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ARTICLE INFO ABSTRACT

Keywords: Polytetrafluoroethylene (PTFE) is widely used as a fundamental core material for high-frequency
PTFE'BaS?d ComPOSiteS and high-speed signal transmission fields due to its excellent dielectric properties. However, the
Physical interaction high coefficient of thermal expansion (CTE) characteristic of PTFE severely limits its practical

Interfacial structure

Micro-mesoporous Si0; application. The CTE of PTFE can be reduced by filling with SiO», which is always accompanied

by a rapid deterioration of dielectric properties due to the poor interfacial compatibility between
SiO, and PTFE matrix. In this paper, the challenge of synergistic regulation of dielectric and CTE
properties for PTFE-based composites is overcome by constructing an interfacial structure with
physical interactions. Micro-mesoporous SiOy (mSiO2) is prepared and introduced as a filler,
compared with smooth surface SiO5 (sSiO2), the presence of micro-mesoporous in mSiO; allows
PTFE molecular chains to be adsorbed on the surface or in the pore channels of mSiO3, which
improves the interfacial combination of the mSiO,/PTFE composites through the physical
interaction between mSiO2 and PTFE. The results show that mSiO,/PTFE composite exhibits a
lower CTE (58 ppm °C’1) while maintaining a lower dielectric constant (e, 2.29, 30 GHz) with
dielectric loss (tan 6, 2.31 x 10’3, 30 GHz) at a filler addition of 30 vol%, as compared with that
of the sSiO2/PTFE composites. This work provides a new strategy for fabricating PTFE-based
composites with low CTE as well as low ¢, and tan .

1. Introduction

The rapid development of the fifth-generation mobile communication technology (5G) and the Internet of Things (IoT) has led to
their widespread application in fields such as satellite communication, radar detection, and communication stations [1,2]. As the
fundamental core material for the aforementioned electronic devices, the microwave dielectric substrate possesses low dielectric
constant (¢;) and dielectric loss (tan 6), which is a necessary condition for high-quality signal transmission in high-frequency (> 5 GHz)
and high-speed (> 10 Gbps) environments [3,4]. Polytetrafluoroethylene (PTFE) substrate is an ideal microwave dielectric substrate
that has attracted significant attention due to its low dielectric constant (g, ~2.1) and low dielectric loss (tan 5, ~3.0 x 107 [5-71.
Unfortunately, PTFE has a high coefficient of thermal expansion (CTE, 109 ppm °C™1) [8,9], which always results in device failure
because of excessive CTE.
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Fig. 1. Schematic diagram of mSiO,/PTFE fabrication.

It is an effective strategy to reduce the CTE of PTFE by filling inorganic fillers [9,10], where SiO2 becomes an ideal filler due to its
relatively low dielectric properties (e, ~4.0, tan §, ~2.5 x 107%) and extremely low CTE (~0.5 ppm °C™1) [11,12]. However, the
reduction of the CTE of SiOo/PTFE composites is always accompanied by a rapid deterioration of the tan §, which is attributed to the
huge difference between the surface properties of inorganic SiO5 and organic PTFE, resulting in poor interfacial combination between
the filler and the matrix [12,13]. To overcome the above issue of poor interfacial combination, researchers usually modified the filler
surface by introducing chemical coupling agents to improve the interfacial compatibility between the filler and the matrix [11,14,15].
Regrettably, the chemical modification process inevitably introduces polar bonds, which causes the tan § of composites to increase
rapidly in high-frequency conditions [16]. Consequently, it is essential to develop an interfacial structure modification strategy that
does not introduce coupling agents to meet the application requirements of composites in high-frequency and high-speed fields.

