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ABSTRACT: Silicone rubber (SR) exhibits superior breathability and high-temperature resistance. However, SR is
prone to degradation under extreme heat or combustion, limiting its effectiveness in mitigating secondary hazards.
In this study, phosphate glass powder was used to calcinate zinc borate, lanthanum oxide, and cerium oxide.
Methylphenyl polysiloxane was then grafted onto the surface of the glass powder, resulting in the modified pow-
ders designated as Methylphenyl polysiloxane-grafted zinc borate-modified phosphate glass powder (GF-ZnBM),
Methylphenyl polysiloxane-grafted lanthanum oxide-modified phosphate glass powder (GF-LaM), and Methylphenyl
polysiloxane-grafted cerium oxide-modified phosphate glass powder (GF-CeM). The modified powders were sub-
sequently incorporated into silicone rubber composites to enhance the ceramicization capability of silicone rubber
at high temperatures. Specifically, GF-CeM and GF-LaM significantly increased the limiting oxygen index (LOI) to
33% and reduced the tendency for combustion propagation. Additionally, GF-CeM notably contributed to enhancing
ceramicization strength. The presence of cerium oxide helps in the melting of the glass powder and enhances its
adhesion to the silicone rubber matrix. SR/ZnB-GF exhibited the lowest activation energy among the tested composites,
along with the best protective capability. The inclusion of modified glass powder has a minor impact on the rheological
properties, indicating that the composite retains its ability to flow and deform under stress. This confirms that the
material remains flexible under normal conditions and forms a ceramic structure when heated, thereby exhibiting self-
supporting properties. This study provides a practical methodology for the targeted modification of glass powders,
thereby further enhancing the fire safety of silicone-based composites.
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1 Introduction

Silicone rubber (SR) is extensively utilized in various applications such as medical materials, tires,
seals, wires, and cables, owing to its superior breathability and high-temperature resistance [1]. Compared
to organic polymers such as polyethylene and polyurethane, polydimethylsiloxane, which features a main
chain composed of Si-O-Si inorganic groups and organic side chains such as methyl and ethylene, exhibits
superior flame retardancy [2]. Furthermore, during high-temperature exposure or combustion, the poly-
dimethylsiloxane chains tend to depolymerize, forming silica particles that facilitate ceramic formation [3].
This characteristic makes silicone rubber commonly used as a matrix for ceramicizable polymer composites.
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However, SR is prone to degradation under high temperatures or combustion, often resulting in the loss
of mechanical properties or transformation into brittle carbonaceous layers and ashes [4]. Consequently,
SR fails to effectively mitigate secondary hazards such as explosions or radiation leaks that may occur
following incidents like power outages or fires. Incorporating ceramic fillers and aids into SR can produce
ceramicizable SR materials that remain flexible under normal conditions but form ceramic structures and
exhibit self-supporting properties upon heating [5]. This enhances their suitability for fire safety applications
in specialized fields such as high-speed rail transportation and nuclear power plants [6]. The enhancement
of silicone’s ceramicization capability is particularly crucial in industries such as automotive, aerospace,
industrial equipment, energy, chemical, and metallurgy [7]. This involves enhancing the wear resistance,
high-temperature resistance, and chemical stability of silicone by selecting high-purity raw materials,
optimizing formulation ratios, controlling reaction conditions, and refining ceramicization processes [8—10].

However, merely adding common ceramic fillers and aids may not suffice to endow silicone rubber com-
posite materials with adequate flame retardancy and low-temperature ceramicization capabilities, thereby
impeding their effectiveness in fire protection scenarios. Therefore, researching and developing silicone
rubber composite materials with enhanced flame retardancy and ceramicization capabilities is of paramount
importance for the safety protection of critical facilities [11]. The urgency to enhance the flame retardancy of
silicone is evident, as it directly impacts fire safety across various sectors, including construction, electronics,
transportation, aerospace, furniture, and household goods [12]. In these areas, fires could result in severe
casualties and substantial property losses. Various methods are available to enhance the flame retardancy
of silicone, including the addition of flame retardants, modification of molecular structures, and synthesis
of novel silicone compounds [13,14]. While adding flame retardants is a common method to enhance flame
retardancy, this approach may adversely affect other properties of silicone and pose environmental and health
risks [15]. Conversely, modifying the molecular structure can effectively improve flame retardancy; however,
the synthesis process may be complex and costly [16]. Additionally, synthesizing novel silicone compounds
offers the potential to tailor materials with excellent flame retardancy [17]. However, this approach requires
extensive research and development efforts and may incur higher costs. Hence, in practical applications, it is
necessary to comprehensively consider the advantages and disadvantages of different methods. The selection
of appropriate methods to enhance silicone’s flame retardancy should be based on specific requirements
and conditions.

