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 Resole phenolic resin, valued for its excellent heat resistance, strong adhesion, and chemical 

stability, has long been utilized in aerospace, automotive, and protective material applications. 

However, its relatively low toughness and brittleness limit broader use. In this study, the thermal 

and mechanical characteristics of phenolic composites were improved by incorporating 

Polytetrafluoroethylene (PTFE) powder, Silicon carbide (SiC) particles, carbon, and high-silica 

fibers. A D-optimal response surface methodology (RSM) design was employed to evaluate the 

effects of fiber type, curing temperature, and particle loading. Scanning electron microscopy 

(SEM) analysis revealed that the addition of reinforcing particles altered fracture morphology by 

promoting crack deflection and improving resin–fiber interaction. Differential scanning 

calorimetry (DSC) results confirmed a 7% increase in glass transition temperature (Tg) with 

10% particle loading, indicating enhanced thermal stability. Mechanical testing demonstrated 

that the addition of 10 wt% reinforcing particles enhanced both tensile and flexural properties, 

regardless of the fiber type; however, the fiber type itself had a significant influence on 

performance. Carbon fiber composites achieved the highest tensile strength (264.8 MPa), which 

was 13% above hybrid laminates (235.2 MPa) and 185% above high-silica composites (93.0 

MPa). Conversely, hybrid laminates exhibited the best flexural strength (219.9 MPa), exceeding 

carbon by 72% and high-silica by 150%. Quantitative ANOVA validation confirmed the reliability 

of the developed models for both tensile and flexural strength. Optimal parameters—10% 

particle loading, 180°C curing with carbon fibers for tensile strength, and hybrid fibers for 

flexural strength—offer clear, actionable guidance for industrial applications. 
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1. Introduction 

Polymers are mainly categorized into two 
main types: thermoset and thermoplastic 
polymers [1]. Among thermoset resins, phenolic 
resins have widespread applications across 
various industries, including automotive, 
adhesive manufacturing, and aerospace, due to 
their favorable properties such as excellent 
thermal resistance, electrical insulation, and 
good chemical resistance [2, 3]. Phenolic resins 
can be divided into two categories: novolac and 
resole. Novolac resins have a molar ratio of 

formaldehyde to phenol that is less than one, 
requiring a curing agent for hardening. In 
contrast, resole resins have a molar ratio of 
formaldehyde to phenol greater than one 
(typically around 1.5), allowing them to cure 
directly due to their inherent reactivity [3, 4]. It is 
important to note that phenolic resins alone do 
not possess strong physical and mechanical 
properties; they tend to be brittle with low tensile 
and flexural strength when unreinforced. 
Therefore, to enhance their performance and 
make them suitable for engineering applications, 
it is essential to incorporate reinforcing 
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materials, such as fibers or particles, into the 
resin [1, 2, 5, 6]. 

High-silica fibers are among the reinforcing 
materials that demonstrate excellent mechanical 
and thermal properties, making them suitable for 
use as a reinforcing phase in resin. These fibers 
have a wide range of applications in the 
aerospace, automotive, and construction 
industries [7]. Research by Wei et al. has shown 
that the use of silica needle fibers enhances the 
mechanical properties of silica composites, 
including tensile strength, compressive strength, 
and flexural strength [8]. Additionally, research 
by Li et al. indicates that phenolic/silica 
composites have low thermal conductivity, which 
makes them effective for thermal protection [9]. 

Carbon fibers are among the most widely used 
reinforcing fibers in various industries. Carbon 
fiber reinforced composites offer significant 
advantages due to their low density, high 
strength, and stiffness. These composites feature 
low thermal expansion, high thermal stability, 
and excellent resistance to creep, fatigue, and 
corrosion [10-12]. Rahmani et al. examined the 
mechanical performance of epoxy/carbon fiber 
composites, finding that optimal fiber 
orientations and increased layer counts enhance 
both tensile and flexural strengths, while carbon 
fibers also improve the load-bearing capacity 
[13]. 

Filler particles are an essential aspect of 
reinforcements that enhance the properties of 
composites [14]. For example, additives 
significantly enhance the properties of polymer 
composites, improving fracture behavior and 
energy absorption in flexible hybrid 
biocomposites with rubber/biofiller layers [15], 
mechanical strength in cellulose nanofiber-
reinforced elastomers [16], impact resistance in 
lignin-filled natural rubber/hemp composites 
[17,18], and sensing capabilities in carbon 
nanotube-polyurethane acrylate systems [19].  

One of the fillers, Polytetrafluoroethylene 
(PTFE) powder, stands out due to its unique 
characteristics, such as high thermal resistance 
and excellent chemical resistance [20]. 
Zhangande et al. demonstrated in their research 
that incorporating PTFE powder into POM 
polymer leads to a reduction in tensile strength 
but a significant increase in impact strength [21]. 
Similarly, Paninande et al. investigated the effects 
of adding PTFE particles to polyimide polymer. 
They found that in polyamide composites, the 
combination of PTFE particles with annealed 
carbon fibers improves wear resistance and 
doubles the elastic modulus compared to pure 
Polyimide [22]. In another study, Basavarajande 
et al. reported that increasing the proportion of  
PTFE particles in Nylon 66 polymer enhances the 
stability and thermal properties of the composite 

[23]. In addition to being used as a filler, PTFE 
itself can also be used as a matrix in the 
manufacture of sealing composites. For instance, 
Daneshmand et al. demonstrated that 
incorporating Inconel 625 alloy powder into 
PTFE matrices enhances wear resistance, 
corrosion properties, and sealing performance 
[24]. 

 Silicon carbide (SiC) is one of several 
additives that can enhance the thermal and 
mechanical properties of polymers [25, 26]. 
Basingala et al. demonstrated in their study that 
incorporating SiC powder into phenolic/carbon 
composites results in improved strength and 
flexural modulus. The most significant 
enhancements were observed in samples with 
3% SiC, where the flexural strength increased by 
12% and the flexural modulus by 7% [27]. 
Additionally, Kasmaei and colleagues 
investigated the impact of adding SiC and ZrB2 
particles to novolac-epoxy/carbon composites. 
Their findings indicated that the combined 
addition of SiC and ZrB2 improves both erosion 
resistance and mechanical strength [28].  

