) Circular crystal nuclei,
(b) rodlike crystal nuclei, (c) curved crystal nuclei.
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3. Results and Discussion
3.1. Effects of Polymer Intrinsic Properties

In the phase-field model, the anisotropy function, 5(0), describes the anisotropy of
crystal structures with various symmetries, including single crystal, spherulite, shish-kebab
crystals, dendritic crystals, fibrous crystals, etc. In this paper, the crystallization transition
processing of PTFE with three typical anisotropic modes (j = 4, 6, 36) [30,46], corresponding
to square, hexagon, and circle, respectively, are simulated under various supercooling
degrees, as shown in Figures S1-S3. The simulation results show that when j is 4 and 6,
the overall shape of the PTFE crystal is a regular square and hexagonal, with high symmetry
and a straight and clear boundary. Different from those two, when j = 36, the overall shape
of the PTFE crystal is irregular and incomplete, and some crystals are separated from
the main crystal under a low supercooling degree, as shown in Figure S3¢; with the increase
in the supercooling degree, the crystal shape is nearly round, and its boundary is relatively
complete. When the supercooling degree is large enough, as shown in Figure S3k,0, a PTFE
crystal with j = 36 shows orientation, and the branches of the longitudinal trunk grow
preferentially toward the trunk. Under a low supercooling degree, the thermal movement
of the polymer molecular chain is too intense to form a crystal nucleus, leading to low crys-
tallization rate, which results in a small number of crystal branches, or even a large number
of amorphous regions in the PTFE with j = 36. Comparably, a large supercooling degree
promotes crystal nucleus formation and crystal growth, leading to the branches growing
evenly and prolifically into a regular crystalline shape, which is consistent with the exper-
imental preparation of dendritic PTFE crystals with a regular shape [16,17]. The branch
and orientation of PTFE have a combinative influence on crystal morphology. The above
results show that the orientation is determined by the intrinsic anisotropy of the model,
while the growth of branches is affected by the supercooling degree.

To understand the mechanism clearly, Figure 2 shows the relationships between
the number of branches and the supercooling degree. It can be seen that, in all three
simulation systems with different anisotropic modes, the number of branches has the same
varying trend. This reflects the competition between branch formation and crystal growth,
both of which are driven by the supercooling degree. Under a low supercooling degree,
the branches do not grow quickly, and there is enough space for branch formation. Thus,
firstly, the number of branches increases with the increase in supercooling. However, with
a further increase in the supercooling degree, the promoted growth rate makes the primary
branches connect and fuse in a limited space, leading to the number of crystal branches
decreasing and the branches becoming thick (as shown in Figures S1o, S20 and S30). In three
simulation systems with different anisotropic modes, the maximum number of branches
in a PTFE with j = 6 appears under a lower supercooling degree. It is because there are
more branch sites in this system than the one with j = 4, so a large number of branches can
be differentiated quickly (the curve in Figure 2 shows a larger slope); however, the space
between the trunk is small, and the number of branches is large, so the crystal branches fuse
earlier, and the number of branches decreases quickly. Although the curves of j = 4 and 36
are similar, the phenomena are different. A large anisotropic mode, j = 36, leads to a small
space in the trunk of the PTFE crystal, limiting the number of branches and resulting in an
irregular crystal shape. In summary, the supercooling degree drives the crystallization
process, while the anisotropy mode determines the branch sites and growth space of PTFE
crystals. Both of these two factors determine the competition between the branch formation
and crystal growth, whose results are the crystallinity and crystal shape of PTFE.

In this paper, the heat conduction equation is coupled in the phase-field model, where
the release of latent heat from the phase transition affects the entire free energy of the system,
and, therefore, the influence of different dimensionless latent heats on the crystalline phase
transition of PTFE has been simulated, as shown in Figure S4. Furthermore, the relationship
between the number of branches and latent heat is shown in Figure 3. The simulation
results in Figure S4 show that, when the latent heat is low, the trunk and branches of
PTFE crystals become larger, and the closer the branches are to the trunk, the stronger
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their orientation along the trunk. With the increase in latent heat, the crystal growth
slows and the crystal content (the area covered by the crystal in the simulated figure)
decreases. As shown in Figure 3, with the increase in latent heat, the number of branches
of the PTFE crystal increases first and then decreases. The mechanism of this variation
is as follows. According to the dimensionless temperature distribution in Figure S4q,r,
heat is preferentially released along the tips of each trunk and branch, which aggravates
the thickening and orientation of a branch. However, the increase in latent heat slows
this process down, and then PTFE crystals differentiate into more branches and secondary
branches (Figure S4e-h), increasing the number of branches of crystals. With the further
increase in latent heat, the total growth rate of the PTFE crystal slows down, and branches
even grow in segments and discontinuities, as shown in Figure S4m-p. Then, the number of
branches of the PTFE crystal decrease. Therefore, it is implied that a low latent heat release
rate is conducive to a regular shape and uniform growth distribution of branches in terms
of crystal morphology, and the path of latent heat release is correlated with the growth and
orientation of branches.
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Figure 2. The relationship between the supercooling degree and the number of branches of a PTFE
crystal with different anisotropic modes (evolution of time T = 160).
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Figure 3. The relationship between the number of branches of a PTFE crystal and latent heat
(anisotropic mode j = 6, evolution of time T = 160).
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3.2. Effects of Crystallization Process Factors