Boric acid zinc, a typical boron-based synergistic flame retardant, is capable of forming glassy ceramic
layers at high temperatures, thereby delaying heat transfer [18]. Mixing boron oxide, zinc oxide, and
phosphorus pentoxide and calcining them at high temperatures yields a hard, low-melting glass, ideal for
facilitating ceramicization in composite materials [19]. However, studies have shown that directly adding
this low-melting glass into high-temperature sulfur-cured silicone rubber without further modification
may disrupt the rubber’s curing process due to the glass’s high acidity [20]. Incorporating borate-zinc into
phosphate glasses could potentially mitigate the issue of excessively high acidity in the formed glass, thereby
improving both the flame retardancy and ceramicization properties of the glass [21]. Moreover, the addition
of lanthanum and cerium, which are rare earth oxides, generally raises the softening point of the glass
while increasing its hardness [22]. Incorporating lanthanum oxide and cerium oxide into glass powder could
potentially enhance the strength and durability of the resulting glass ceramics [23]. Furthermore, rare earth
metal oxides can serve as synergistic flame retardants when used in conjunction with phosphate-based flame
retardants, effectively reducing the fire hazards of flame-retardant composite materials.

The value of this study lies in the development of silicone rubber composites that not only exhibit
excellent fire resistance but also possess ceramicization properties, which are crucial for safety-critical
applications. This research focuses on the synthesis of modified glass powders and their impact on the fire
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resistance, ceramicization properties, and hydrophobicity of silicone rubber composites, presenting an inno-
vative approach that bridges the gap between material performance and practical safety requirements [24,25].
In this study, modified glass powders will be used to replace the original commercial glass powders in the
preparation of flame-retardant and ceramicizable silicone rubber. The research will primarily investigate
the composition, morphology, and their effects on the fire resistance, ceramicization, and hydrophobicity of
the silicone rubber composite material.

2 Experimental Section
2.1 Materials

High-temperature vulcanized silicone rubber and the curing agent 2,5-dimethyl-2,5-di(tert-
butylperoxy) hexane (DBPH) were purchased from Guangdong Yinxixi Technology Co., Ltd. (Guangdong,
China). Calcined kaolin (3000 mesh, 5 um) was purchased from Aladdin Biochemical Co., Ltd. Glass
powder was purchased from Anmi Weina New Materials Co., Ltd. (Guangzhou, China). Anhydrous zinc
borate, cerium oxide, lanthanum oxide, and methylphenyl polysiloxane were purchased from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China).

2.2 Preparation of Modified Glass Powder and Its Composites

Initially, the chemical composition of the glass powder was analyzed semi-quantitatively using X-ray flu-
orescence (XRF) to determine its elemental composition in Table S1. Phosphate glass powder was combined
with anhydrous borate-zinc, cerium oxide, and lanthanum oxide at a mass ratio of 19:1. The mixture was then
placed into alumina crucibles and compacted. The crucibles were placed in a muffle furnace and heated to
1000°C at a rate of 10°C per minute. They were maintained at this temperature for 30 min and then allowed to
cool naturally to room temperature to obtain bulk glass. The fired bulk glass was crushed and sieved through
a 10-mesh sieve. Subsequently, the sieved powder was subjected to ball milling in a planetary ball mill at
420 rpm for 5 h. Afterward, methylphenyl polysiloxane, constituting 3 wt% of the total mass of the powder,
was added to the ball milling jar. Ball milling was then continued at 420 rpm for an additional 5 h. Upon
completion of ball milling, the powder was washed with ethanol to remove excess cyclic polysiloxane, then
dried and sieved through a 200-mesh sieve to obtain the final glass powder. The glass powder formulations
containing anhydrous borate-zinc, cerium oxide, and lanthanum oxide were designated as methylphenyl
polysiloxane-grafted zinc borate-modified phosphate glass powder (GF-ZnBM), methylphenyl polysiloxane-
grafted cerium oxide-modified phosphate glass powder (GF-CeM), methylphenyl polysiloxane-grafted
lanthanum oxide-modified phosphate glass powder (GF-LaM), respectively.

The glass powder silicone rubber composite material was prepared following the formulation specified
in Table 1. For instance, in the preparation of SR/G45, the components were added in succession to an
internal mixer: 33 g of silicone rubber, 736 g of glass powder, 736 g of MPP, 0.396 g of DBPH, and
12.28 g of calcined kaolin. The mixture was stirred for 15 min and then processed through an open mill to
form the samples. Using suitable iron molds, the pre-vulcanization of each sample was conducted under
specific conditions: a temperature of 175°C, a pressure of 15 MPa, and a sulfurization time of 10 min. The
samples were then subjected to post-vulcanization in an oven, maintained at a temperature of 200°C, for
a duration of 2 h. Ultimately, the samples were trimmed into appropriate shapes to facilitate subsequent
testing. Rectangular samples (80 x 10 x 3 mm?®) were positioned in a high-temperature muffle furnace and
subjected to heating at temperatures of 600°C, 800°C, and 1000°C, with a heating rate of 10°C-min~". After
being maintained at each specified temperature for 30 min, the samples were allowed to cool naturally to
room temperature. This process resulted in the formation of ceramic-like bodies from the calcined silicone
rubber composite material.
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Table 1: Modified glass powder silicone rubber composite material formulation

Sample SR DBPH MPP GF Kaolin

SR/G45 33g 0.396g 736¢g 736 g GF 1228 g
SR/Zn-GF 33g 03%¢g 736g 736gGF-ZnBM 12.28¢g
SR/Ce-GF 33g 039%g 736g 736gGF-CeM 1228¢g
SR/La-GF 33g 03%¢g 736g 736gGF-LaM 12.28¢g

2.3 Characterization

Fourier transform infrared (FT-IR) spectra were acquired using KBr pellets with a Thermo Fisher
Nicolet 6700 infrared spectrometer (USA). The measurements were conducted over a spectral range of
400-4000 cm™".