Some researchers have found in other polymer systems by constructing and using a porous filler to composite with the polymer
matrix, the porous structure of the filler can be utilized to form effective physical interactions with the polymer matrix, thereby
improving the interfacial combination of the filler and the matrix. For example, Sun et al. investigated the variation of interfacial
combination of porous limestone filler with asphalt matrix, and the results showed that filler porosity is an essential factor affecting
asphalt-filler interfacial interaction [17]. Run et al. used in situ polymerization to prepare poly (methyl methacrylate)/mesoporous
molecular sieve (PMMA/MMS) composites. The results demonstrated that the interfacial interaction force between the filler and the
polymer resin is improved due to the physical interpenetration effect between the organic polymer chains and the mesoporous mo-
lecular sieves [18]. Yu et al. found that the molecular chains of the epoxy resin can be introduced into the channels of the mesoporous
SiO3 to form a tightly combined structure [19]. It can be seen that the introduction of fillers containing porous structure can physically
adsorb polymer molecular chains, enabling the polymer molecular chains to be adsorbed on the surface of the porous structure or into
the pore channels, forming a physical interaction interface structure, thus improving the interfacial combination of fillers and the
matrix without coupling agents.

Inspired by the above viewpoints, here, SiO, with micro-mesoporous (mSiO2) was prepared and introduced into PTFE to fabricate
novel mSiO,/PTFE composites. mSiO, possesses micro-mesoporous that can physically adsorb PTFE molecular chains, which results in
a stronger interfacial interaction force between mSiO; and PTFE, as compared with smooth surface SiO2 (sSiO3). In this paper, the
microstructure, interfacial combination, dielectric, and thermal properties of mSiO,/PTFE composites were systematically
investigated.

2. Experimental section
2.1. Reagents

The raw materials were polytetrafluoroethylene (PTFE) aqueous dispersion (60 wt%, TE-3865C, Dupont, USA). Tetraethyl
orthosilicate (TEOS), aqueous ammonia solution (NH3-H30, 28 wt%), cetyltrimethylammonium bromide (CTAB), and ethanol

(C2HsOH) were all analytically pure (A.R.), supplied by Sinopharm Chemical Reagent Co., Ltd., P.R. China. Deionized water was
prepared in our laboratory and applied in all reaction and treatment processes.

2.2. Preparation of sSiO2 and mSiO, powders

sSiO5 with an approximate particle diameter of 0.97 pm was prepared based on Ref. [20]. The preparation process of mSiO, was as
follows: Firstly, the water bath temperature was fixed at 10 °C, the molar ratio of TEOS:NH3-H20:H20:CoHs0H:CTAB was
1:19:370:230:0.2, and the reaction time was 2.5 h. After the reaction was finished, it was washed with deionized water for many times,
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Fig. 2. TEM images, (a) sSiO2, (b) mSiO,. Adsorption-desorption isotherms of sSiO, and mSiO; (c). Pore size-accumulated pore volume plots of
mSiO, (d). Small-angle X-ray scattering patterns of sSiO, and mSiO, (e). FTIR spectra of sSiO, and mSiO, (f). XPS spectra of sSiO5 and mSiO, (g).
Statistical diagrams of particle size based on inset SEMs, (h) sSiO, (i) mSiO,.

then dried at 80 °C for 10 h, and finally, the powder was calcined in a muffle furnace at 750 °C for 5 h to obtain mSiO5. mSiO; synthesis
process is shown in Fig. S1.

2.3. Preparation of SiO/PTFE composites

SiO/PTFE composites were synthesized in the following steps: Step a, the sSiO5 and mSiO, powders were added to PTFE aqueous
dispersions with a solid content of 60 wt%, respectively. Step b, the SiO powder and PTFE were thoroughly stirred on a double-center
mixer for 3 min. Step c, ethanol was added to break the emulsion to obtain organic-inorganic blends containing certain volumes of SiO,
(20 vol%, 30 vol%, and 40 vol%), the above organic-inorganic blend was calendered to obtain a composite pre-pressed sheet with a
thickness of 1 mm, and the pre-pressed sheet was dried at 180 °C for 48 h. Step d, the dried pre-pressed sheet, and the copper foil were
hot pressed at 385 °C for 2 h to obtain a copper-clad laminate, which was then corroded with FeCl3-6H20 solution to obtain the SiOy/
PTFE composites. sSiO,/PTFE was prepared in the same process as the mSiO5/PTFE, as shown in Fig. 1.

