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Optimizing the synergistic effect
of organic and inorganic fillers
on fire-retardant and mechanical
properties of vinyl ester/flax
bio-composites

Muhammad Iftikhar Faraz*

Department of Mechanical Engineering, College of Engineering, King Faisal University, Al-Ahsa, Saudi
Arabia

Vinyl ester/flax (VE/flax) bio-composites were made after incorporating hybrid
concentrations (0, 3, and 6% by weight (wt)) of halloysite nanotubes (HNT),
magnesium hydroxide (MHO) and chitosan infused ammonium polyphosphate
(CAP) particles. The purpose of incorporation of these particles was to improve
the fire-retardant (FR) properties of the VE/flax composite; however, its effect
on mechanical properties was also evaluated. To reduce the number of
experiments (from 27 to 9), Taguchi design of experiment was employed
during composite fabrication phase. Initially, the burning time and burning rate
of all the composites were calculated using a horizontal burning test while
tensile properties were determined using a tensile test. To predict an optimum
composition, a signal to noise (S/N) ratio analysis of the burning time and tensile
strength was conducted as “larger is better” criteria. The combination of 6%
MGO and 3% CAP was predicted to be an optimum hybrid filler for enhanced
fire retardancy, while VE/flax composite with no filler proved to have the highest
tensile strength. HNTwas found to be the least effective filler for both tensile and
fire-retardant properties. The predicted composition was then fabricated and
validated through experimental characterizations. The fire-retardant properties
of the optimized composite were additionally assessed using a limiting oxygen
index (LOI) test and thermal stability was evaluated using a thermogravimetric
analysis (TGA). The burning time of the optimized composite was found to be
delayed by 46.5% of that of VE/flax composite, while its thermal degradation was
11.23% lower than VE/flax composite.
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1 Introduction

Impact of plastic pollution on the environment and the consistent depletion of
petroleum-based resources have given rise to the need for bio-composite materials in
various applications (Akter, Uddin, and Tania, 2022; Kane et al., 2022). Enough research is
being conducted on the development of bio-composite materials and various applications
of these materials can be seen in certain industries, e.g., packaging (Manu et al., 2022).
Some other sectors have also recently adopted the use of bio-composites in manufacturing
internal parts of automobiles, marines, and construction (Dittenber and GangaRao, 2012;
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Koronis, Silva, and Fontul, 2013). As the application of these
materials is increasing in different sectors, different concerns
regarding the limitations of such materials are also rising
(Kovačević et al., 2021; Rashid et al., 2021; Shi et al., 2021; Zwawi,
2021; Andrew and Dhakal, 2022). One prominent shortcoming
of bio-composites is their flammability and low thermal stability
(Chee et al., 2020; Li, Guo, and Qian, 2021; Nguyen-Ha et al., 2023).
Besides fire and thermal stability, mechanical properties of the bio-
composites are also reported to be on the lower side as compared to
synthetic composite materials (Bambach, 2020; Begum, Fawzia, and
Hashmi, 2020; Shaker, Nawab, and Jabbar, 2021). Various natural
fibers have been reported in the literature which have been used as a
reinforcement in bio-composites (Malviya et al., 2020; Azman et al.,
2021). Among plant-based fibers, flax fiber is considered to possess
superior mechanical properties (Nayak et al., 2021; Amroune et
al., 2022).

Various studies are available on enhancing the fire retardant
and mechanical properties of bio-composites; however some
relevant studies are being reported here. A study by Azad et al.
(2022) has reported a delay of 56% in the ignition time and
an increase of 23% in the tensile strength of jute/starch bio-
composite after incorporation of an inorganic silica filler. Silica
is chemically compatible with jute and starch while it produces
a char layer around the composite when burnt. In another
study conducted by (Prabhakar et al., 2021), the burning rate
of bamboo/vinyl ester composites was decreased by 34% while
the tensile strength was increased 19.5% after incorporation of
an organic chitosan-based filler. The flame rate was reduced
due to formation of carbonaceous silicate char layer during
burning of the composites in the presence of Chitosan. A study
by Ahmad et al. (2024) has used hybridization of resins and
reinforcements to enhance the mechanical properties and thermal
stability of epoxy and vinyl ester-based composites. Some studies
have also reported the combined effect of multiple fillers on the
mechanical and fire-retardant properties of composite materials
(Shah et al., 2023; Yu et al., 2023). Another study by Ejaz et al.
(2022) utilized the synergy of two inorganic fillers (aluminum
trihydrate and zirconium hydroxide) on the mechanical and
fire-retardant properties of polyester/jute bio-composite. They
found encouraging effects of hybrid fillers on the fire-retardant
properties due to char layer formation and water molecules
liberation during combustion. However, they observed a decrease
in the mechanical properties. These studies suggest that organic
fillers contain compatible chemical structures with the natural
fibers which enhance the mechanical properties of the bio-
composites while inorganic fillers are comparatively efficient in
enhancing the fire-retardant properties. The organic fillers derived
from natural resources can easily make chemical bonds with
the natural fibers which enhances the performance of the bio-
composites. On the other hand, inorganics fillers are thermally
more stable and produce thick char layers when burnt. Therefore,
a combined effect of different organic and inorganic fillers on
the fire retardant and mechanical properties of the bio-composites
is required to be explored which has been conducted in the
current study.