The thermal stability of the silicone rubber composite materials in a nitrogen atmosphere was analyzed
using thermogravimetric analysis (TGA) with a Q5000 thermal analyzer. The temperature was increased

from ambient to 800°C at a linear heating rate of 20°C-cm™.

X-ray diffraction analysis was performed using a Japanese Rigaku D Max-Ra rotating anode X-ray
diffractometer, equipped with Cu Ka radiation (A = 0.1542 nm). The scanning speed was set at 4°-cm ™.

X-ray photoelectron spectroscopy (XPS) was conducted utilizing a VG ESCALAB MK-II electron
spectrometer (V.G. Scientific Ltd., UK), employing Al Ka radiation at 1486.6 eV.

The thermal decomposition products of the silicone rubber composite materials were characterized
using a combined approach of TGA and Fourier transform infrared spectrophotometry (TGA-FTIR).

Three-point bending strength was measured using a universal testing machine (MST System Co., Ltd.,
Shenzhen, China) at a testing speed of | mm-min~! on the residual materials of the silicone rubber composite
materials post-calcination. The mass residue rate was determined by comparing the mass of the silicone
rubber composite material samples before and after calcination. Similarly, the volume shrinkage rate was
calculated by comparing the average dimensions (length, width, and thickness) of the samples before and
after calcination.

The tensile strength and elongation at break of the materials were determined using a universal testing
machine (MST System Co., Ltd., China) with a testing speed of 200 mm-min~!. Combustion properties were
evaluated in accordance with ISO 5660-1:2015 using a cone calorimeter (TESTech, Beijing, China). The tests
utilized specimens measuring 100 x 100 x 3 mm® and were exposed to a heat flux of 35 kW-m 2. Additionally,
vertical burning tests (UL-94) were conducted following the ASTM D3801-20a standard, employing samples
with dimensions of 100.0 x 10.0 x 3.0 mm® (CFZ-II, Jiangning Analytical Instrument Co., Ltd., Nanjing,
China).

Scanning electron microscope (SEM) images were captured to examine the surface morphology of the
samples using an SU8220 cold field emission scanning electron microscope, operated at an experimental
voltage of 3 kV.

Limiting oxygen index measurements were conducted in accordance with ASTM D2863-20a using
a limiting oxygen index tester (HC-II, Jiangning Analytical Instrument Co., Ltd., China). The specimens
measured 100.0 x 6.5 x 3.0 mm’. Additionally, the dynamic mechanical behavior of the materials in tensile
mode at 1.00 Hz was analyzed using a TA DMA 242C dynamic mechanical analyzer. Rectangular specimens
measuring 25 x 6 x 1 mm?® were heated from —50°C to 0°C at a heating rate of 5°C-min™". Backboard burning
tests were conducted by positioning silicone rubber composite material boards, measuring 100 x 50 x 3 mm?,
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horizontally on an iron frame table and applying heat using an alcohol lamp. Surface temperatures were
recorded using a YET-610/610L digital K-type thermocouple probe thermometer, with flame temperatures
reaching approximately 600°C.