2.4. Characterizations

The microstructures of fillers were investigated using a transmission electron microscope (TEM, JEM-1400Plus, JEOL, Japan). The
interfacial combination of composites was observed using a transmission electron microscope (TEM, JEM-1400Plus, JEOL, Japan) and
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Fig. 3. XRD patterns, (a) composites, (b) sSiO5 and mSiO,.

a field emission scanning electron microscope (FESEM, JSM-7500F, JEOL, Japan). Among them, the interfacial combination observed
by TEM is the composites processed by ultrathin slicing to a thin slice of about 100 nm. The particle size and distribution of sSiO2 and
mSiO, in the FESEM images were analyzed using IMAGE J software. The chemical structures of sSiO and mSiO, powders were
characterized using a Fourier transform infrared spectrometer (FTIR, Lambda 7508S, PerkinElmer, America) in the range of 400-4000
em L X-ray diffraction (XRD) data of the samples were collected using a Cu Ko (45 kV, 35 mA) radiation diffractometer (Miniflex 600,
Rigaku, Japan). The scanning range was from 5° to 50°, and the scanning speed was 5°-min~!. The chemical elements on the surface of
sSiO2 and mSiOy, fillers were analyzed using X-ray photoelectron analysis (XPS, ESCALAB 250Xi, Thermo Scientific, America). The
pore structure characteristics of sSiO5 and mSiO5 were characterized using a small-angle X-ray scattering (SAXS, EMPYREAN, Pan-
alytical, Netherlands).

Dynamic mechanical analysis (DMA, DMA8000, PerkinElmer, America) was performed in three-point bending mode. The exper-
iments were carried out using a liquid nitrogen cooling device, and the measurements were performed in the temperature range of
—50 °C-200 °C with a heating rate of 5 °C-min~'. The melting temperature (Ty,) and melting enthalpy (AH,,) of sSiO/PTFE and
mSiO,/PTFE composites were determined by differential scanning calorimetry (DSC, DSC8500, PerkinElmer, America). The test range
was from room temperature to 380 °C with a rate of 5 °C-min~! in air. Tensile stress was determined using an Instron-type mechanical
testing machine (Instron 5967, Instron, America). The tensile rate was 10 mm min~!, and the test temperature was 25 °C. All data were
averaged over at least three samples.

The coefficients of thermal expansion (CTE) data of sSiO»/PTFE and mSiO,/PTFE composites were collected by testing the Z-axis
using a thermomechanical analyzer (TMA202, Netzsch, Germany) under an Ny atmosphere in the range of 0 °C-100 °C with a heating
rate of 5 °C-min~L. The dielectric data of sSiO,/PTFE and mSiO/PTFE composites were collected using a vector network analyzer
(8722 ET, Agilent, America) in the range of 5-30 GHz. The dielectric and CTE properties measurements were performed according to
the IPC-TM-650 test method manual. The characterizations of PTFE-based composites with a filler addition of 30 vol% are represented
when not stated specifically.

3. Results and discussion
3.1. sSi0O, and mSiO4 powders

Fig. 2(a) and (b) show the TEM images of sSiO3 and mSiO». It can be observed that sSiO does not exhibit any pore channels,
whereas mSiO; clearly shows the presence of micro-mesoporous channels. Furthermore, Fig. 2(c) presents the adsorption-desorption
isotherms of sSiO2 and mSiO obtained from BET testing. It can be seen that mSiO5 exhibits a type I adsorption-desorption isotherm,
corresponding to a micro-mesoporous structure. sSiOg refers to a type III adsorption-desorption isotherm, indicating that sSiO; is
basically non-adsorbed and is a non-porous channel material. As indicated in the inset table of Fig. 2(c), it reveals that mSiO, possesses
a porous structure with an average pore size of 2.9 nm, and a significantly higher specific surface area than sSiO». This is consistent
with the cumulative pore volume in Fig. 2(d), which shows a gradual increase starting from slightly below a pore diameter of 2 nm,
followed by a rapid increase after 2 nm. The SAXS patterns (Fig. 2(e)) also show that mSiO, possesses a micro-mesoporous structure,
while sSiO; has no pore channel structure [21,22]. The FTIR spectra in Fig. 2(f) reveal that sSiO5 has the same surface chemical
structure as mSiOo, with only Si-O-Si and H-O-H bonds, and no additional polar bonds are introduced. The XPS spectra (Fig. 2(g)) also
demonstrate that sSiO3 and mSiOz contain the same chemical elements. In addition, sSiO2 and mSiO, have similar particle size dis-
tributions and average particle sizes (Fig. 2(h) and (i)).