In this study, VE/flax composite material was fabricated using
vacuum bagging method. The synergistic effect of HNT, MHO
and CAP fillers was evaluated on the fire retardant and tensile

properties of the VE/flax composite. The concentration of the three
fillers was varied (as 0, 3, 6 wt%) to find an optimum combination
for the desired properties. The total number of combinations in
this case would be 27, which involves a significant amount of
material consumption and time. To save the material cost and
time, Taguchi design of experiment (DOE) method was utilized
to initially reduce the number of combinations to nine only. The
Taguchi method is a famous DOE technique to save experimental
time and cost, which has been utilized by various researchers in
similar studies as it is easy to use without requiring special expertise.
The flame time/rate, and tensile properties of the nine composites
were evaluated using a horizontal burning test and a tensile test
respectively. The VE/flax composite with 3% CAP and 3% MHO
displayed the largest burning time, while the VE/flax composite
with no filler particles displayed the maximum tensile strength.
The hybrid filler combinations caused poor interfacial bonding
between the flax fiber and VE resin which resulted in reducing
the tensile strength of the composites. The failure mechanism
of the broken surfaces after tensile test was studied using field
emission scanning electron microscopy (FESEM).The results of the
burning time and tensile strength were then investigated using a
S/N ratio analysis. Based on the S/N ratio analysis, it was predicted
that VE/flax composite containing 3% CAP and 6% MHO would
survive the flame for the longest time; while for tensile strength, the
VE/flax composite with no filler was predicted to be the optimum
composition. For validation of the S/N ratio analysis, a VE/flax
composite with 3% CAP and 6% MHO was fabricated and its
burning time was calculated which was found to be more than
the previously fabricated nine composites. Additionally, a limiting
oxygen index (LOI) test of the optimized composite was conducted
and compared with the VE/flax composite, and the composition
which displayed the largest burning time among the previous nine
composites. Similarly, a thermogravimetric analysis (TGA) was also
conducted. Both the LOI and TGA also validated the enhanced fire
retardant and thermal properties of the proposed composition (3%
CAP and 6%MHO filled VE/flax composite), as compared to all the
composites.

Based on its utility and applications in different industries,
this study involves enhancement of fire-retardant properties of
bio-composites using innovative fillers, contributing to SDG 9
(Industry, Innovation, and Infrastructure), SDG 12 (Responsible
Consumption and Production), SDG 13 (Climate Action), and SDG
17 (Partnerships for the Goals).

2 Materials

The VE resin (viscosity: 150 cps, and sp. density: 1.03) along
with its hardener (Butanox M-60) and releasing agent (Frekote
700-NC) were purchased from CCP Composites (Korea). A
balanced flax fabric was obtained from LINEO ITS Composites
(China). HNT (MW: 29,419) and MHO nano filler (MW: 58.32)
were procured from Sigma-Aldrich (United States). The CAP
particles were synthesized in our laboratory by chemically
modifying chitosan powder through ammonium polyphosphate
(APP) using the method described by (Prabhakar et al.,
2019). The APP (MW: 916.37) was also procured from
Sigma Aldrich.
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FIGURE 1
Methodology adopted during the study.

TABLE 1 Taguchi DOE orthogonal array.

S. No. Nomenclature HNT (%) CAP (%) MHO (%)

1 A 0 0 0

2 B 3 0 3

3 C 6 0 6

4 D 0 3 3

5 E 3 3 6

6 F 6 3 0

7 G 0 6 6

8 H 3 6 0

9 I 6 6 3

3 Experimental and statistical methods

This study was conducted in five steps, as explained in
the block diagram shown in Figure 1. At first the number of
compositions to be fabricated were decided based on Taguchi DOE
method. The composites were then fabricated and characterized
to find their tensile and flammability properties. Only tensile and
horizontal flame tests were conducted initially. A statistical tool
(S/N ratio analysis) was used to find the effect of each filler on
the flammability and tensile properties of the VE/flax composites.
An optimized concentration of each filler was predicted based on
S/N ratio analysis. At the last step, the optimized composition was
manufactured and tested to validate the predictions of the statistical

analysis. Details of experimental and statistical methods employed
in this study are given below.