3 Results and Discussion
3.1 Composition and Structural Characterization of Modified Glass Powder

As depicted in Fig. la, X-ray diffraction (XRD) was utilized to examine the crystal structure of the
modified glass powder. The pure phosphate glass powder displayed a broad peak at 26 = 30.1°, indicative of
the non-crystalline SiO, diffraction peak. In contrast, despite the introduction of zinc borate in the GF-ZnBM
sample, only the SiO, diffraction peak was evident at the same angle, 26 = 30.1°. The absence of characteristic
diffraction peaks for zinc borate, which are theoretically expected around 15°, is attributed to the complete
decomposition of zinc borate and its subsequent integration with the glass powder during high-temperature
calcination. In the XRD diffraction pattern of GF-CeM, only the characteristic diffraction peaks of cerium
oxide, specifically (002), (111), (200), (220), and (311), were observed [26]. This indicates that no chemical
reaction occurred between cerium oxide and the phosphate glass powder during the calcination process.
Conversely, the XRD pattern of GF-LaM revealed not only the characteristic diffraction peaks of lanthanum
oxide, such as (100), (002), (101), (102), (110), (200), and (112), but also characteristic diffraction peaks of
lanthanum phosphate [27]. This suggests that a partial chemical reaction occurred between lanthanum oxide
and the phosphate glass powder during the calcination process [28].
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Figure 1: (a) X-ray diffraction spectra of phosphate glass powder, GF-ZnBM, GF-CeM, and GF-LaM; (b) Infrared
spectra of phosphate glass powder, GF-ZnBM, GF-CeM, and GF-LaM; (c,d) High-resolution X-ray photoelectron
spectra of Zn 2p and B 1s for GF-ZnBM; (e) High-resolution X-ray photoelectron spectra of Ce 3d for GF-CeM, and
(f) High-resolution X-ray photoelectron spectra of La 3d for GF-LaM
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As depicted in the infrared spectra shown in Fig. 1b, the prepared GF-ZnBM, GF-CeM, and GF-
LaM samples exhibited peaks corresponding to their respective metal oxides, along with peaks associated
with the benzene ring [29,30]. This indicates the successful grafting of methylphenyl polysiloxane onto the
surface of the modified glass powder. Furthermore, the Zn 2p and B 1s spectra of GF-ZnBM, presented
in Fig. 1c,d, displayed characteristic peaks corresponding to Zn?* 2ps/2 and 2p;3), as well as to the B-O bond.
These observations confirm that the valence states of Zn and B remained unchanged during the calcination
process [31]. From Fig. le,f, it is evident that La in GF-LaM was present in the trivalent state, while Ce
in GF-CeM exhibited a coexistence of trivalent and tetravalent states. This indicates the presence of La as
La, 05 and Ce as coexisting CeO, and Ce, O3, suggesting differential oxidation states of these elements in the
respective samples.

Fig. 2a—d displays the results of the water contact angle tests for phosphate glass powder and modified
phosphate glass powder pressed tablets, utilized to assess the hydrophobicity of the glass materials. The
findings reveal that the water contact angle of unmodified phosphate glass powder is 0°, indicating
pronounced hydrophilicity. In contrast, the water contact angles for GF-LaM, GF-CeM, and GF-ZnBM glass
powders modified with silane were recorded at 156°, 159°, and 151°, respectively, demonstrating successful
silane grafting onto the surface of the glass powder and effectively rendering it highly hydrophobic [32].
Additionally, as shown in the SEM images in Fig. 2e-h, the modified glass powders continue to display
irregular particle shapes of similar sizes, indicating that the modification process did not significantly alter
the microscopic scale of the glass powder. Furthermore, Fig. 2f-h reveals that despite undergoing calcination
and silane modification, the glass powders did not exhibit any agglomeration.

(al) (b1) o () o (d1)

Figure 2: (al,a2) Images before and after water droplet contact angle tests for phosphate glass powder; (b1,b2) GF-
LaM; (cl,c2) GF-CeM, and (d1,d2) GF-ZnBM; (e) Scanning electron microscope images of phosphate glass powder;
(f) GF-ZnBM; (g) GF-CeM, and (h) GF-LaM

Concerning the content of methylphenyl polysiloxane in GF-LaM, GF-CeM, and GF-ZnBM, it is
assumed that the mass of the unmodified doped glass powder remains unchanged after being calcined at
1000°C. To quantify the methylphenyl polysiloxane content, the modified glass powders were spread on a
corundum dish and heated to 800°C in an air atmosphere [33]. The mass change of the modified glass powder
before and after this subsequent high-temperature calcination was then calculated to determine the effective
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content of the methylphenyl polysiloxane. Theoretically, the observed mass change in the modified glass
powders provides an approximation of the effective content of methylphenyl polysiloxane. Experimental
results revealed that the mass change rates for GF-LaM, GF-CeM, and GF-ZnBM were 2.7%, 2.7%, and 1.8%,
respectively. These values suggest that the effective contents of methylphenyl polysiloxane in GF-LaM, GF-
CeM, and GF-ZnBM are approximately 2.7%, 2.7%, and 1.8%, respectively. Furthermore, these findings are
consistent with the water contact angle test results, indicating that a higher effective content of methylphenyl
polysiloxane correlates with larger hydrophobic angles.

3.2 Thermal Stability of Modified Glass Powder Silicone Rubber

Fig. 3 presents the thermogravimetric curves of SR/G45, SR/Ce-GFE SR/ZnB-GF, and SR/La-GF under
a nitrogen atmosphere, with corresponding data detailed in Table 2. Analysis of these curves reveals that
SR/G45 and SR/ZnB-GF exhibit a two-step decomposition process, while SR/Ce-GF and SR/La-GF undergo
three degradation steps. The two-step decomposition is primarily attributed to differing activation energies
required for the degradation of side chains and main chains in polydimethylsiloxane [34]. The emergence
of three peaks in the DTG curves for additions of lanthanum and cerium may be related to their anti-aging
properties [35]. Furthermore, the introduction of modified phosphate glass powder has altered the thermal
stability of the silicone rubber composites, resulting in a slight reduction. Notably, the most significant
decrease was observed in SR/Ce-GF at the T5% temperature, while the final mass residual rates for SR/Ce-GF,
SR/ZnB-GF, and SR/La-GF were marginally lower than that of SR/G45.
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Figure 3: (a) TG curves and (b) Derivative Thermogravimetry (DTG) curves of samples under nitrogen atmosphere

