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ABSTRACT - One of the safety requirements for the vehicle components is in terms of the Received: 215t June 2021
flammability factor. Generally, the polymer material used for vehicle components is Unsaturated Revised: 30 Nov 2021
Polyester (UP). Unfortunately, this material is highly flammable. The addition of Aluminum Tri- Accepted: 3¢ Jan 2022
Hydroxide (ATH) to UP is known to improve its flame retardancy, but its material strength is
compromised. Moreover, the use of pristine Montmorillonite (MMT) rather than the commonly used KEYWORDS
organomodified MMT as a mixture to the ATH results in different material characteristics that could Aluminum tri-hydroxide;
potentially minimise such a reduction of material strength. This manuscript discusses the Pristine montmorillonite;
combination of ATH and MMT in Glass Fiber Reinforced Polymer (GFRP) composites, specifically Unsaturated polyester;
in terms of mechanical properties and flame retardancy. The increase of ATH content to UP ﬂame retaraancy;
lechanical properties

decreases the flexural strength of GFRP, ranging from 34.3% to 63.4% lower than the neat GFRP.
A slight increase of flexural strength is found in samples with ATH and MMT combinations
(CA45M15), indicating that the addition of MMT does not dramatically change the flexural strength
of GFRP. However, the addition of filler ATH, MMT, or a combination of both could increase the
flame retardancy of GFRP. The addition of ATH leads to a slight increase of the UP initial
temperature of decomposition, while the addition of MMT shows almost no notable differences.
The flammability test shows that the additions of ATH, MMT or their combinations tend to decrease
the rate of linear burning. Therefore, it can be concluded that the ATH and MMT could effectively
improve the flame retardancy of GFRP.

INTRODUCTION

Polymers and composites in the automotive industry sector show an increase in the types of materials and components
made [1]. Several factors that attract the automotive industry’s interest to substitute metal components with polymers are
economic value, weight reduction, more flexible shape potential, more functional design, new surface effects, lower
maintenance costs, and corrosion resistance [2][3]. The utilisation of plastic allows the design of cars and lightweight
vehicles to be more stepping forward by providing style and interior flexibility for designers [4]. Compared to metals
such as mild steel, the function of using polymer composites can be adapted to the needs of automotive components. The
combination of strength and weight of components can be designed optimally. Examples of composite applications in the
automotive field include pistons, brake friction materials, anti-roll bars, and low-velocity impact structures [5]. In electric
vehicles, structural battery composites are developed from polymer materials, namely carbon fibre reinforced polymer
[6]. However, composite polymers for automotive materials still require some essential factors, such as resistance to
temperature, flame retardancy, chemical resistance, wear resistance, impact strength, and resistance to ultraviolet
radiation. One of the safety requirements for the vehicle components is in terms of the flammability standard. The
commonly used standard for the vehicles components flammability is found in the FMVSS (Federal Motor Vehicle Safety
Standard) number 302, which states that the material must not ignite or spread the fire at a rate of burning of more than 4
inches (100 mm) in a minute [7]. Composite materials must be able to withstand fire and produce as little smoke as
possible to allow passengers in the vehicle to be evacuated safely [8]. The test results using the FMVSS 302 method on
non-flame retardant fabrics show that such materials could produce foam that can cause flames to ignite [9]. Therefore,
the fire behaviour of composite polymers for automotive materials is a concern hence the evaluation of their flame
retardancy is mandatory [10]. This material must be fire-resistant or burn but with a rate of burning that meets the
standards to allow sufficient evacuation time in the event of a fire.

Various thermoset polymer materials can be used for automotive component applications, such as unsaturated
polyester [11], epoxy [12], acrylic [13], polyurethane [14], and vinyl ester [15]. Generally, the polymer material used for
vehicle components is unsaturated polyester (UP). The UP is relatively cheap, has good mechanical properties, ease of
the production process, and is easy to combine with various fibre and fillers, which makes UP in great demand for many
engineering applications [16]. Its low material density is also one of the reasons why UP is highly used in the industry
and the automotive [17]. However, UP is highly flammable and produces a lot of smoke when it burns [18][19]. Carbon
monoxide (CO) is a toxic smoke emission from the decomposition of UP which can cause metabolic acidosis and

*CORRESPONDING AUTHOR | S. Kaleg | 5< suna021@lipi.go.id 9379
© The Authors 2022. Published by Penerbit UMP. This is an open access article under the CC BY license.