3.1 Taguchi design of experiments

Acommercially available statistical tool (Minitab 17)was used to
design anL9 orthogonal array forTaguchiDOE.Three factors (HNT,
MHO and CAP) each with three levels (0, 3, and 6%) were used
to develop the L9 array which is shown in Table 1. The number of
compositions was reduced from 27 to 9. Table 1 shows the variation
in the concentration of filler particles only, while the VE resin
concentration changes accordingly.
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FIGURE 2
Burning rate and burning time of the composites.

FIGURE 3
Tensile properties of the composites.

3.2 Fabrication of composites

The VE/flax composites with and without the fillers were
prepared using vacuum bagging method. The filler particles were
dispersed between the layers of flax fabric using a hand layup
method before the resin infusion. The fabric layers were stacked up
on ametal surfacewhichwas earlier kept at 100°C in an oven.TheVE
resinwas also kept in an oven at 30°C for 1 hour to obtain its viscosity
at room temperature.The fabric layers were packed in a vacuum bag
using a sealant tap on the surface of the metallic plate.The resin was
infused in the fabric layers at a vacuum pressure of 40 kPa using

a vacuum pump. The composite was initially cured at 100°C in an
autoclave for 5 h and then allowed to cure at room temperature.The
wt% of flax in all the composites is 40% as it has been reported in
literature (Ejaz et al., 2020; Samant et al., 2023).

3.3 Characterizations

Initially, a horizontal flame test and a tensile test of all
the composites mentioned in Table 1 were conducted according
to ASTM D635 and ASTM D3039 standards respectively. The
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FIGURE 4
FESEM images of specimens after tensile test: (A) Specimen A, (B) Specimen D.

TABLE 2 Values of burning time, tensile strength and their S/N ratios.

S. No. Composites Tensile strength (MPa) S/N ratio (dB) Burning time (sec) S/N ratio (dB)

1 A 105.65867 40.4781 230.0 47.2346

2 B 102.6371 40.22609 241.0 47.6403

3 C 86.48913 38.73923 256.5 48.1817

4 D 94.24918 39.48555 289.0 49.2180

5 E 85.88021 38.67786 286.5 49.1425

6 F 93.17935 39.38639 262.0 48.3660

7 G 93.20262 39.38856 288.0 49.1878

8 H 88.6878 38.95728 258.0 48.2324

9 I 82.58709 38.33824 278.5 48.8965

horizontal burning tests were conducted in a locally fabricated
chamber while the tensile tests were carried out on an MTS 97 kN
load cell.The fractured surfaces of the composite specimens after the
tensile test were observed using a field emission scanning electron
microscope (FESEM) [Zeiss Gemini (Germany)].

At the end, the flammability properties were validated by
conducting a LOI test and a thermogravimetric analysis of the
composites.The LOI test was conducted following the ASTMD2893
standard using an LOI equipment of FESTEC International Co. Ltd.,
Korea. TGA was carried out on SDT Q600 thermal analyser till
800°C at a heating rate of 10°C/min in an inert N2 environment.

3.4 S/N ratio analysis

S/N ratio analysis is a statistical tool used for a large set of data
to reduce the variability (noise) and find an optimum configuration.
This method plays a key role in identifying the key factors and
their desired levels in the Taguchi DOE optimization technique as
reported in the literature (Saghir et al., 2023; Achmad Jusuf Zulfikar,
2024). In this study, an S/N ratio analysis on the burning time

and tensile strength data was carried out for the nine specimens
defined in Table 1. Both burning time and tensile strength are
desired to be maximum, so the S/N ratio analysis type was “larger
is better”. The analysis was carried out using Minitab 17. An
optimized set of composition of the three fillers was obtained
because of this analysis, which was manufactured and validated
experimentally.