X. Liet al Heliyon 10 (2024) e25442

Enter the pore channel

/

4

4

7

Physical adsorption on the surface

PTFE molecular chain & mSio,

Fig. 4. Cross-sectional FESEM images, (a) sSiO»/PTFE, (b) mSiO,/PTFE. TEM images of ultrathin slices for composites, (c) sSiO/PTFE, (d) mSiO/
PTFE. Schematic illustration of the physical interaction mechanism between mSiO, and PTFE molecular chains (e). The PTFE-based composites
correspond to sSiO, and mSiO; filler additions of 30 vol%, respectively.

3.2. Composites phase structure and interfacial combination

3.2.1. Phase structure

Before analyzing the interfacial combination of the composites, we determined the phase structures of sSiO,/PTFE and mSiOy/
PTFE, and the results are shown in Fig. 3(a). As can be seen from the XRD patterns (Fig. 3(a)), sSiO2/PTFE and mSiO,/PTFE have
consistent phase structures, which are both shown as the crystalline phases of PTFE [23]. With the increase of fillers, the movement of
more PTFE molecular chains is hindered, resulting in a decrease of crystallinity. The SiO5 phases have not been detected because the
sSi05 and mSiO, are amorphous phases, which is evident from the broad peaks in Fig. 3(b). The characteristic diffraction peaks of the
composites are weakened, which is consistent with the variation trend of the crystallinity of the composites calculated in the subse-
quent DSC section.

3.2.2. Analyses of interfacial combination from the microstructure of composites

Fig. 4(a) and (b) show the cross-sectional FESEM images of sSiO,/PTFE and mSiO,/PTFE composites. There are obvious voids
between the two phases of sSiO5/PTFE, while the mSiO,/PTFE are tightly combined. In addition, we made ultra-thin slicing of sSiOy/
PTFE and mSiO/PTFE to observe the interfacial combination of filler (sSiO2 and mSiOy) and matrix (PTFE), respectively. Among
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Fig. 5. DSC curves of composites (a). The melt enthalpies of composites are obtained based on DSC tests, (b,d,f) sSiO,/PTFE, (c,e,g) mSiO,/PTFE.
DMA curves of composites, E' (h), E’ (i), E'/E’ (j). Schematic illustration of interfacial combination for composites, sSiO,/PTFE (k), mSiO,/PTFE (1).
DMA tests of PTFE-based composites are carried out at 30 vol% addition of sSiO, and mSiO, fillers, respectively.

them, Fig. 4(c) shows the high-magnification TEM image of sSiOo/PTFE, and Fig. 4(d) refers to the high-magnification TEM images of
mSiO2/PTFE. The low-magnification TEM images of the composites are shown in Fig. S2. The existence of interfacial voids between
sSi05 and PTFE can be clearly seen in Fig. 4(c), while no apparent interfacial voids between mSiO5 and PTFE are observed in Fig. 4(d).
This result indicates that mSiO2/PTFE has a tighter interfacial combination, which is consistent with the results of FESEM analysis.
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Table 1
Tm, AHp, and X, of PTFE-based composites.
Filler Loading T (°C) AHy (J-g7h) X (%)
sSi0, 20 vol% 330.5 30.4 62.9
30 vol% 328.2 27.0 55.8
40 vol% 329.5 21.4 44.3
mSio, 20 vol% 331.4 30.3 55.9
30 vol% 329.5 23.1 42.6
40 vol% 329.5 22.8 42.0