S. Kaleg et al. | International Journal of Automotive and Mechanical Engineering | Vol. 19, Issue 1 (2022)

respiratory acidosis in humans [20]. The improvement of UP flame retardancy can be made with the addition of
Aluminum Tri-Hydroxide (ATH) [21], which is then indicated by a decrease in the amount of smoke generated and the
Limited Oxygen Index (LOI) [22]. In the event of a fire hazard, the level of safety for a life increases when the smoke
produced is successfully lowered [23]. ATH in the UP is more efficient in increasing ignition time as well as reducing
CO emission and Peak Heat Release Rate (PHRR) compared to Calcium Carbonate (CaCOs) [24]. The addition of ATH
to the composite does not affect the decomposition mechanism but slows down the rate of residual formation [25].
Another potential attempt to improve UP flame retardancy is adding a clay-based filler [26], such as Montmorillonite
(MMT) [27]. The MMT flame retardancy mechanism is a decrease in PHRR [28] due to the formation of a barrier layer
on the surface of the polymer [29]. The addition of MMT increases the flame retardancy of the UP by forming the charcoal
when thermal decomposition occurs [30]. The UP application for vehicle components is usually combined with another
reinforcement to gain good strength. UP resin and glass fibre (GF) can be integrated to form the so-called Glass Fibre
Reinforced Polymer (GFRP), which has better mechanical properties than just UP or GF only [16]. The composite
strength can be increased by adding multiple GF layers or GF with a higher modulus [31]. As a reinforcement, GF can be
combined with other fibre materials to obtain optimal mechanical properties [32]. Even the same fibre material but
different formats may increase the stiffness of a composite [33]. GF arrangement in various material density and fibre
format in the UP resin yields maximum tensile stress and bending force significantly higher than the UP without
reinforcement.

The addition of ATH to the UP resin improves the GFRP flame retardancy, but it also shows a notable decrease in its
mechanical properties [34][35]. After all, the high ATH content causes the viscosity of the matrix to increase so that it
disrupts the good manufacturing process [36]. Therefore, to minimise the mechanical properties reduction, the ATH
content is lowered, and other flame retardant fillers are added [37][38]. For example, clay and ATH can be used together
to produce ethylene vinyl acetate (EVA) composites for the production of cable covers [29]. Another alternative is pristine
MMT, which is a non-organomodified MMT that relies on the flame retardancy of heat resistance materials and water
vapour. Pristine MMT as natural sources are summarised as a particle and layered structure, barrier property, and water
sorption [39]. It is found that the LOI of polymer composites increased up to 25.5% with the addition of pristine MMT
[40]. Although it may not have better mechanical properties than the organomodified MMT, pristine MMT eliminates
processes for modifying the intercalated layers, leading to a drastically cheaper production cost. The evaluation of the
combination of ATH and pristine MMT, especially in terms of flame retardancy and its mechanical properties of GFRP
composites for vehicle applications, is still relatively rare in the literature.

In this manuscript, the effect of ATH, pristine MMT, or a combination of both with regards to the flame retardancy
and mechanical properties of GFRP is experimentally evaluated. The GFRP composites with the variation of ATH and
MMT were made using the hand lay-up production method. The mechanical properties under consideration were flexural
strength, surface hardness, and density, which are then associated with the morphology of fractured flexural samples. The
flame retardancy of the composites was evaluated using thermogravimetric analysis (TGA) and ASTM D635-03. This
study could become the basis for applying composite flame retardant materials with optimal mechanical properties for
lightweight components in vehicles.