4 Results and discussion

4.1 Flammability

Burning time and burning rate of all the nine composites are
plotted in Figure 2. Each filler and the combination of all the
fillers were observed to enhance the burning time of the VE/flax
composite. The fire retardancy mechanism of both the organic and
inorganics fillers is available in literature (Madyaratri et al., 2022).
However, the synergistic effect of these fillers has been presented
in the current study. On burning the HNT, a layer on the surface
of the base material is deposited which acts as a thermal barrier

Frontiers in Materials 05 frontiersin.org

https://doi.org/10.3389/fmats.2024.1443089
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Faraz 10.3389/fmats.2024.1443089

FIGURE 5
Mean of S/N ratios: (A) Burning time, (B) Tensile strength.

to stop the flow of heat (Arora et al., 2014). The MHO dissolves
into a char layer of magnesium oxide and water vapours at high
temperatures (Wang et al., 2020). The char layer acts as a thermal
barrier while the water vapours support fire extinguishing. The
CAP is reported to liberate carbon dioxide on combustion which
acts as a fire extinguisher; additionally, it produces phosphoric acid
which acts as a blowing agent, and a char layer which acts as a
thermal barrier (Prabhakar et al., 2019). The results showed that
specimen D exhibited the highest burning time (289 s) and lowest
burning rate (0.260 mm/s) compared to 230 s and 0.326 mm/s of
specimen A. This specimen contains 3% CAP and 3% MHO in
a VE/flax composite. The increase in burning time of specimen
D is 25.65% of that of Specimen A. The combined effect of CAP
and MHO verifies a synergy of the two fillers in enhancing the
fire-retardant property. The two fillers contain free -OH groups

which is also contained in flax fiber, this may be their possible
interaction mechanism during combustion and the evaporation of
water vapours. At this stage, composite specimen D is considered to
display maximum burning time. S/N ratio analysis on this data was
carried out to find an optimized composition for maximum burning
timewhichmay not be among these nine compositions.The analysis
is presented in a later section.

4.2 Tensile properties

The tensile strength and modulus of the nine composites have
been plotted in Figure 3. Tensile strength of the fire-retardant
fillers incorporated bio-composites has generally been reported to
decrease compared to the unfilled composites (Bazan, Salasińska,
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TABLE 3 S/N ratios response values for each filler.

Level (%) S/N ratio responses

Burning time Tensile strength

HNT CAP MHO HNT CAP MHO

0 48.55 47.69 47.94 39.78 39.81 39.61

3 48.34 48.91 48.58 39.28 39.18 39.35

6 48.48 48.77 48.84 38.82 38.89 38.94

Delta 0.21 1.22 0.89 0.96 0.92 0.67

Rank 3 1 2 1 2 3

and Kuciel, 2021; Thiyagu and NarendraKumar 2023). The same
phenomenon was observed in the current study as well. VE/flax
composite without any filler (specimen A) was found to have
maximum tensile strength (105.65 MPa) among all the nine
composites. The fillers in individual as well as hybrid combinations
have caused a slight decrease in the tensile properties, especially the
strength. The decrease in the tensile strength of fillers incorporated
composites (specimens B to I) was found to vary between 3%–22%.
This decrease in the tensile strength may be attributed to the high
degree of inhomogeneity because of multiple fillers incorporation in
the VE/flax composite.

FESEM images of specimen A and specimen D have been
compared in Figures 4A, B, respectively. Failure in specimen A
seems to occur due to a dominant fiber breakage pattern while
specimen D, which contains fillers, also shows spots of fiber pull-
outs. Flax fibers are themain load carriers in these composites under
a tensile load, a fiber pull-out shows a weak interface between the
VE resin and flax fiber in the presence of the fire-retardant fillers.
However, in specimen A, in the absence of any filler a dominant
fiber breakage phenomenon can be observed which shows that flax
fibers have taken the maximum load before breakage rather than
slipping out from the interfaces. The failure behavior in specimen
D explains failure of all the fillers incorporated composites in
this study.

4.3 S/N ratios analysis

A statistical analysis to determine the influence of each filler on
the burning time and tensile strength was carried out using S/N
ratios. This analysis was conducted on Minitab tool using “larger is
better” criteria.The numerical values of tensile strength and burning
time obtained above alongwith their S/N ratios are shown inTable 2.
The mean S/N ratio of each factor against its levels has been plotted
in Figure 5. The influence of each filler on the burning time and
tensile strength was determined individually from Figures 5A, B,
respectively. The horizontal dotted line in these figures shows the
mean S/N ratio value. The analysis plotted in Figure 5 predicts that
a hybrid composition of 6% MHO, 0% HNT and 3% CAP fillers
will result in maximum burning time of VE/flax composite. While

the VE/flax composite with no filler is a proposed composite with
highest tensile strength.