The use of experimental design methods is 
highly effective in reducing research time and 
costs [29]. Various techniques, such as response 
surface methodology (RSM) and the Taguchi 
method, are particularly suitable for experiments 
involving a large number of significant 
parameters [30]. RSM encompasses a set of 
mathematical and statistical procedures that aid 
in the development, refinement, and optimization 
of processes [31]. Among the methods employed 
in RSM are central composite design (CCD), Box–
Behnken design (BBD), and D-optimal design 
[29]. Unlike BBD and CCD, which only 
accommodate quantitative variables in 
experimental design, the D-optimal design 
method allows for the inclusion of both 

quantitative and qualitative variables [32, 33]. 
Daneshpayeh et al. investigated the mechanical 
properties of polypropylene linear/low-density 
polyethylene nanocomposites reinforced with 
titanium nanoparticles using response surface 
methodology within the Box–Behnken design. 
They discovered that an RSM significantly 
reduced the number of required experiments 
compared to classical factorial designs and 
produced statistically reliable models for 
predicting and optimizing composite properties 
[34]. Additionally, Yaghoubi and Fereydoun 
optimized a polypropylene nanocomposite 
reinforced with kenaf fibers using the response 
surface methodology within the Box–Behnken 
design. Their study revealed that RSM was 
employed to establish second-order regression 
models linking fiber content and processing 
variables to mechanical responses, and ANOVA 
confirmed the statistical validity of the models 



Aghalari / Mechanics of Advanced Composite Structures 14 (2027) 237 - 254 

239 

(high R² and insignificant lack-of-fit). The 
approach not only reduced the number of 
required experiments compared with full 
factorial designs, but also enabled precise 
determination of optimal parameter levels for 
maximizing tensile performance [35]. 

Based on findings from previous studies, this 
research employed the RSM experimental design 
method, utilizing the D-optimal algorithm, to 
optimize the variables. The percentage of PTFE 
and SiC reinforcing particles in resole-based 
phenolic composites, as well as the curing 
temperature, were selected as quantitative 
variables. At the same time, the type of fibers was 
chosen as a qualitative variable. The tensile and 
flexural mechanical properties, Differential 
Scanning Calorimetry (DSC) tests, and 
microscopic morphology were examined in this 
study. The main aspect of the distinction and 
innovation of this study from previous studies is 
that its main goal is to show the effect of different 
parameters on the properties of the resole 
composite and how they interact with each other. 
The use of silicon carbide and PTFE particles, 
along with the design of experiments that 
incorporate both quantitative and qualitative 
variables, is a key aspect of this research. 

2. Experimental Method 

2.1. Materials 

In this research, a resole-based phenolic resin, 
identified as IL800, with a viscosity ranging from 
600 to 800 mPa·s, was provided by Resitan 
Company. To reinforce the resin, 300 grams of 
plain weave carbon fiber and 300 grams of plain 
weave high-silica fiber were employed. 
Additionally, PTFE powder with a particle size of 
1 µm, manufactured by Tianwax company in 
South Korea, and SiC powder with a particle size 
of 5 µm from Sanhui Chinese company were 
incorporated to enhance the properties of the 
composite. The properties of the materials used 
in this research are summarized in Table 1. 

Table 1. Properties of Materials 

Properties Material 

viscosity 600-800 mPa.s 
Resole resin 

density 1.21 g/cm3 

weight 300 g/m2 

Carbon fiber weave Plain 

density 1.78 g/cm3 

weight 300 g/m2 

High-silica fiber weave Plain 

density 1.84 g/cm3 

1 micron PTFE particle size 

5 micron SiC particle size 

2.2. Production of Samples 

The composite contained approximately 
700wt.% fiber reinforcement (either carbon, 
high-silica, or hybrid) and 300wt.% resin matrix. 
The PTFE and SiC powders were first weighed to 
the target fraction and gradually introduced into 
the phenolic resin under mechanical stirring at 
1000 rpm for 15 minutes to ensure uniform 
dispersion. Next, fibers were impregnated with 
the resin and manually placed into a mold. The 
dimensions of the tensile mold were 255×80×2.5 
mm³, while the dimensions of the flexural mold 
were 155×80×3 mm³. 

Each laminate consisted of ten plies of woven 
fabric. For hybrid configurations, carbon and 
high-silica fabrics were alternately stacked in a 
symmetric sequence (five plies of carbon and five 
plies of high-silica). The vacuum bag molding 
method was employed to remove excess resin 
and air bubbles, using a standard configuration of 
peel ply, release film, and breather fabric. The 
layup was subjected to a vacuum for 1 hour 
(~0.08 MPa) to ensure air removal and uniform 
compaction. After vacuuming, the laminate, 
without the bag, was placed inside the hot press, 
where curing was carried out at the specified 
temperatures (140 °C, 160 °C, or 180 °C) for 4 
hours under 150 psi(~10 bar). To minimize 
thermal stresses, post-curing was performed in 
an oven for 1 hour, with the temperature 
gradually increasing from 100 °C to 160 °C in 20 
°C increments, followed by controlled cooling 
within the oven. The cured composite sheets 
were then cut into standard dimensions for 
tensile and flexural tests using a waterjet 
machine. The weight of each tensile specimen 
was 25 to 35 grams, and the weight of each 
flexural specimen was about 20 to 25 grams. The 
overall manufacturing process is schematically 
illustrated in Fig. 1. 

2.3. Scanning Electron Microscope Test 

To examine the morphology of the fractured 
samples, a MIRA3 field-emission scanning 
electron microscope (FE-SEM) manufactured by 
Tescan was used. It features a Schottky emitter, 
enabling high-resolution imaging with a 
resolution of 1.2 nm at 30 kV. The samples were 
coated with a thin layer of gold and tested under 
controlled laboratory conditions at 20°C and 
50% humidity. 