Anisotropic strength, as one of the important factors of crystallization processing,
indicates the degree of surface tension and dynamic anisotropy at the solid-liquid interface
of polymers. The anisotropic strength of the solid-liquid interface increases with the in-
crease in liquid surface tension. The simulation results of the morphology of a PTFE crystal
under various anisotropic strengths are shown in Figure S5. The results show that, with
the increase in anisotropic strength, the size and shape of the trunk of the PTFE crystal
remain almost the same, while the numbers and orientation degrees of the branches in-
crease. This indicates that the crystal growth rate mainly depends on the supercooling
degree, while the crystal morphology is sensitive to the anisotropic strength. Figure 4
describes the relationship between the number of branches and anisotropic strength. With
the increase in anisotropic strength, the number of branches increases sharply then de-
creases slightly, and then it slowly increases. This is because the larger anisotropic strength
amplifies the thermal disturbance at the interface, making the interface front unstable and
eventually producing a more complex crystal morphology. Therefore, the compact and
fine secondary branches of PTFE crystals are generated transversely, and their shapes are
elongated along the longitudinal direction (Figure S5k,1,0,p). This also explains the slight
decrease in the number of crystal branches: The number of secondary branches increases,
but the primary branch on the longitudinal trunk decreases. It is indicated that the low
molecular weight or the degree of polymerization of a PTFE, with low surface tension at
the solid-liquid interface during the phase transition, will form a regular-shaped, uniform
distribution of branches and a higher crystallization of the PTFE crystal.
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Figure 4. The relationship between the number of branches of a PTFE crystal and anisotropic strength
(anisotropic mode j = 6, evolution of time T = 160).

The advantage of the phase-field method for crystallization research is that it can deal
with a dispersion phase-transition interface zone with a certain thickness, which makes
the method close to ideal. In addition, it provides an effective tool to research the influence
of interface thicknesses on the crystallization process. The crystal evolution of PTFEs with
different interface thicknesses is simulated and shown in Figure S6. From the simulation
results, the relationship between the interface thickness and the number of branches is
found and shown in Figure 5. When the interfacial thickness is low, mass transfer between
the solid phase and liquid phase is inhibited, and the crystal as a whole grows slowly, even
without branching (Figure S6a—d). With the increase in interface thickness, mass transfer
regions and paths increase, promoting PTFE crystal differentiation into uniform branches,
and the degree of crystallization increases (Figure S6g). This effect leads to the number
of branches increasing, as shown in Figure 5. However, when the interface thickness
continues to increase, the isolation effect of the interface dispersion phase makes the branch
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growth discontinuous (Figure S60), and the crystallization of PTFE decreases, as shown
in Figure 5. Therefore, we suggest that the crystallization of PTFE can be improved by
adjusting the interfacial thickness close to 80 nm by optimizing the molecular weight of
the PTFE and the interfacial wettability, and high fluidity should be avoided.
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Figure 5. The relationship between the number of branches of a PTFE crystal and interface thickness
(anisotropic mode j = 6, evolution of time T = 160).

3.3. Effects of Biphasic Interface and Crystal Nucleus Shape

Based on the study and analysis of the crystallization process of PTFE using the above
phase-field model, the influence of the biphasic interface and crystal nucleus shape on the
crystallization process of PTFE was studied. The simulation results of the growth of crystal
nuclei with different shapes (circular, rodlike, and curved) at various biphasic interfaces
(convex, concave, and flat) are shown in Figure 6. The growth mode of circular crystal
nuclei (Figure 6a—c) is different from that of rodlike and curved crystal nuclei (Figure 6d-i).

The crystal trunk of the circular crystal nuclei is thick but does not differentiate into
branches. The shape of the crystal nucleus on the biphasic interface affects the overall shape
of the PTFE crystal, and it can be seen that the crystal nucleus grows along the surface of
the filler and gradually covers it. Figure 7a—c shows the enlarged details of the growth
process of the circular crystal nuclei on the surfaces of different fillers in Figure 6c. The gray
arrows reflect the local crystal growth trend. We found that the biphasic interface has no
effect on the growth rate, but the variation in interface curvature, viz. the variation of
the surface curvature of the fillers, leads to significant differences in the morphology of
the PTFE crystal (comparing Figure 7a,b to Figure 7c). During the crystallization phase
transformation of the polymer, the solid crystal continues to accept the polymer chain
segment from the liquid phase for linear growth. This growth has no component change
and only depends on the short-distance migration of the chain segment, while the short-
distance migration rate of the chain segment near the interface is affected by the interface
energy [47]. Therefore, the interface has a directional induction effect on the crystallization
growth of PTFE, as the simulated results show.
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Figure 6. Morphology evolution diagram of a PTFE crystal with different nucleus shapes with
a second-phase filler. (a—c) Circular crystal nucleus, (d-f) rodlike crystal nucleus, (g-i) curved crystal
nucleus, (j k) two examples of the defining aspect ratio (AR) for the effective branches.