EXPERIMENTAL MATERIALS AND METHODS
Materials

In this study, GFRP composite samples were made from unsaturated polyester and the reinforcement’s E-glass fibre.
The aluminium tri-hydroxide (ATH) and pristine montmorillonite (MMT) are the fillers used as the flame retardant of
the composites. Commercial orthophthalic UP resin 268 BQTN from Singapore Highpolymer Chemical Products (SHCP)
was used and it had a specific mass of 1.22 g/cm?. The mechanical properties of neat cured UP resin are 59 MPa in tensile
strength, 88 MPa in flexural strength, and 156 MPa in compressive strength [16]. General-purpose E-glass fibres of
chopped strand mat (EMC200) and woven roving mat (WR200) were used for the reinforcement. Both GF were supplied
by Fantatex, and they had a specific mass of 200 g/m2. Such E-glass fibre has a tensile strength of 3100 — 3800 MPa at
23 °C [41]. The ATH BW153 was supplied by Nippon Light Metal Company, Ltd. The ATH had a specific mass of 2.42
g/cm?, Mohs hardness of 3, a refractive index of 1.57, ignition loss of 34.6%, decomposition temperature at approximately
200°C, water vapour generation 0.9 L/g, and endothermic value of 2.0x103 J/g. Pristine montmorillonite (MMT) was
purchased from Cipta Kimia and had a specific mass of 2.35 g/cm?>. The UP resin initiator MEPOXE methyl ethyl ketone
peroxide (MEKP) was supplied by Kawaguchi Kimia Indonesia.

Composites Preparation

The ATH and MMT were heated in an air-circulated oven at 125°C for 30 min and then stored at room temperature.
ATH and MMT were mixed with UP using a high-speed mechanical stirrer at 3,000 rpm for 5 min [24]. The mixture of
UP and the filler was stored for 5 min to eliminate the bubble. The 1% UP weight of MEKP (1wt%) was added to the
mixture, and then was stirred evenly. Furthermore, the mixture was poured into a mould followed by the GF with the
configuration shown in Figure 1. The hand lay-up method was used to disperse the GF mixture. The composites were
stored cured at room temperature in the moulding for 24 h [22][42][43][44]. Finally, the composites were removed from
the mould and then it was post-cured in oven-dried at 100°C for one hour [31][45]. The name and composition of the
composites samples were tabulated in Table 1.
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Chopped strand mat (EMC200)
Woven roving mat (WR200)

Chopped strand mat (EMC200)

Figure 1. GF configuration in the GFRP samples.

Table 1. Composition of the samples.

Composition (g)

Sample name' GF? (layer)

UP ATH MMT
C 3 250 - -
CA10 3 250 25 -
CA20 3 250 50 -
CA30 3 250 75 -
CA40 3 250 100 -
CA50 3 250 125 -
CA60 3 250 150 -
CA45M15 3 250 112.5 37.5
CA30M30 3 250 75 75
CA15M45 3 250 37.5 112.5
CM60 3 250 - 150

D Cis GF and UP, A is ATH and M is MMT
2 GF configuration follows the configuration illustrated in Figure 1

Material Characterisations

The mechanical properties of the samples under consideration were flexural strength, surface hardness, composites
density, and the morphology of flexural fractured samples using scanning electron microscope (SEM). The flexural
strength and flexural modulus following ASTM D6272-00 were obtained from a JTM-UTS510 universal testing machine.
The testing configuration was four-point bending with a support span-to-depth ratio of 16.25 and a loading rate of 10
mm/min. The shape of the samples is rectangular with the dimension of length 127 mm, width 12.7 mm, and thick 3.2
mm. The number of four-point bending samples is 5. The Rockwell hardness test following ASTM D785-98 was used to
obtain the surface hardness. The hardness test was performed using a Matsuzawa Seiki tester. The surface hardness was
measured in Rockwell hardness scale L with 6.35 mm of indenter diameter. The test was performed with a minor load of
10 kg and a major load of 60 kg. The number of surface hardness samples is 5. The composites density measurement was
in accordance with ASTM D792-98 and it was compared with the theoretically composites density in accordance with
ASTM D2734-94. The percentage of void content was calculated based on both measurement comparisons. The
percentage of the voids in the samples can be calculated according to Eq. (1).

Void (%) = 100-(Pr-Pm)/ (o1 (1)

where pr and pu is the theoretical and the measured sample density in g/cm?, respectively. The morphology of flexural
fractured samples was observed in a JEOL JSM IT-300 SEM with an accelerating voltage of 20 kV. The samples had
cross-sections sputtered with a gold layer before SEM observation.