2.4. Differential Scanning Calorimetry test 

Differential Scanning Calorimetry (DSC) was 
conducted using a TA Instruments Q2000 under 
a nitrogen atmosphere, with a heating rate of 
10°C/min in the temperature range of 25–200 °C. 
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Small cured composite specimens 
(approximately 5–10 mg) were cut from molded 
panels after post-curing for DSC analysis. The 

goal was to determine the glass transition 
temperature (Tg) and evaluate how fillers and 
fiber type influence cross-linking density. 

 
Fig. 1. (a) Materials before mixing, (b) Fiber impregnation  with mixing materials and molding, (c) Vacuum bagging configuration 

consisting of peel ply, release film, and breather, (d) Hot press curing, (e) Prepared Samples before cutting, 
(f) Waterjet cutting for tensile and flexural samples, (g) Tensile Samples, (h) Flexural Sample 

2.5. Tensile and Flexural Tests 

Tensile specimens were prepared from the 
fabricated sheets according to the ASTM D3039 
standard, with dimensions of 250 × 25 × 2.5 mm³. 
Tensile tests were conducted on each specimen 
using a Gotech machine with a capacity of 20 tons, 
made in Taiwan, at a speed of 2mm/min. 

For the flexural tests, specimens were 
prepared according to the ASTM D790 standard, 
with dimensions of 150×25×3 mm³. These 
flexural tests were performed using a Gotech 
universal machine, also made in Taiwan, at a 
speed of 2mm/min and with a support span of 50 
mm. 

To minimize errors, each test was repeated 
three times for each specimen, and the average 
results are reported.  

3. Experimental Design 

Response Surface Methodology (RSM) is a 
modern and widely used approach for optimizing 
parameters to achieve maximum mechanical 
properties. This method evaluates the effect of 
parameters and their interactions on mechanical 
responses, along with analyzing variance, to 
predict mechanical properties using 
mathematical models. Two-dimensional and 
three-dimensional diagrams of response surfaces 
can facilitate this prediction. 

In most cases involving RSM, the relationship 
between the response and the input variables is 
not known. Thus, the first step is to find a suitable 

approximation of the actual relationship between 
the response variable (�) and the set of 
independent variables (�). The prediction of 
mechanical properties is based on a 
mathematical model that considers the influence 
of each independent variable, its squares, and the 
interactions among them. This prediction can be 
expressed using the following polynomial 
equation [30, 34]. 

= β0 + ∑ βixi + ∑ βiixi
2

k

i=1

+ ∑ ∑ βijxixj + ε

ji

k

i=1

 (1) 

in the above function, 𝑥𝑖  and 𝑥𝑗  are input 

variables, 𝛽0 is a constant value, 𝛽𝑖  is a linear 
coefficient, 𝛽𝑖𝑖 is a quadratic coefficient, 𝛽𝑖𝑗  is an 

effect interaction coefficient, k is the number of 
independent variables, y is the response, and ε is 
the observed error value [30]. 

In this study, based on previous research, two 
quantitative parameters were selected: additive 
weight percentage (Pw) and curing temperature 
(T), each evaluated at three levels. Additionally, 
the fiber type parameter (F) was chosen as a 
qualitative parameter, also assessed at three 
levels. These parameters were defined as input 
variables.  

Table 2 presents the selected parameters 
along with their corresponding values, while 
Table 3 displays the experiments designed using 
Design-Expert software. For reinforcement, a 
combination of PTFE and SiC particles was used 
along with carbon and high-silica fibers. 
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According to Table 3, the Design-expert 
software suggests 14 samples for mechanical 
tensile and flexural tests, and the values of each 
parameter for each sample are specified in Table 

3. After performing the necessary tests on 14 
samples, statistical analysis of the obtained 
results was performed using the ANOVA method 
and the D-optimal algorithm. 

Table 2. Experimental factors and their range of variation 

Level 3 Level 2 Level 1 Unit Symbol Factor Name 

10% (5% PTFE+5%SiC) 5% (2.5% PTFE+2.5%SiC) 0 wt.% P Particle Weight 

180 160 140 ℃ T Cure Temperature 

Carbon/Highsilica Highsilica Carbon - F Fiber 

Table 3. Design of tests based on D-optimal  

Fiber Temperature (℃) Particle weight (wt.%) Sample 

Highsilica 

Highsilica 

Carbon 

Highsilica 

Carbon/Highsilica 

Carbon/Highsilica 

Carbon 

Carbon/Highsilica 

Carbon 

Highsilica 

Highsilica 

Carbon 

Carbon/Highsilica 

Carbon/Highsilica 

180 

140 

180 

180 

140 

180 

160 

140 

140 

160 

140 

160 

180 

140 

0 

0 

5 

10 

10 

10 

10 

0 

5 

5 

5 

0 

0 

10 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

 

4. Results and Discussion   

4.1. SEM Test 

A scanning electron microscope (SEM) 
examination was conducted on the fracture 
cross-section of samples 1, 4, 6, 7, 12, and 13 
(refer to Table 3). Among these samples, three 
are composite samples without reinforcing 
particles (samples 1, 12, and 13), while the other 
three contain reinforcing particles (samples 4, 6, 
and 7).  

Analyzing the microstructure of the 
composite samples provides valuable insights 
into the arrangement of the fibers and matrix, as 
well as the distribution of the particles within the 
matrix.  

Debonding, pull-out, and fiber failure are 
among the failure mechanisms in composites 
[36]. Fiber failure is generally preferred in 
composites because the fibers possess higher 
tensile strength. When stress is applied to the 
composite, it is transferred to the fibers, enabling 

the material to bear greater loads. Additionally, 
fiber failure suggests strong adhesion between 
the fibers and the matrix. [37, 38]. Fiber failure 
typically initiates gradually through the 
development of small cracks, allowing the 
composite structure to exhibit warning signs 
before complete failure occurs. Moreover, fibers 
contribute to a uniform distribution of stress 
throughout the composite, which diminishes the 
likelihood of abrupt failure [37, 39-41]. 