mSiOy/PTFE exhibits a better interfacial combination than sSiO,/PTFE for the following reasons: The molecular chains of the
molten state PTFE are in motion during the hot-pressing process of composites, and the PTFE molecular chains (the diameter is around
0.27 nm [24]) encounter the micro-mesoporous channels of the mSiO, filler (average pore size is 2.9 nm), the physical adsorption
generated by the micro-mesopores may cause a portion of the PTFE molecular chains to adsorb onto the surface of mSiOs, while
another portion of the molecular chains enters the micro-mesoporous channels of mSiO; (the interaction schematic as illustrated in
Fig. 4(e)). At this time, the movement of the PTFE molecular chains is impeded. After the hot pressing is completed, the PTFE molecular
chains form a tight physical interaction with mSiO2 due to the force generated by physical adsorption, constructing an interface
structure with an excellent interfacial combination at the interface of mSiO,/PTFE composites. In contrast, the interfacial combination
of sSiOo/PTFE composites is poor due to the absence of micro-mesoporous channels in sSiO5, which cannot produce effective physical
adsorption with the PTFE molecular chains.

3.2.3. Analyses of interfacial combination for composites from the thermodynamic perspective

To further analyze the interfacial combination of composites as well as to reveal the interfacial interaction mechanism of com-
posites, we performed DSC and DMA tests on sSiO,/PTFE and mSiO,/PTFE. Fig. 5(a) shows the DSC curves of sSiO2/PTFE and mSiOy/
PTFE composites, from which it can be seen that there is no significant difference in the melting temperatures (T,) of sSiO2/PTFE and
mSiO,/PTFE composites, which floats within the range of 328.2-331.4 °C. It is more noteworthy that the melting enthalpies (AH,,) of
the composites based on the DSC tests are shown in Fig. 5(b)-5(g). Based on Eq. (1), the crystallinity (X.) of sSiO/PTFE is calculated to
be 62.9 %, 55.8 %, and 44.3 % for filler contents of 20 vol%, 30 vol%, and 40 vol%, respectively, whereas the X, of mSiOy/PTFE is
significantly lower, with 55.9 %, 42.6 %, and 42.0 % (the specific data are listed in Table 1), the X, of sSiO5/PTFE and mSiO5/PTFE
gradually decrease with the increase of filler, which is also due to the impediment of the movement of more PTFE molecular chains,
and this is consistent with the variation trend of the composites’ characteristic diffraction peaks in the above XRD analyses. In addition,
the X, of mSiO/PTFE is lower than that of sSiO,/PTFE at the same content of filler, which suggests that the interfacial combination of
mSiO, and PTFE is more closely combined due to the presence of pore channels in the mSiO,, thus enabling the mSiOs to better hinder
the movement of PTFE molecular chain.

AH,

X, = 1
N (@))]

Where ¢, is the mass fraction content of PTFE, AH?, is the melting enthalpy of pure PTFE, 69.0 J g1 [25,26], AH,, refers to the melting
enthalpy of the composites obtained from the DSC. The AH,, of sSiOo/PTFE and mSiO5/PTFE are listed in Table 1, respectively. Based
on the given densities of PTFE, sSiO,, and mSiO, as 2.20 g cm ™, 2.20 g cm™° [27], and 1.39 g cm ™ (Fig. S3), respectively, and with a
filler addition of 30 vol%, the corresponding filler mass fraction contents for sSiO/PTFE and mSiO,/PTFE composites are 30.0 wt%
and 21.4 wt%, respectively.