The flame retardancy of the composites was evaluated by means of thermogravimetric analysis using a PerkinElmer
STA 6000, at a heating rate of 20 °C/min and a temperature range of 50 °C to 600°C in a nitrogen (N,) atmosphere of 20
mL/min. The flammability test was performed in accordance with ASTM D635-03, which resulted in the rate of linear
burning (ROB). The dimensions of the rectangular samples were 125x13%3.2 mm? and the average value was taken from
10 tested samples.

RESULTS AND DISCUSSION
Mechanical properties of GFRP filled with ATH and MMT

Figure 2(a) shows the flexural strength of GFRP with the addition of ATH only. The graph shows that the increase of
ATH content decreases the flexural strength of GFRP, ranging from 34.3% to 63.4% lower than sample C. This is because
ATH is a mineral that tends to agglomerate when mixed with resin, which could be attributed to mechanical properties
degradation [44]. The agglomeration is resulted from a non-homogeneous particle distribution hence weakening the
interaction between the filler and the matrix [42] and leads to a potential stress concentration [46]. The visual observation
about such agglomeration will be discussed further in the next section below. On the other hand, Figure 2(b) shows the
flexural modulus of GFRP filled with ATH only. It can be seen that the increase of ATH content, which is known as a
rigid particle that is hard to deform, increases the flexural modulus of GRFP by up to 86.7% higher than sample C. This

9381 journal.ump.edu.my/ijame <«



S. Kaleg et al. | International Journal of Automotive and Mechanical Engineering | Vol. 19, Issue 1 (2022)

result is in good agreement with the previous results that also show a tendency of reduction in terms of tensile strength,
impact strength, and elongation, while the modulus of elasticity is increased [47][48][49].
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Figure 2. Mechanical properties of the GFRP samples filled with ATH.

Figure 3 shows the flexural strength and modulus comparison of GFRP filled with ATH and MMT, neat GFRP
(sample C), and a sample of GFRP filled with MMT only (CM60). Figure 3(a) shows a slight increase of flexural strength
in the CA45M15 compared to the CA60. Meanwhile, the samples CA30M30 and CA45M15 show relatively the same
flexural strength as CA60. Therefore it can be concluded that the addition of MMT mixed with ATH as fillers does not
substantially change the flexural strength of GFRP. The pristine MMT is known as a material that is easy to agglomerate
and hard to intercalate inside the matrix [50][51]. Furthermore, this result indicates that the ATH and pristine MMT
particles fail to make adequate surface interaction [52]. With regards to flexural modulus, it is found that the samples with
MMT tend to be less rigid than the GFRP with ATH only (CA60) but almost the same value as the neat GFRP.
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Figure 3. Mechanical properties of the GFRP samples filled with ATH and MMT.

The bonding quality between the matrix and filler can be indicated by the value of the surface hardness and voids.
Figure 4(a) shows the surface hardness of GFRP filled with ATH. The base sample C shows the highest surface hardness
of 14.7. The increase of ATH addition leads to a decrease in the surface hardness of the composites by 9.5% to 36.7%.
Furthermore, Figure 4(b) shows the surface hardness of GFRP filled with ATH and MMT. The addition of ATH and
MMT decreases the surface hardness more significantly, that is, from 44.2% to 57.1%. When comparing the samples with
the same amount of filler compositions, that is, the samples CA60 and CM60, the GFRP with MMT filler shows a notably
lower surface hardness value than the GFRP with ATH filler. As tabulated in Table 2, the addition of filler particles in
the UP resin increases the number of voids and produces easily deformed composites due to a decrease in the hardness
[47]. Similar indications were also given of the contribution of voids that might cause a decrease in flexural strength, as
in Figure 3(a). In a study of fibre-reinforced polymer composites, an increase in voids can lead to a decrease in flexural
strength [53]. The voids are the result of low interfacial bonding between filler and matrix [52]. The lowest percentage of
void content was obtained by base sample C at 0.9 %, while the highest was found in sample CM60 by 23.9%. It is found
that the addition of MMT creates more voids inside the GFRP composites.
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Figure 4. Surface hardness of GFRP: (a) filled with ATH and (b) filled with ATH and MMT.
Table 2. Void contents of the samples used in this study.