Table 2: Thermal weight data of silicone rubber composite materials under nitrogen atmosphere

Sample T, T R, T,.." R,..’ T, R,.." Residue%
°C °C mass% °C™" °C mass% °C™ °C mass% °C™"
SR/G45 411.6 4276 91.3 548.7 69.0 - - 61.3
SR/Ce-GF 400.3 426.3 89.9 471.9 78.4 521.2 66.9 59.7
SR/ZnB-GF 410.2 4244 88.8 524.9 65.4 - - 60.3
SR/La-GF 411.7  426.6 91.3 476.6 79.7 527.9 68.0 0.3

Note: *Tyax: The temperature at the maximum mass loss rate; PRiax: The maximum mass loss rate.
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3.3 Flame Retardant Properties of Modified Glass Powder Silicone Rubber

Fig. 4a—e displays the gas-phase infrared spectra generated during the pyrolysis of SR, SR/G45,
SR/La-GE, SR/ZnB-GFE and SR/Ce-GF under a nitrogen atmosphere. Fig. 41 illustrates the total thermal
decomposition product curve of infrared absorption intensity as a function of temperature. Analysis of
the three-dimensional TG-IR spectra of the pyrolysis gas products, coupled with the Gram-Schmidt plot,
reveals that the incorporation of kaolin, phosphate glass powder, and MPP leads to a reduction in both the
temperature at which absorption peaks appear and the intensity of these peaks. This observation suggests
that these additives impact the thermal degradation behavior of the silicone rubber composites, thereby
enhancing their thermal stability. Compared to SR/G45, the composites SR/Ce-GF, SR/ZnB-GF, and SR/La-
GF display stronger infrared absorption peaks. However, the peak intensity of SR/Ce-GF is still lower
than that of pure silicone rubber. Fig. 4h illustrates the curve of peak temperature variation for the most
intense absorption peak of cyclic oligomers with temperature, which corresponds to the trends observed
in the Gram-Schmidt plot. The addition of fillers reduces the peak temperature of the infrared absorption
peaks in silicone rubber materials. Notably, SR/ZnB-GF exhibits the highest absorption peak intensity,
whereas SR/G45 shows the weakest. This indicates that the inclusion of GF-ZnBM enhances the release of
cyclic oligomers gases from the material, potentially enabling it to achieve a V-1 grade in vertical burning
tests. Fig. 4¢ displays the curve of peak temperature variation for most intense absorption peak of methane
with temperature. Notably, SR/Ce-GF exhibits the highest absorption peak intensity, whereas SR shows
the weakest. This indicates that the inclusion of GF-CeM enhances the release of methane gases from the
material. Fig. 41 displays the infrared spectra at the maximum absorbance of the pyrolysis gases. All samples
demonstrate characteristic absorption peaks at 2967, 1263, 1078, 1026, and 820 cm™l, corresponding to the
C-GC, Si-O-Si, and C-Si bonds of cyclic oligomers. Additionally, it is observed that the absorption peaks for
CO,, -N=C=0, and -CN in the SR/G45 curve are less intense in the curves for SR/Ce-GF, SR/ZnB-GF, and
SR/La-GF.
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Figure 4: (Continued)



] Polym Mater. 2025;42(2) 539

0.012 i
(@02 ) )
0.010 | —— SRIG4S CH 8 Cyclic oligomers — SRIG4S
SRLa-GF 4 1036cm’ =
30008 T SRZnBGF 3016em? 3199 " SR/La-GF 1078] 520
.00 —* SRCe-GF & 3| sRr 2987 253
Ho, 8 2
L] —
§0°°4' § g| sriGss . A
] = - —— ——
£0.002 E & | _srcen A
4 Q
80000 2 2| sroPr A
-0.002 ] 2 |
064 ] SRIG-P13 A
200 400 800 800 4000 3000 2000 1000
Temperature (°C) Temperature (°C) Wavenumber (cm™)

Figure 4: (a-e) The three-dimensional TG-IR spectra of the thermal decomposition gas products of SR, SR/G45, SR/La-
GE, SR/ZnB-GF, and SR/Ce-GF; (f) the total thermal decomposition product curve of infrared absorption intensity as
a function of temperature; the (g) CH,4 and (h) cyclic oligomers curve of infrared absorption intensity as a function of
temperature; (i) The infrared spectrum at the maximum absorbance of the thermal decomposition gas