Fig. 5(h)-5(j) correspond to the diagrams of energy storage modulus (E"), loss modulus (E"), and loss factor (E/E) obtained from the
DMA tests of sSiO»/PTFE and mSiO,/PTFE composites. A higher E' indicates a stronger rigidity of the system [28,29], while a higher E”
represents a stronger obstruction to the motion of the polymer molecular chains in the system, resulting in a larger energy loss in the
motion of the polymer molecular chains [30,31]. As can be seen from Fig. 5(h) and (i), the E' and E” of sSiO,/PTFE are 36.6-1098.5
MPa and 2.9-81.6 MPa at -50-200 °C, respectively, while those of mSiOy/PTFE with 68.4-1227.3 MPa and 11.0-92.2 MPa,
mSiOy/PTFE have higher E' and larger E’ than sSiOo/PTFE, indicating that the mSiO2/PTFE more tightly combined with better
interfacial combination, the rigidity of the mSiO,/PTFE system is increased, and the movement of PTFE molecular chains produces
more energy loss. Fig. 5(j) shows the E'/E' patterns, the first peak is the change of the PTFE molecular chain from helical conformation
to irregular winding in SiO2/PTFE composites [32], the peak position of sSiO2/PTFE is 39.3 °C whereas that of mSiO,/PTFE is 40.5 °C.
The increase of 1.2 °C may be related to the tighter interfacial combination of mSiO5/PTFE than sSiO2/PTFE. The second peak refers to
the glass transition temperature (Tg) peak of the composites [33]. It can be clearly seen that the Ty of mSiO2/PTFE is 136.3 °C, higher
than that of 132.9 °C for sSiO,/PTFE, and it can also indicate that the mSiO, has stronger interfacial interactions with PTFE, which
makes the mSiO,/PTFE have a closer interfacial combination. Schematic illustrations of the composites interface combination as
shown in Fig. 5(g) and (h).

3.2.4. Analyses of interfacial combination for composites from the mechanical perspective
Mechanical characterization and simulation are also effective ways to analyze and reveal composites’ interfacial combination and
interfacial interaction mechanism. Fig. 6(a) and (b) show the tensile stress-strain curves of sSiO5/PTFE and mSiO5/PTFE at different
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tensile stress-strain curves of pure PTFE (d).

volumes of SiO; filler addition (20 vol%, 30 vol%, and 40 vol%). The tensile stress (c.) of mSiO5/PTFE is stronger than sSiO,/PTFE at
the same filler addition content (Fig. 6(c)), which demonstrates that mSiO/PTFE has stronger interfacial interactions. To further
detect the differences in interfacial interactions in the SiO5/PTFE composites mentioned above, the theoretical model for the
dependence of o, on filler volume fraction proposed by Nicolais and Narkis is used, which can be expressed as Eq. (2) [33,34].

q:o‘m(l - 1.21¢§) @

where o, and o, represent the tensile stress of the composites and pure PTFE, respectively, and @y refers to the volume fraction of filler.
The tensile stress-strain curves of pure PTFE are presented in Fig. 6(d).

The data calculated by Eq. (2) are presented in Fig. 6(c), in which the spherical rigid particles are assumed to be uniformly dispersed
between the filler and the polymer matrix without any interfacial interaction force between the two phases [35]. o, experimental
values of sSiO2/PTFE and mSiO,/PTFE composites are higher than the theoretical values, among them, 6, of sSiO2/PTFE is higher than
the theoretical value, which demonstrates that sSiO; utilizes its own volume effect to produce certain interaction with PTFE. What is
more noteworthy that the 6. of mSiO2/PTFE is not only higher than the theoretical value, but also greater than that of sSiO/PTFE,
which is a sufficient indication that the mSiO5 produces stronger interfacial interactions with PTFE due to the presence of pore-channel
structure.