SEM observations revealed distinct failure 
mechanisms between high-silica and carbon fiber 
composites (Fig. 2). In the case of high-silica 
laminates, as shown in Fig. 2(a) and Fig. 2(b), 
interfacial debonding and extensive fiber pull-out 
were evident, indicating poor adhesion between 
the silica fibers and the phenolic matrix. Such 
failure modes prevent efficient stress transfer, 
explaining why the tensile strength of these 
composites (~67 MPa, Table 5) remains close to 
that of the pure phenolic resin. By contrast, the 
carbon fiber composites in Fig. 2(c) and Fig. 2(d) 
exhibited a different morphology. Although some 
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fiber pull-out was observed, some fibers showed 
clear fiber fracture with broken ends embedded 
in the matrix. Fiber fracture is generally 
considered a more favorable mode of failure, as it 
implies stronger fiber–matrix bonding and more 
effective load transfer to the fibers, thereby 
enabling much higher tensile strength 
(~265 MPa, Table 5). This comparison confirms 
that the weak interface in silica-based composites 

limited reinforcement, while the stronger 
bonding in carbon fiber laminates contributed to 
their superior mechanical performance. 

Fig. 3(a) and Fig. 3(b) display the fracture 
surfaces of samples without reinforcing particles, 
while Fig. 3(c) and Fig. 3(d) illustrate the fracture 
surfaces of samples reinforced with particles. The 
differences between these two types of samples 
are pretty noticeable.  

 
Fig. 2. (a) Highsilica fibers with 2000x magnification, (b) Highsilica fibers, (c) Carbon fibers,  

(d) Carbon fibers with 1000x magnification 

 
Fig. 3. (a) Highsilica/non particle, (b) Carbon-Highsilica/non particle, (c) Highsilica/10%wt particle,  

(d) Carbon-Highsilica/10%wt particle 
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The fracture surfaces of the samples without 
reinforcing particles appear rougher compared 
to those with reinforcing particles. This 
roughness may be attributed to the fact that, in 
these samples, the matrix and fibers alone bear 
the applied stress, resulting in fractures that 
create a rough and layered surface. In contrast, 
the fracture surfaces of the samples containing 
reinforcing particles are smoother and more 
homogeneous. This softer surface can be 
attributed to the reinforcing particles' ability to 
enhance the resin structure, thereby preventing 
the matrix from fracturing and inhibiting the 
growth and spread of cracks. As a result, stress is 
distributed more uniformly across the entire 
composite surface.  

Furthermore, the fracture surfaces of the 
samples shown in Fig. 3(a) and Fig. 3(b) exhibit 
tiny holes, which can lead to composite failure 
and indicate inadequate adhesion between the 
fibers and the matrix. In contrast, Fig. 3(c) and 
Fig. 3(d) demonstrate that the presence of 
reinforcing particles results in a more uniform 
composite structure, fewer holes, and improved 
adhesion between the matrix and fibers. This 
enhancement contributes positively to the 

overall toughness of the structure. 

However, occasional particle agglomeration 
was also observed, which may locally weaken the 
matrix. Nevertheless, the overall comparison 
highlights that the incorporation of SiC and PTFE 

substantially alters the fracture morphology 
compared to particle-free samples, leading to 
improved adhesion and effective crack-arresting 
mechanisms. These microstructural features 
directly explain the enhanced tensile and flexural 
performance observed in Table 5, confirming that 
particle-reinforced laminates exhibit higher load-
bearing capacity and delayed failure. Overall, the 
SEM analysis demonstrates that the addition of 
SiC and PTFE not only changes the fracture 
surface morphology but also provides the 
underlying mechanism for the superior 
mechanical behavior of the developed phenolic-
based composites. 

Fig. 4 displays SEM images of high-silica 
fibers, carbon fibers, PTFE particles, and SiC 
particles. In Fig. 4(a), the high-silica fibers have 
an approximate diameter of 9 μm, while in Fig. 
4(b), the carbon fibers measure around 7 μm in 
diameter. Additionally, Fig. 4(c) shows that the 
PTFE particles are approximately 2.5 μm in size, 
and Fig. 4(d) indicates that the SiC particles are 
around 5 μm. One reason some particles might 
appear larger than the initial sizes listed in Table 
1 is that the resin can be absorbed by the additive 
particles, forming a resin layer on their surfaces. 
Particles naturally bond together, creating larger 
aggregates due to the influence of interfacial 
forces. This tendency highlights the importance 
of these forces in shaping the behavior and 
properties of materials. 

 

Fig. 4. (a) Highsilica fiber diameter, (b) Carbon fiber diameter, (c) PTFE particles size, (d) SiC particles size 
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4.2. DSC Thermal Test 

DSC (Differential Scanning Calorimetry) 
analysis is an effective method for measuring 
heat flow from a sample as a function of 
temperature or time. In this study, we selected 6 
samples from 14 fabricated ones and pure resole 
phenolic for thermal analysis. Table 4 and Fig. 5 
present the glass transition temperature (Tg) and 
DSC curves for these selected samples. 

The glass transition temperature (Tg) values 
presented in Table 4 were determined from DSC 
thermograms using the midpoint of the inflection 
on the heat flow curve. The samples analyzed 
were solid composite specimens after hot-press 
curing, ensuring that Tg corresponds to the 
crosslinked phenolic matrix.  