Fig. 5a—f illustrates the characteristic data curves from cone calorimetry analyses of thermal release,
CO/CQ, evolution, and smoke release over time for silicone rubber composite materials, with more detailed
results documented in Table 3. These results demonstrate that the incorporation of ceramic fillers and flame
retardants significantly reduces both the peak heat release rate (PHRR) and total heat release (THR) of the
composites. Specifically, the PHRR of the SR/G45 composite material is reduced to 183.5 from 333.4 kW-m™2
observed in pure SR, marking a reduction of 44.9%. Similarly, the THR of SR/Ce-GF is reduced to 35.3 from
425 MJ-m~2 in pure SR, a reduction of 16.9%. The addition of GF-ZnBM, GF-CeM, and GF-LaM to pure
glass powder results in an increased PHRR but a decreased THR, likely due to the catalytic degradation of the
matrix resin by the metal oxides in the modified glass powder during the initial stages of combustion [36].
Moreover, the introduction of modified glass powder significantly delays the time to reach the peak heat
release rate (tpprr). Notably, GF-ZnBM shows the most pronounced effect, increasing the maximum tpyrr
to 179 s, a delay 0f 103 s, and reducing the fire growth index (FGI) from 2.41t0 1.30 kW-(m-s~!) ", substantially
reducing the propensity for fire spread. Additionally, GF-ZnBM and GF-CeM further reduce the total visible
smoke release during combustion. The UL-94 and LOI values for SR/G45, SR/Ce-GF, SR/ZnB-GF, and SR/La-
GF are listed in Table 4, showing that the addition of modified glass powder has increased the LOI and that
the flame retardancy rating for SR/La-GF has reached V-1. This indicates that the metal oxides and boron
compounds in the glass powder synergistically enhance flame retardancy when combined with MPP [37].
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Figure 5: Cone calorimetry test results of each sample: (a) heat release rate curve; (b) total heat release curve; (¢) CO
production rate curve; (d) CO, production rate curve; (e) smoke release rate curve; (f) total smoke release curve; (gl,g2)
images of residue after cone calorimeter testing for SR/G45; (h1,h2) SR/Ce-GF; (iL,i2) SR/ZnB-GF; (jl1,j2) SR/La-GE
and (k1,k2) SR

Table 3: Cone calorimetry test results

Sample PHRR  t,um FGI THR  PCOPR PCO,PR t,,. TSR
kW-m™ s kWms' MJm™ gs™ gs™ s m’ m”

SR 333.4 76 4.39 42.5 0.00168  0.08970 21 951.0
SR/G45 183.5 76 241 38.9 0.00076  0.08368 32 691.6
SR/Ce-GF 295.2 156 1.89 35.3 0.00162  0.10429 34 429.3
SR/ZnB-GF 232.2 179 1.30 359 0.00110  0.11008 32 539.5
SR/La-GF 243.7 120 2.03 36.6 0.00126  0.130083 36 804.0

Table 4: Flame retardant test results

Sample UL-94 LOI

SR/G45 No rating 30
SR/Ce-GF  Norating 33
SR/ZnB-GF Norating 31
SR/La-GF V1 33

Fig. 5g-k displays the residue images of SR/G45, SR/Ce-GE SR/ZnB-GF, SR/La-GE and pure silicone
rubber following cone calorimetry testing. The residue of the pure silicone rubber shows noticeable cracks at
the conclusion of the test, indicating structural weaknesses under high-temperature conditions. Conversely,
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the residue of SR/G45 exhibits uniformly distributed voids and a significant expansion in height, suggesting
that the composition and structure of this composite material allow for better thermal insulation and
structural integrity during combustion [38]. Fig. S1 shows the time-temperature curve of the backboard
burning test, deviating from one end of the flame. This indicates that the choice of filler plays a crucial role
in determining the thermal behavior and protective capabilities of silicone rubber composites. Additionally,
all samples containing modified glass powder display varying degrees of fracturing in their final residues,
reflecting the material’s response to thermal stress during combustion. While the addition of modified
glass powder contributes to certain desirable properties, such as increased flame retardancy, it does not
significantly reduce the THR of the silicone rubber composite materials. This observation is evidenced by the
appearance and morphology of the final residues, which indicate that the modifications impact the structural
integrity under fire conditions but do not drastically alter the overall combustibility of the material.

3.4 The Ceramicization Characteristics of Modified Glass Powder Silicone Rubber

Fig. 6a—c presents the outcomes of tests for mass residual rate, volume change rate, and flexural strength
conducted on various samples following calcination at different temperatures in air. The data reveals that
SR/G45, SR/Ce-GF, SR/ZnB-GF, and SR/La-GF exhibits marginally higher mass residual rates compared
to SR/MPP-3S. This increase may be attributed to a higher proportion of silicone rubber content in these
samples. X-ray photoelectron spectroscopy and infrared analysis of the ceramic residues after calcination
were conducted, as shown in Fig. S2, highlighting the structural integrity and compositional traits of
the ceramic materials post-calcination. However, regarding the volume change rate, SR/MPP-3S exhibits
a lower rate compared to the other samples, demonstrating superior ceramicization performance. This
advantage is primarily due to the higher content of kaolin in SR/MPP-3S compared to the other variants.
Additionally, when compared to SR/G45, samples such as SR/Ce-GE, SR/ZnB-GF, and SR/La-GE, which
contain modified glass powder, show reduced volume change rates following calcination at 1000°C. This
suggests that the inclusion of Zinc borate, cerium oxide, and lanthanum oxide positively contributes to
enhancing the density of ceramicization in silicone rubber composites. Furthermore, compared to SR/G45,
SR/Ce-GF demonstrates a higher flexural strength. This enhancement suggests that the presence of cerium
oxide aids in the melting of glass powder and enhances its adhesion to the silicone rubber matrix, thereby
improving the structural integrity of the composite.