In terms of the theoretical mechanical model, a tighter interfacial combination of the composites provides a greater stiffness of the
composite system, which is reflected in a more uniform stress (tensile force per unit area) distribution at the interface between the two
phases in the composites when an external tensile stress is applied to the composites [36]. Based on the solid mechanics model in
COMSOL 6.1 software, a two-dimensional SiO5/PTFE composites model with a length x width of 5 pm x 5 pm is constructed, in which
the area of the PTFE matrix model occupied by sSiO; and mSiO, fillers is 30 %, respectively, and the stress distributions of the
sSiO2/PTFE and mSiO,/PTFE composites at the interface as well as between the filler particles are calculated by fixing the bottom side
of the model, and then applying different tensile stresses (5,10, and 20 MPa), to the top side of the model, the results are shown in
Fig. S4. Fig. S4 exhibits that the uniformity of stress distribution between the filler particles of mSiOy/PTFE is better than that of
sSiOy/PTFE at different stresses. As indicated by the red arrows in the area, the color moves in the direction that represents less stress.
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The stress distributions at the interface of a single SiO; sphere with the PTFE matrix are exhibited in Fig. 7(a)-7(f), and the red circle in
Fig. S4 marks the location of the sphere.

Fig. 7(a)-7(c) reveal that there is a more apparent stress concentration at the sSiO,/PTFE interface (colors are shifted in the di-
rection representing higher stress values), while the stress distribution at the mSiO,/PTFE interface is more uniform (Fig. 7(d)-7(f)),
under different stresses. This result is consistent with the above analysis, indicating that the physical interaction force between mSiO,
and PTFE effectively improves the interfacial combination of mSiO,/PTFE, owing to the effective physical adsorption of PTFE mo-
lecular chains by the micro-mesoporous of mSiO2. One portion of the PTFE molecular chains is adsorbed on the surface of mSiO,, while
another portion of PTFE molecular chains is embedded in the pore channels of mSiO,.

3.3. Dielectric and thermal properties of sSiO2/PTFE and mSiO2/PTFE composites

Maintaining a low €, and low tan 6 of PTFE-based composites is a performance requirement for their application in high-frequency
and high-speed fields. Fig. 8(a) shows that the variation of ¢, is minimal with the change of test frequency (5-30 GHz) for sSiO2/PTFE
and mSiO,/PTFE, when the filler content remains constant. This result indicates that PTFE-based composites have stable ¢, at different
frequencies. In addition, Fig. 8(a) also shows that as the addition of sSiO5 increases from 20 vol% to 40 vol%, the €, of sSiOy/PTFE
increases from 2.32 to 2.59 (30 GHz). The increase in ¢, is because the ¢, of SiO5 is 4.0, which is higher than that of PTFE (g, = 2.1),
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Table 2

Comparison of dielectric and thermal properties with PTFE-based composites.
Filler Loading & tan 5 (1073) f (GHz) CTE (ppm-°C™1) Ref.
SiO, 30 vol% 2.38 1.53 40 86 [11]
Mg,SiO4 30 vol% 2.8 8.0 5 70 [41]
SiO, 30 wt% 2.5 4.0 5 70 [42]
BCZN 30 vol% 5.1 1.6 7 72 [43]
Sm,Si>07 30 vol% 3.5 4.3 9 40 [44]
(Ca,Li,Sm)TiO3 40 vol% 7.9 1.2 10 45 [45]
ZnAly04 30 vol% 2.8 5.0 7 - [46]
Li;MgsTiOg 30 wt% 3.1 2.3 10 - [471
Rutile 30 wt% 4.3 7.1 11.5 - [48]
mSiO, 30 vol% 2.29 2.31 30 58 This work

therefore, the &, of the composites increases gradually with the increase in SiO2 addition. For mSiO3 at the same volume fraction, the &,
ranges from 2.22 to 2.38 (30 GHz), which is lower than that of sSiO2/PTFE. mSiO5/PTFE possesses a lower ¢, than that of sSiO2/PTFE
for the following reasons: On the one hand, the density of mSiO; is smaller than that of sSiO, (analytical part of Fig. S3), and at the
same volumetric content of filler (e.g., 30 vol%), the density of mSiOy/PTFE composites is smaller than that of sSiOs/PTFE (Table S1),
which suggests that when mSiOs is added as a filler to the PTFE matrix, mSiO5 introduces air (¢; = 1.0) due to the presence of micro-
mesoporous channels. mSiO,/PTFE composites with a tight interfacial combination enable the pore channels to be enclosed, and the
air introduced by mSiO, with an extremely low &, is retained. On the other hand, it is because mSiO,/PTFE has a better interfacial
combination than sSiOs/PTFE, which results in a smaller relaxation polarization at the mSiO,/PTFE interface [37].