While the application of glass transition 
temperature in thermoset composites is not as 
straightforward as in thermoplastic polymers, Tg 
can help assess the thermal stability of 
composites and the degree of crosslinking in 
thermoset materials [42]. As shown in Table 4, 
the addition of SiC-PTFE particles to the 
composites resulted in a relatively increased Tg. 
The most significant increase was observed in 
carbon composites, where the Tg of carbon 
composites containing 10% by weight of 
reinforcing particles rose by 5.4% compared to 
those without reinforcing particles. This 
enhancement is attributed to the presence of SiC 
and PTFE particles, both of which possess 
excellent thermal properties. SiC particles can 
serve as limiting points for the movement of 
polymer chains, requiring more energy for chain 
movement and thus raising the glass transition 
temperature [42]. Furthermore, the influence of 
reinforcing particles on the glass transition 
temperature of composites indicates that a 
relatively strong interaction has occurred 
between the particles and the polymer matrix, as 
confirmed by the microscopic images in Fig. 3. 
This interaction suggests that the presence of 
these particles can enhance the thermal stability 
of phenolic-based composites at elevated 
temperatures. 

Table 4. Results of samples with Tg 

Tg (℃) Sample 

81.5 Pure Resole Phenolic 

82.7 Highsilica/0% particle 

83.7 Highsilica/10% particle 

87.8 Carbon/0% particle 

92.5 Carbon/10% particle 

86.7 Carbon-Highsilica/0% particle 

88.3 Carbon-Highsilica/10% particle 

 
Fig. 5. DSC Curve of 6 Samples 

4.3. Mechanical Tensile and Flexural Tests 

Table 5 presents tensile and flexural 
strength/modulus for 14 samples, comprising 5 
high-silica, 4 carbon, and 5 carbon-high-silica 
fiber composites. 

4.3.1. Effect of Fibers on Tensile Strength 

As summarized in Table 5, carbon fiber 
composites exhibited the highest tensile strength 
and modulus, reaching up to 264.8 MPa (sample 
3). This value is 185% higher than that of the 
best-performing high-silica composite (sample 4, 
93.0 MPa) and approximately 13% higher than 
the best hybrid carbon-high-silica system 
(sample 6, 235.2 MPa). The superior tensile 
performance of carbon laminates is attributed to 
the inherently higher strength of carbon fibers 
and their better interfacial interaction with 
phenolic resin, which enables more effective 
stress transfer during loading. 

4.3.2. Effect of Additive Particles on Tensile 
Strength 

The incorporation of particles significantly 
improved tensile properties across all fiber 
systems. For instance, the addition of 10 wt% 
SiC/PTFE particles to high-silica composites 
increased strength by ~38% (sample 4 vs. sample 
1). Similarly, the addition of 10 wt% SiC/PTFE 
particles to carbon fiber composites showed 
~22% improvement (sample 7 vs. sample 12), 
while hybrid laminates achieved up to 47% gain 
(sample 6 vs. sample 13). This enhancement is 
primarily attributed to the reinforcing role of SiC 
particles, which promote stress transfer and 
reduce crack propagation [25, 27]. SEM analysis 
confirmed a uniform dispersion of SiC in the 
resin, supporting this improvement. Although 
PTFE is primarily included for thermal/abrasion 
resistance, when well-dispersed, it also 
contributes to mechanical enhancement, 
consistent with reports in the literature [21].  
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However, if these particles can effectively 
interact with the matrix, they may also positively 
influence mechanical properties [44], as 
observed in this study. Notably, previous 
research indicates that when SiC particles are 
utilized alongside other reinforcing particles in a 
hybrid form, the mechanical properties of the 
materials are further improved [45]. 

4.3.3. Effect of Fibers on Flexural Strength 

In flexural loading, hybrid carbon–high-silica 
laminates outperformed other systems. The 
maximum flexural strength was observed in 
sample 6 (219.9 MPa), which is ~75% greater 
than carbon composites (sample 3, 127.7 MPa) 
and ~250% greater than high-silica composites 
(sample 4, 87.8 MPa). 

During flexural loading, compressive stresses 
act on the upper surface and tensile stresses on 
the lower surface of the laminates. Hybrid 
carbon–high-silica systems exhibited superior 
performance because stress transfer between 
alternating fiber layers was more gradual, 
reducing stress concentration and delaying 
failure. The symmetric stacking sequence further 
enhanced interlaminar load sharing, resulting in 
the highest flexural strength and modulus 
observed in this study, which is consistent with 
previous reports on the benefits of hybrid fiber 
architectures [46–48]. 

4.3.4. Effect of Additive Particles on Flexural 
Strength 

Similar to the tensile test results, the flexural 
strength in the flexural test is typically increased 
by adding reinforcing particles to the samples, as 
shown in previous studies [24]. 

Figure 6 presents the tensile strength and 
flexural strength diagrams for 14 samples. The 
carbon fiber samples not only exhibit higher 
tensile strength but also demonstrate a greater 
fracture strain compared to the other samples. 
Similarly, the carbon-highsilica fiber samples 
show both higher flexural strength and ultimate 
fracture strain than the other samples. 

In the stress-strain diagrams reflecting tensile 
strength, all samples fractured after reaching the 
yield point, with no discernible plastic region 
evident. This suggests that the reinforcing 
particles have not significantly influenced the 
ductility of the composites. Given that the 
polymer matrix displays brittle behavior, it is 
unrealistic to expect the particles to contribute to 
toughness. The presence of particles can only 
increase the area under the fracture curve and 
make it tougher in a way. 

The flexural diagrams reveal that the 
composite samples with carbon-highsilica fibers 

exhibited greater strain and elongation after 
initial failure than those with only carbon fibers 
or highsilica fibers. Additionally, the area under 
the diagram for the carbon-highsilica fiber 
samples is larger than that of the carbon or 
highsilica fiber samples, indicating that these 
composites can withstand flexural stress for a 
longer duration. 

4.4. Analyzing Results Using Response Surface 
Methodology 

4.4.1. Tensile Test 

An analysis of the results using Design-Expert 
software indicates that a first-order linear model 
is optimal for predicting tensile strength, as 
shown in Table 6. The model’s p-value is less than 
0.05, setting it apart from the other two models 
presented in the same table.  