Fig. 6d-f presents the X-ray diffraction spectra of the ceramic residues from SR/Ce-GE, SR/Zn-GF,
SR/La-GE and SR/G45 following calcination at temperatures of 1000°C, 800°C, and 600°C. The broad
diffraction peaks observed between 20°-25° are attributed to the amorphous regions consisting of SiO, and
glass powder formed during the pyrolysis process. This characteristic indicates the non-crystalline nature
of the materials under the conditions applied. At 600°C, the predominant peak positions correspond to
AlPO4 and mullite. As the calcination temperature increases, there is a notable increase in the relative
intensity of the AIPO, phase diffraction peak, while the relative intensity of the mullite phase diffraction peak
decreases [39]. Upon further elevation of the temperature, a significant reduction in the diffraction intensity
of the amorphous phase peak is observed, which is accompanied by an increase in the intensity of the SiO,
crystalline diffraction peak. This trend highlights the thermal transformation and crystallization behavior of
the materials under elevated temperatures.

Fig. 6g-j displays scanning electron microscope images of the cross-sections of SR/G45, SR/Ce-GF,
SR/ZnB-GE, and SR/La-GF ceramic residues after sintering at temperatures of 600°C, 800°C, and 1000°C.
The images reveal that at 600°C, the cross-sectional morphology of each sample is characterized by a porous
and loose structure, with no evident phase regions of melted eutectics. This observation indicates the initial
stages of sintering, where densification and phase transformations are not yet prominent. As the sintering
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temperature rises to 800°C, the morphology of the samples predominantly displays continuous porous
regions, accompanied by a slight improvement in bending strength. Upon further increase in the sintering
temperature to 1000°C, continuous phase regions of melted eutectics are observed in the cross-sections
of samples SR/G45 and SR/Ce-GF. In contrast, SR/ZnB-GF and SR/La-GF continue to exhibit continuous
porous regions in their cross-sections, a finding that aligns with the results from three-point bending tests.
This differentiation in structure underlines the impact of specific additives on the sintering behavior and
mechanical properties of the materials.
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Figure 6: The (a) mass residual rate; (b) volume change rate, and (c) flexural strength. From left to right, the
samples are the uncured SR/MPP-3S, SR/G45, SR/Ce-GE, SR/ZnB-GEF, and SR/La-GF after calcination; (d-f) X-ray
diffraction spectra of ceramic-like residues from samples calcined at different temperatures in air. The scanning electron
micrograph of the cross-section of ceramic-like residue after calcination at different temperatures: (gl-g3) SR/G45,
(h1-h3) SR/Ce-GE (i1-i3) SR/ZnB-GF, and (j1-j3) SR/La-GF under (f) 600°C, (e) 800°C, and (d) 1000°C, respectively

3.5 Mechanical Properties of Modified Glass Powder Silicone Rubber

Fig. 7 depicts the tensile and dynamic mechanical properties of silicone rubber composite materials,
respectively. The results indicate that the addition of modified glass powder (GF-ZnBM, GF-CeM, GF-LaM)
leads to a reduction in both tensile strength and elongation at break of the silicone rubber composites.
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This suggests that the hydrophobicity imparted by the silane treatment adversely affects the compatibility
between the glass powder and the matrix resin, potentially hindering the effective transfer of stress and strain
within the composite during mechanical testing [40]. Additionally, compared to silicone rubber composites
prepared with commercial glass powder, the storage modulus and the peak representing the glass transition
temperature in the tan(d) curve of the modified glass powders are very similar. This observation suggests
that the modification methods employed in this study have minimal impact on the rheological properties
of the materials, indicating that the modifications preserve the intrinsic mechanical behavior of the base
polymer matrix.
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Figure7: (a) Tensile strength and elongation at break of silicone rubber composite materials; (b) Tan(§) and (c) storage
modulus curves of silicone rubber composite materials

3.6 Activation Energy Calculation of Modified Glass Powder Silicone Rubber

During the program-controlled temperature process, if a sample with an initial mass of wy undergoes a
decomposition reaction and at a certain time t its mass becomes w;, then the decomposition rate is given by:

doa

T k(T)f(a) €]

where,

o= Wo — Wy (2)
Wo — Wf

is the conversion rate, wf is the final mass of the thermal decomposition reaction, k(T') is the rate constant
given by the Arrhenius equation:

k(T):Aexp(;—b;f) 3)

where E, is the activation energy of the reaction in J-mol™'; A is the pre-exponential factor in s™'; R is the
ideal gas constant, 8.314 J-mol™; T is the absolute temperature in K. The form of f () depends on the reaction
mechanism. Different reaction mechanisms correspond to different mechanism functions f(a). Generally, it
can be assumed that f(a) is not affected by temperature and time, but only depends on the conversion rate
a. For simple reactions, f(a) can be chosen as f («) = (1 - «)". Combining Eqgs. (1) and (3) yields:

da -E,
ar Ao (57 ) @ v
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Substituting the heating rate § = dT/dt and f(a) into Eq. (4) gives:

docA

aT B exp( )(l—a)” )