As shown in Fig. 8(b), it can be observed that when the addition amount of sSiO5 is 20-40 vol%, the tan & of sSiO5/PTFE increases
rapidly from 1.96 x 107> to 4.08 x 10> at 30 GHz. However, for the same filler content, the tan 5 of mSiO,/PTFE is significantly lower
than that of sSiO,/PTFE, ranging from 1.85 x 1073 to 2.71 x 10~2 at 30 GHz. The reason for the decrease in tan 5 is as follows: The
presence of more polar bonds (Si-O-Si and H-O-H) at the SiO5 solid-gas interface provides additional polarization loss by the for-
mation of locally aligned dipoles when SiO5 interfaces poorly with PTFE, whereas mSiO,/PTFE has a tight interfacial combination,
which decreases the polarization loss [38].

PTFE-based composites, which are used as core component materials, can cause electronic devices to fail if the CTE is too high [38,
39,40]. Therefore, PTFE-based composites with low CTE while maintaining low &, and low tan § are essential to ensure the application
of composites. As shown in Fig. 9(a), the CTE curves of the samples with the designed series of filler loading demonstrate a similar
decreasing trend in both sSiO2/PTFE and mSiO2/PTFE composites. Nevertheless, an apparent discrepancy exists in the CTE perfor-
mances between sSiO,/PTFE and mSiO5/PTFE composites. At the same filler addition (20-40 vol%), mSiO,/PTFE has a lower CTE
(44-79 ppm °C™1) than sSiO,/PTFE (56-86 ppm °C~1). This phenomenon is attributed to the physical adsorption of PTFE molecular
chains by the micro-mesoporous structure of mSiO,, which makes the two-phase interface tightly combined, and when the external test
temperature changes, the movement of PTFE molecular chains to generate thermal expansion is more effectively hindered. The results
demonstrate that introducing mSiO» is an effective way to improve the dielectric and CTE properties of PTFE-based composites.

Based on the dielectric and thermal properties of mSiO,/PTFE at mSiO, addition of 30 vol%, we compare the results with the
reported PTFE-based composites (with close filler additions) as shown in Fig. 9(b) and Table 2 mSiOy/PTFE composites exhibit
excellent low dielectric and low CTE performance, indicate that the mSiOy/PTFE composites have excellent potential for practical
applications.
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4. Conclusions

In summary, this paper proposes a novel interface structure strategy of physical interaction to improve the interfacial combination
between filler and matrix. Specifically, mSiO, is introduced as an inorganic filler, and the micro-mesoporous channels contained in
mSiO, are utilized to achieve a tight interfacial combination with PTFE through the physical adsorption effect, to obtain mSiO/PTFE
composites with excellent comprehensive performance. The microstructure, interfacial combination, dielectric, and thermal properties
of the mSiO,/PTFE composites were systematically studied. mSiOo/PTFE has a tighter interfacial combination than sSiO5/PTFE, as
directly observed by FESEM and TEM. Furthermore, the thermomechanical (DSC and DMA) tests combined with the calculation of the
crystallinity demonstrate that the mSiO,/PTFE composites have good interfacial combinations. The physical interaction mechanism
between mSiO, and PTFE is further revealed theoretically by mechanical analysis and solid mechanics modeling simulations.
Compared with sSiO,/PTFE, the CTE of mSiO/PTFE is reduced from 76 ppm °C ™! to 58 ppm °C ™! at 30 vol% of SiO, addition, while
the ¢, and tan & of mSiO4/PTFE are decreased from 2.45 to 3.78 x 102 t0 2.29 and 2.31 x 102 at 30 GHz. The fabricated mSiO/PTFE
combines excellent low dielectric properties with low CTE, showing its great potential for applications in high-frequency and high-
speed microwave communications.
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