The results of the ANOVA (Analysis of 
Variance) for this predicted linear model are 
detailed in Table 7. From this analysis, it is 
evident that the temperature parameter (T) lacks 
sufficient validity for predicting tensile strength, 
as indicated by a p-value greater than 0.05. In 
contrast, the other two parameters—weight 
percentage (Pw) and fiber type (F)—
demonstrate strong validity in determining the 
tensile strength response according to the 
ANOVA optimization method. This suggests that 
the tensile behavior of the material is more 
significantly influenced by the composition of the 
fibers and reinforcing particles. 

The regression models for tensile strength 
were developed in both actual and coded forms. 
Actual equations (Eqs. 2–4) describe the effect of 
particle content (Pw) and curing temperature (T) 
for each fiber type (Eq. 2 for carbon, Eq. 3 for 
high-silica, and Eq. 4 for hybrid). The coded 
equation (Eq. 5) combines all factors, where F1 
and F2 are dummy variables representing carbon 
and hybrid fibers, respectively, while high-silica 
is considered the baseline. 

Figure 7 displays both two-dimensional (2-D) 
and three-dimensional (3-D) response surface 
plots of tensile strength, illustrating how tensile 
strength values depend on particle weight 
percentage and temperature. Additionally, the 
average results for the fibers are presented in Fig. 
7(b). The 2-D plot indicates that tensile strength 
increases as the particle weight percentage rises, 
although the influence of fiber type on tensile 
strength is greater than that of the particles. The 
optimal tensile strength is achieved when the 
weight percentage of reinforcing particles is 10%, 
and carbon fibers are used as the primary 
reinforcement. 
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Table 5. Tensile and flexural properties of phenolic composites with different fibers and particle contents 

Flexural modulus 

(MPa) 

Flexural strength 

(MPa) 

Tensile modulus 

(MPa) 

Tensile strength 

(MPa) 
Code Sample 

1854.32±56.8 56.65 ±2.4 2708.99 ±81.9 45.48 ±1.8 Neat Phenolic # 

2461.03 ±94.3 73.83 ±2.8 1031.30 ±31.3 67.03 ±2.7 Highsilica/180/0 1 

1739.51 ±62.8 69.58 ±2.9 1039.83 ±37.2 62.39 ±1.6 Highsilica/140/0 2 

4258.19 ±138.8 127.74 ±8.5 1969.61 ±59.4 256.05 ±8.4 Carbon/180/5 3 

4389.23 ±173.7  87.79 ±3.2 1860.21 ± 66.8 93.01 ±3.3 Highsilica/180/10 4 

8656.50 ±290.9 173.13 ±4.3 4651.81 ±120.2 204.68 ±6.1 Carbon-Highsilica/140/10 5 

10993.43 ±356.2 219.86 ±9.5  5225.77 ±147.7 235.16 ±5.9 Carbon-Highsilica/180/10 6 

6003.61 ±195.3  120.06 ±3.1 6304.50 ±240.1 264.79 ±7.6  Carbon/160/10 7 

5793.51 ±174.4 115.87 ±2.9 3245.19 ±97.2 168.74 ±4.2 Carbon-Highsilica/140/0 8 

5098.98 ±165.1 101.96 ±2.4 4098.03 ±123.3 249.98 ±10.3 Carbon/140/5 9 

4390.49 ±142.2 87.83 ±3.5 1260.85 ±88.5 88.26 ±6.3  Highsilica/160/5 10 

3641.25 ±119.6  72.83 ±1.8 1399.13 ±69.2 81.15 ±2.1 Highsilica/140/5 11 

5520.54 ±194.8 110.41 ±3.8 4322.87 ±130.4 216.14 ±8.4 Carbon/160/0 12 

7100.65 ±233.5 142.01 ±4.6 3157.83 ±95.6 157.89 ±4.7 Carbon-Highsilica/180/0 13 

7714.33 ±182.2 154.28 ±7.7 3892.52 ±117.4 186.84 ±4.5 Carbon-Highsilica/140/5 14 

Table 6. Model Analysis for Tensile Strength 

Source Sequential p-value Adjusted R² Predicted R² R2  

Linear 

 

2FI 

 

Quadratic 

 

Cubic 

< 0.0001 

 

0.6496 

 

0.2786 

 

 

0.9722 

 

0.9668 

 

0.9815 

 

 

0.9471 

 

0.7552 

 

0.8023 

 

 

0.9808 

 

 

 

 

 

 

Suggested 

 

 

 

Aliased 

 

 

Table 7. ANOVA analysis for Linear model 

Factor Sum of Squares Mean Square F-value p-value 

Pw 

 

T 

 

F 

 

Residual 

4651.11 

 

1.54 

 

65599.98 

 

1475.03 

4651.11 

 

1.54 

 

32799.99 

 

163.89 

28.38 

 

0.0094 

 

200.13 

 

 

0.0005 

 

0.9248 

 

< 0.0001 

 

 

(2) σT = 225.277 + 4.622Pw + 0.019T 

(3) σT = 56.838 + 4.622Pw + 0.019T 

(4) σT = 164.585 + 4.622Pw + 0.019T               

(5) σT = 175.05 + 23.11Pw + 0.38T + 76.38F1 − 92.06F2 
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Fig. 6. (a) Highsilica samples tensile curves, (b) Highsilica samples flexural curves, (c) Carbon samples tensile curves, (d) Carbon 

samples flexural curves, (e) Carbon-Highsilica samples tensile curves, (f) Carbon-Highsilica samples flexural curves 

 
Fig. 7. (a) 2D Model Response surface methodology for tensile strength,  

(b) 3D Model Response surface methodology for tensile strength 
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4.4.2. Flexural Test 

The analysis of the flexural strength results, 
conducted using Design-Expert software, 
indicates that a quadratic model is appropriate, 
as shown in Table 8. The results of the ANOVA for 
the predicted model are presented in Table 9. In 
examining the parameters that influence flexural 
strength, it is noted that the p-values for all 
parameters—weight percentage (Pw), 
temperature (T), and fiber type (F)—are less 
than 0.05. This indicates that all three 
parameters, along with their interactions, have 
sufficient validity in the data analysis of the 
variance optimization method. According to 
Table 9, the interaction effects among the 
parameters are significant, particularly the 
interaction between weight percentage and fiber 
type, which has a p-value of 0.002. Furthermore, 
the quadratic terms are also important in this 
model, indicating that the relationship between 
the input parameters and flexural strength is not 
entirely linear. Flexural strength was modeled 
using both actual and coded equations. Actual 
equations (Eq. 6 for carbon, Eq. 7 for highsilica 
and Eq. 8 for hybrid) capture the influence of Pw 

and T for each fiber type, while the coded 
equation (Eq. 9) integrates all factors.  