Eq. (5) is the basic equation for calculating the kinetic parameters of thermal oxidation decomposition
reactions. The Distributed Activation Energy Model (DAEM) can reflect the continuous change and
distribution of apparent activation energy with the progress of the reaction, and is more suitable for the
kinetic analysis of multi-component reactants, obtaining reaction kinetic parameters with more reference
value. It can be derived from Eq. (5) by integral transformation to obtain expression (6):

P gy FoR —ln[—ln(l— i )—_E“] (6)
T? G(a) mo — my RT

where my; is the sample mass at time ¢, m, is the initial mass of the sample, m is the sample mass when the
reaction terminates, f3 is the heating rate (K/min), and ky is the frequency factor.

From Eq. (6), it can be observed that at a certain conversion rate a, In(3-T~?) exhibits a linear relation-
ship with I-T~!, where the slope corresponds to ~Ea-R™!, enabling the determination of the corresponding
activation energy.

The fitted curves for samples SR/G45, SR/Ce-GEF, SR/ZnB-GF, and SR/La-GF, corresponding to con-
version rates ranging from 0.1 to 0.9 using the Differential Evolution Algorithm Method (DEAM), are
depicted in Fig. 8a—d. The activation energies and correlation coefficients calculated for these conversion
rates are detailed in Table S2. The high correlation coeflicients suggest that the DEAM effectively models
the kinetic behavior of these materials, indicating robust fitting of the experimental data across various
stages of conversion. Fig. 8¢ illustrates the variation in activation energies with conversion rates for SR/G45,
SR/Ce-GFE SR/ZnB-GE and SR/La-GE. Notably, SR/ZnB-GF exhibits the lowest overall activation energy,
characterized by an initial decrease followed by an increase as conversion rates rise. In contrast, SR/G45,
SR/Ce-GF, and SR/La-GF demonstrate a distinct pattern of variation. Their activation energies initially
increase, then decrease, and subsequently rise again. This distinct trend highlights differences in the
thermal stability and decomposition kinetics among the various silicone rubber composites. Additionally,
SR/G45 exhibits the highest activation energy among the samples during the initial decomposition stage,
subsequently followed by a decrease in activation energy similar to that observed in SR/La-GF. Meanwhile,
SR/Ce-GF maintains a relatively high activation energy throughout the latter half of the decomposition
process. This behavior indicates varying thermal stability and reaction kinetics across the different silicone
rubber composites, reflecting their distinct compositional influences on the degradation mechanisms.
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Figure 8: (Continued)
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Figure 8: (a) Linear fitting curves of I'T™! vs. In(8-T~2) for SR/G45; (b) SR/Ce-GF; (c) SR/ZnB-GF, and (d) SR/La-
GF (DAEM method); (e) The activation energy vs. conversion rate curves for SR/G45, SR/Ce-GE, SR/ZnB-GF, and
SR/La-GF

4 Conclusions

This study details the process of calcining zinc borate, lanthanum oxide, cerium oxide, and phos-
phate glass powder. Subsequently, these materials are modified through ball milling with methylphenyl
polysiloxane, leading to the creation of hydrophobic glass powders designated as GF-ZnBM, GF-CeM, and
GF-LaM. These modified powders are then utilized in the fabrication of silicone rubber composite materials,
illustrating the comprehensive steps taken to enhance the properties of the final composites through
chemical modification and material engineering. Experimental results indicate that the modified glass
powders significantly enhance the flame retardancy of the composite materials. Specifically, GF-CeM and
GF-LaM demonstrate pronounced effects in increasing the LOI and reducing the tendency for combustion
propagation. However, the inclusion of GF-ZnBM and GF-LaM appears to diminish the ceramicization
performance of the composites. In contrast, GF-CeM notably contributes to enhancing the ceramicization
strength, highlighting its beneficial impact on improving the structural integrity of the composites under
high temperature conditions. The inclusion of modified glass powders affects the mechanical properties of
the composite materials to some extent, although their impact on the rheological properties is relatively
minor. Notably, SR/ZnB-GF demonstrates the lowest activation energy among the tested composites, coupled
with the best protective capability. This suggests that while the modifications influence the mechanical
strength and elasticity, they preserve the material’s ability to flow and deform under stress. The significance
of this research lies in its contribution to enhancing the flame retardancy and optimizing the ceramicization
performance of silicone rubber composite materials by incorporating modified glass powders. The findings
from this study offer valuable insights into how specific modifications to glass powders can significantly
improve the safety features of silicone-based composites, potentially leading to broader applications in
industries where high thermal resistance and fire safety are crucial.
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