The response of S/N ratios for burning time and tensile strength
is shown in Table 3. The maximum value of S/N ratio for each filler
corresponds to its optimum concentration. The results in Table 3
show that CAP has the maximum influence on enhancing the fire-
retardant properties, as it ranks at one. Similarly, HNT showed
maximum effect on causing a decrease in the tensile strength of the
composites. As discussed earlier, CAP and MHO both contain free
-OH groups which is compatible with the cellulose found in the flax
fiber. However, HNT is chemically not compatible with any of the
constituents of these composites.Therefore, HNTwas found to have
the least effect of enhancing any of the properties of the composites
in this study.

4.4 Verification experiment

To validate the proposed composition as evaluated by the
S/N ratio analysis above, a new VE/flax composite with a hybrid
incorporation of 3% CAP and 6%MHO was fabricated by the same
method as explained earlier. This new composite material will be
referred to as specimen J in this study onwards.

The newly fabricated specimen J was testing for horizontal
burning, LOI and TGA. The LOI test and TGA of specimen
A and specimen D were also carried out to compare with
the optimized composite specimen J. The results of the
burning test are shown in Figure 6. Specimen J was found to
have enhanced burning time (337 s) and minimum burning
rate (0.222 mm/s) as compared to that of specimens A
(230 s and 0.326 mm/s) and D (289 s and 0.260 mm/s). The
burning duration of specimen J is 46.5% and 16.6% more
than that of specimens A and D respectively; while it is
higher than those of all other composites fabricated for
this study.

The LOI value of specimen J (27.2%) is also higher than those
of specimen A (19.4%) and D (22.6%). The results of LOI test agree
with the results of horizontal burning test.The results of LOI test are
plotted in Figure 7.The thermal stability of specimensA,D and Jwas
also evaluated and compared using TGA thermograms in Figure 8.
All the composites went through two stages of thermal degradation.
Initially, the thermal degradation of specimens D and J was slightly
faster than specimen A, which may be due to the early loss of water
of crystallization.The onset of degradation for all specimens started
between 320°C–340°C, which is a close range. At the first stage,
the loss of weight is also approximately the same (10%) for all the
composites. However, at high temperatures, the fillers incorporation
showed a prominent effect on the thermal stability of the VE/flax
composite. In the final stage (between 450°C–800°C) specimen A
lost around 93% of its weight while specimens D and J lost 87.4%
and 81.77% of their weights, respectively. This was mainly due to
the protection of the composite specimens under the char layers
produced during the combustion process of CAP and MHO. The
results of thermal degradation of the composites are also analogues
to the results of flame and LOI tests. Specimen J was proved to
possess the greatest thermal stability and fire-retardant properties
which validates the predictions of the statistical analysis used in
this study.
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FIGURE 6
Comparison of flammability property of specimens A, D and J.

FIGURE 7
LOI test results of specimens A, D and J.

5 Conclusion

Three fillers (HNT, MHO and CAP) were incorporated in the
VE/flax composite to enhance its fire-retardant properties. Taguchi
DOE technique was employed to reduce the number of experiments
(from 27 to 9) involved in optimizing the composition of VE/flax

composites containing hybrid concentrations (0, 3, 6%) of the fillers.
Synergistic effect of these fillers on the flammability and tensile
properties was studied using a horizontal burning test and a tensile
test, respectively. Among the nine composites, it was found that
VE/flax composite with hybrid incorporation of 3% CAP and 3%
MHO (specimen D) showed the maximum resistance to flame
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FIGURE 8
TGA thermograms of the composites in inner environment.

propagation; however, tensile strength of VE/flax composite without
any filler (specimen A) was found maximum. A S/N ratio analysis
was conducted on the burning time and tensile strength values of
the nine composites, and it was predicted that hybrid incorporation
of 3% CAP and 6% MHO in the VE/flax composite will result in
delaying the burning time. For validation, a composite with the same
composition (specimen J) was fabricated and tested. The specimen
J was found to have a burning time of 46.5% higher than that of the
original VE/flax composite. It was also verified through LOI test;
the LOI of specimen J was found to be 40% higher than that of
specimen A, which is analogous with the results of the burning test.
Similarly, the wight loss of specimen J (81.77%) was found to be less
than all other composites. The thermal stability and fire-retardant
properties of specimen J were found to be greater than all other
composites in this study. CAP and MHO were ranked as the top
two contributors in enhancing the fire-retardant properties of the
composites. The same two fillers had shown least effect on reducing
the tensile properties of the composites. Their synergistic effect was
also proven to be efficient. On the other hand, HNT was found to
contribute least to enhancing the fire-retardant properties and had
shown greater effect in deteriorating the tensile properties of the
composites.
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