Figure 8 displays both two-dimensional and 
three-dimensional response surface plots of 
flexural strength, illustrating the relationship 
between flexural strength, the weight percentage 
of particles, and temperature. Note that the 
average results obtained for the fibers are 
included in Fig. 8(b). The two-dimensional plot 
indicates that as the weight percentage of 
reinforcing particles increases, the flexural 
strength also rises. Additionally, temperature 
plays a significant role in affecting flexural 
strength.  

The optimal combination for achieving 
maximum flexural strength is at 180°C with a 
10% weight percentage of carbon-highsilica 
hybrid fibers. The three-dimensional plot 
highlights that curing temperature has a more 
substantial impact on flexural strength compared 
to tensile strength. Moreover, the interaction 
between the weight percentage of particles and 
fiber type is quite pronounced, suggesting that 
each type of fiber responds differently to specific 
amounts of reinforcing particles. 

Table 8. Model Analysis for Flexural Strength 

Source Sequential p-value Adjusted R² Predicted R² R2  

Linear 

 

2FI 

 

Quadratic 

 

Cubic 

0.0002 

 

0.0222 

 

0.0200 

 

 

0.8483 

 

0.9747 

 

0.9990 

 

 

0.7031 

 

0.8984 

 

0.9887 

 

 

 

 

 

 

0.9998 

 

 

 

 

 

 

Suggested 

 

Aliased 

Table 9. ANOVA analysis for the Quadratic model 

Factor Sum of Squares Mean Square F-value p-value  

Model 

 

Pw 

 

T 

 

F 

 

Pw T 

 

PwF 

 

TF 

 

Pw2 

 

T2 

 

Residual 

23878.61 

 

3063.27 

 

1374.36 

 

14450.29 

 

148.70 

 

1864.32 

 

194.82 

 

130.42 

 

96.85 

 

3.72 

2170.78 

 

3063.27 

 

1374.36 

 

7225.14 

 

148.70 

 

932.16 

 

97.41 

 

130.42 

 

96.85 

 

1.86 

1166.41 

 

1645.96 

 

738.47 

 

3882.23 

 

79.90 

 

500.87 

 

52.34 

 

70.08 

 

52.04 

0.0009 

 

0.0006 

 

0.0014 

 

0.0003 

 

0.0123 

 

0.0020 

 

0.0187 

 

0.0140 

 

0.0187 

significant 
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(6) σF = −439.77 − 4.49Pw + 6.49T + 0.05PwT − 0.31Pw
2 − 0.01T2 

(7) σF = −429.66 − 5.18Pw + 6.24T + 0.05PwT − 0.31Pw
2 − 0.019T2 

(8) σF = −452.99 + 1.29Pw + 6.74T + 0.05PwT − 0.31Pw
2 − 0.019T2 

(9) 
σF = 129.9 + 13.33Pw + 12.85T − 7.12F1 − 41.51F2 + 5.37PwT − 8.51PwF1 − 11.94PwF2 + 0.04TF1

− 5.09TF2 − 7.84Pw
2 − 7.65T2 

 
Fig. 8.  (a) 2D Model Response surface methodology for flexural strength,  

(b) 3D Model Response surface methodology for flexural strength 

4.4.3. Diagnostics and Optimization 

 Diagnostics of the Models 

Since two different models were selected for 
tensile and flexural responses (first-order linear 
model for tensile strength and quadratic model 
for flexural strength), separate diagnostic checks 
were performed to evaluate their statistical 
adequacy. The diagnostic analysis of the tensile 
strength model is presented in Fig. 9(a). Here, the 
normal probability plot of residuals also 
demonstrates that the residuals follow a near-
linear trend along the reference line, indicating 
that the assumption of normality is satisfied. No 
major outliers or systematic deviations were 
observed. Although a linear model was selected 
as the best fit, its adequacy is further confirmed 
by this diagnostic analysis. According to ANOVA, 
tensile strength is predominantly controlled by 
powder content and fiber type, while curing 
temperature did not have a significant effect. This 
explains why a linear model was sufficient: the 
tensile response is governed mainly by direct 
effects of material composition rather than 
complex interactions or curvature. The residuals 
pattern further indicates that the model captures 
the systematic variability well, with random 
scatter consistent with experimental error. 

Also, the normal probability plot of residuals 
for flexural strength is shown in Fig. 9(b). The 
majority of the residuals lie very close to the 
reference straight line, confirming that the error 
terms follow an approximately normal 
distribution. Only a single observation deviated 
from the line at the upper tail, which can be 
considered a mild outlier. However, this 
deviation is not sufficient to compromise the 
model's adequacy. The good alignment of the 
residuals supports the reliability of the quadratic 
model in describing the flexural response. The 
fact that flexural strength required a quadratic 
model is consistent with its sensitivity to the 
combined influence of powder content and 
curing temperature, which creates interaction 
and curvature effects that cannot be captured by 
a linear model alone.  