The situations of rodlike and curved crystal nuclei are similar, as shown in Figure 6d-i.
The nuclei differentiate into branches. Besides the initial orientation of the nuclei (as shown
in Figure 1b,c), the trunks also grow along the interfaces, which is attituded to the directional
induction effect of the interface. The results also show that the type of nucleus plays
a decisive role in the morphology of PTFE crystals.

To analyze the differentiation growth phenomenon in the composites, as shown
in Figure 7d,f—i, the orientation angle (OA) between the trunks and effective branches of
the composites with the rodlike nucleus is marked and measured in Figure 6f. The ef-
fectiveness of branch growth is judged by its aspect ratio (AR), and the critical value is
AR > 1.7, as shown in Figure 6j,k. From the variation in the different branches” OAs, it is
found that the branches near the interface are also bent by the directional induction effect of
the interface. Because of space constraints, the concave and flat interfaces limit the growth
of induced branches, as shown in Figure 7g,i. The convex interface promotes the growth
rate of induced branches with the short-distance migration and provides an open space for
their growth, indicating that ovoid and spherical fillers are preferred in achieving the high
crystallinity of PTFE in composites.
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Figure 7. Details of PTFE crystal morphology at the biphasic interface of different fillers. (a—c) Details
of Figure 6¢; (e) morphology evolution diagram of a PTFE crystal with a rodlike nucleus shape with
second-phase filler (evolution time T = 180); (d,f—i) details of (e).

4. Conclusions

The effects of the anisotropic mode, supercooling degree, latent heat, anisotropic
strength, and interface thickness on the crystallization process and morphology of PTFE
were studied by the phase-field model. The simulation results show that the anisotropic
mode does not affect the overall growth rate of the crystal, but it does determine the shape
and symmetry of the crystal. Increasing the supercooling degree and decreasing the molecu-
lar weight or degree of polymerization of PTFE is beneficial in obtaining regular and smooth
PTFE crystals with more uniform distribution branches. In addition, the growth and local
orientation of branches are related to the release rate and path of latent heat. On the basis of
the above, the effects of biphasic interface and crystal nucleus shape on the crystallization of
PTFE can be further studied. The simulation results show that the interface has a directional
induction effect on the crystallization growth of PTFE. Furthermore, in the composites,
the type of the nucleus determines the morphology of the PTFE crystal, and the shape of
fillers influences the crystallinity of PTFE.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/mal5186286/s1, Figure S1: Morphology of PTFE crystal evolution under various supercooling
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degrees, T (anisotropic mode j = 4). (a—d) Ts = 20 K, T = 40, 120, 200, 280; (e-h) Ts; =25 K, T = 40,
120, 200, 280; (i-1) Ts = 30 K, T = 40, 120, 200, 280; (m—p) Ts = 35 K, T = 40, 120, 200, 280, Figure S2:
Morphology of PTFE crystal evolution under various supercooling degrees, Ts (anisotropic mode
j=6). (a=d) Ts = 20 K, T = 40, 120, 200, 280; (e-h) Ts = 25 K, T = 40, 120, 200, 280; (i-1) T; = 30
K, T =40, 120, 200, 280; (m—p) Ts = 35 K, T = 40, 120, 200, 280, Figure S3: Morphology of PTFE
crystal evolution under various supercooling degrees, Ts (anisotropic mode j = 36). (a—d) Ts = 25
K, T =40, 80, 120, 160; (e-h) Ts = 30 K, T = 40, 80, 120, 160; (i-1) Ts = 35 K, T = 40, 80, 120, 160;
(m-p) Ts =40 K, T =40, 80, 120, 160, Figure S4: Morphology of PTFE crystal evolution with different
dimensionless latent heat, K. (a-d) K = 2, T = 40, 80, 120, 160; (e-h) K = 3, T = 40, 80, 120, 160;
(-) K = 4,7 = 40, 80, 120, 160; (m-p) K = 5,7 = 40, 80, 120, 160; (q) dimensionless
temperature distribution of Figure S4d; (r) local detail of Figure S4q, Figure S5: Morphology of
PTFE crystal evolution with different aniso-tropic strengths, €. (a—d) € = 0.01, T = 40, 120, 200, 280;
(e-h) e =0.02, T = 40, 120, 200, 280; (i-1) e = 0.031, T = 40, 120, 200, 280; (m—p) € = 0.04, T = 40, 120,
200, 280, Figure S6: Morphology of PTFE crystal evolution with different interface thickness related
parameters, . (a—d) &g = 0.4, T = 40, 80, 120, 160; (e-h) kp = 0.8, T = 40, 80, 120, 160;
(i-) &y = 1.2, T = 40, 80, 120, 160; (m—p) kg = 1.6, T = 40, 80, 120, 160 [30,31,38-41,48-51].
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