Together, these diagnostics confirm that the 
selected models are statistically valid and 
appropriately reflect the physical behavior of the 
system. Flexural strength requires a quadratic 
model due to interaction and curvature effects, 
whereas tensile strength is adequately described 
by a linear model driven by main compositional 
factors. 
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Fig. 9. (a) Normal probability plot of residuals for tensile strength, b) Normal probability plot of residuals for flexural strength 

 Multi-Response Optimization 

The multi-response optimization was 
conducted using the desirability function to 
maximize both tensile and flexural strengths 
simultaneously. The software generated up to 
100 possible solutions, each corresponding to 
different combinations of powder content, curing 
temperature, and fiber type. Among these, one 
representative solution with high desirability 
was selected. This condition corresponded to 3 
wt% powder content, a curing temperature of 
170 °C, and carbon/high-silica fiber 
reinforcement with an overall desirability close 
to D = 1.000. Under these settings, the models 

predicted a tensile strength of ~181 MPa and a 
flexural strength of ~170 MPa. One of the 
optimization plots for this solution is presented 
in Fig. 10. In these figures, the Actual factor 
denotes the fixed fiber type (carbon/high-silica), 
while the response surfaces display the effects of 
powder content and curing temperature.  

This solution demonstrates that even at 
relatively low filler content, simultaneous 
improvement of tensile and flexural responses 
can be achieved through appropriate selection of 
fiber type and curing parameters. Including these 
optimization plots in the manuscript ensures 
transparency of the modeling process. 

 
Fig. 10. Multi-response optimization of  RSM model: (a) overall desirability plot, (b) contour plot of tensile strength, and 

 (c) contour plot of flexural strength 

4.4.4. Validation of Mathematical Models 

The comparison of experimental data from 
mechanical tests, specifically tensile and flexural 
tests, with predicted data from the ANOVA 
formulation is illustrated in a graph relative to 
the 45-degree diagonal line. The closer the data 
points are to this diagonal line, the greater the 

agreement between the experimental and 
predicted data. This proximity enhances the 
accuracy of the final results and validates the 
research findings. 

To provide a clearer understanding of this 

agreement, Fig. 11 displays graphs of the 
experimental (actual) and predicted values for 
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the two mechanical properties: tensile strength 
and flexural strength. Additionally, a comparison 
of the root mean square error (RMSE) values in 
the ANOVA tables with the experimental-
predicted graphs indicates a strong 
correspondence between the residual values and 
the experimental data for both tensile strength 
and flexural strength. To provide a quantitative 
assessment, statistical measures have been 
calculated based on the ANOVA results. For 
tensile strength, the RMSE is approximately 12.8 
MPa, derived from the residual mean square 

(√163.89) reported in Table 7, which reflects a 
relative error of 5-10% compared to the mean 
experimental tensile strength (approximately 
178 MPa across samples). For flexural strength, 
the RMSE is approximately 1.36 MPa, calculated 

from the residual mean square (√1.86) in Table 
9, corresponding to a relative error of less than 
2% relative to the mean experimental flexural 
strength (approximately 121 MPa). These error 

ranges are within acceptable limits for Response 
Surface Methodology (RSM) studies in composite 
materials. Also, the D-optimal design achieved a 
D-efficiency of 85%, ensuring efficient parameter 
estimation. Furthermore, suppose the difference 
between the predicted correlation coefficient (R² 
Predicted) and the adjusted correlation 
coefficient (R² Adjusted) is less than 0.2. In that 
case, we can conclude that the experimental and 
predicted results are in close agreement with 
only a minor difference. Moreover, models that 
exhibit a high correlation with experimental data 
can be effectively used to predict mechanical 
properties. For tensile strength and flexural 
strength, the correlation coefficients were 
calculated as R² = 0.9808 and R² = 0.9998, 
respectively. These values indicate the high 
accuracy of the linear model for tensile strength 
and the quadratic model for flexural strength, 
demonstrating that these models accurately 
represent the experimental data [49]. 

 
Fig. 11. (a) Comparison of experimental and predicted data for a) tensile strength  

b) flexural strength relative to the diagonal line 45°  

5. Conclusions 

In this study, a hybrid composite was 
fabricated using two types of carbon fibers, high-
silica fibers, and reinforcing particles made of 
silicon carbide (SiC) and polytetrafluoroethylene 
(PTFE). The response surface methodology was 
employed to optimize manufacturing variables, 
focusing on three key parameters: particle weight 
percentage, curing temperature, and fiber type. 
Scanning electron microscopy results indicated 
that the composites failed primarily in the fiber 
area. Additionally, PTFE and SiC additive 
particles interacted relatively well with the resin, 
effectively.preventing crack propagation. 
Differential scanning calorimetry results 
demonstrated that the incorporation of 
reinforcing particles improved the glass 
transition temperature, enhancing the thermal 

stability of the composite. Tensile strength 
results, along with analysis of variance utilizing a 
first-order model, revealed that the curing 
temperature did not have a significant impact on 
the tensile strength. In contrast, the fiber type 
and particle weight percentage were found to be 
critical factors. Notably, using carbon fibers with 
a 10% weight percentage of reinforcing particles 
yielded the best results. Also, the analysis of 
ANOVA showed that all three parameters—
weight percentage (Pw), temperature (T), and 
fiber type (F)—significantly influenced flexural 
strength, with interactions between them playing 
an important role. The optimal combination for 
flexural strength was identified as a curing 
temperature of 180°C, a weight percentage of 
10%, and the use of hybrid carbon-highsilica 
fibers. For industrial production of phenolic 
composites with enhanced tensile properties, a 
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formulation of 10 wt% SiC/PTFE particles, cured 
at 180°C for hours under 150 psi pressure with 
carbon fiber reinforcement, is recommended. For 
superior flexural performance, the same particle 
loading and curing conditions should be adopted 
for carbon/high-silica hybrid fibers. 
Furthermore, the response surface methodology 
models developed in this study demonstrated 
high accuracy in predicting mechanical 
properties, indicating that this approach can 
effectively optimize the properties of composites 
by considering various parameters. 
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