Sample name Void content (%)
C 0.9
CA10 5.9
CA20 12.0
CA30 9.5
CA40 14.2
CA50 14.7
CA60 15.8
CA45M15 18.0
CA30M30 20.5
CA15M45 23.2
CM60 23.9

Morphology of the Flexural Fractured Surface

The morphological observations of the flexural fractured surface were performed on samples CA60, CA30M30, and
CM60 by means of a scanning electron microscope (SEM). The observations were focused on the interaction between
the particular filler and the matrix. The morphology of the flexural fractured surface of sample CA60 is shown in Figure
5(a), which shows the tendency of ATH particles to form agglomeration. The holes result from the pulled-out of ATH
particles that leave a smooth surface cavity. This smooth surface indicates the weak interfacial bonding between ATH
and UP. The high ATH content leads to a non-uniform particle distribution and makes less dispersion to the matrix [47].
The stress concentration in the particles due to high ATH content that causing a lack of dispersing to the matrix, thus
resulting in a decrease in the composite mechanical properties [54]. Agglomeration effectively reduces the interfacial area
between filler and matrix [21]. Figure 5(b) shows that the sample CA30M30 gives evidence of some agglomerated
particles that were pulled out and others split up. Particles with white spots can be either ATH or MMT agglomerations.
Furthermore, Figure 5(c) shows that the MMT particle in CM60 also tends to form agglomeration as the ATH. The
agglomeration of pristine MMT indicates that the particle cannot disperse well with the matrix, thus resulting in an
immiscible system inside the composites [37]. The immiscible pristine MMT particles were formed from the hydrophilic
pristine MMT layer wrapped up by hydrophobic material (UP) [18]. However, pristine MMT was successful in improving
the mechanical properties of the hydrophilic biopolymer [55]. Agglomeration of the MMT can occur before effective
interaction with UP is formed during composites preparation [56]. The holes observed from sample CM60 result from
the pulling out of the MMT particles. The pulled-out particle was caused by a weak bond between pristine MMT and the
UP [30]. However, there was a notable difference between the sample CA60 and CM60. By visual observation, the sample
CA60 has more pulled-out particles than the sample CM60. The CM60 has a split particle which shows a higher flexural
strength than the CA60. The split particles left in the matrix indicate an increase in the flexural strength due to the better
dispersion in the UP. In good agreement with the previous discussions related to Figure 3, the CA60 shows a lower
flexural strength and higher flexural modulus than the CM60.
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Figure 5. Morphology of the flexural fractured surface of (a) CA60, (b) CA30M30, (c) CM60.

Thermograms Result

The TGA and DTG measurement in Figure 6 were performed for samples C, CA30, CA60, CA30M30, and CM60,
especially in the samples matrix and fillers (the GF was excluded in the TGA test). The tested samples show a loss of
moisture to a temperature of 250 °C, which is in good agreement with Mourits and Gibson (2006) [37]. At a temperature
of 250 °C, as tabulated in Table 3, the sample CA30 has a mass degradation (mas0) lower than sample C, probably due to
the lower UP composition in the GFRP matrix. Meanwhile, the samples CA60, CA30M30, and CM60, which are samples
with the same mass percentage of fillers in the UP, show a different moso. It is found that the addition of MMT increases
the mypso of the UP. Based on the previous SEM observation, it is known that the MMT particles tended to form
agglomeration in the UP. The agglomeration consisted of a group of hydrophilic MMT which keep the intercalated water
inside the layer [18]. At ambient temperatures, MMT works to absorb moisture from the surrounding environment.
Furthermore, this material releases water vapour gradually as the temperature increases. The MMT can increase the
moisture content in the composite [57]. The increase in the MMT content increases the intercalated water content, which
was lost at a temperature of 100-250 °C [58]. The sample of CM60 shows higher mass degradation than CA30M30
because of a higher content of MMT. The TGA result shows that UP filled with ATH yield better thermal stability than
UP filled with MMT.
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Figure 6. Thermograms of (a) TGA and (b) DTG.

The ATH content in the GFRP matrix increases the decomposition temperature at the mass degradation of 50%,
indicated by Tso in Table 3. The addition of ATH filler to UP resulted in an increase in Tso to a temperature of about
400 °C. CA30 and CA60 show almost the same values. Conversely, the addition of MMT filler showed a lower Tso than
the addition of ATH filler; even CM60 was valued at 5 °C lower than C. These results indicate that MMT carries more
moisture content than ATH, which is in good agreement with [57]. Until reaching Tso, samples with MMT were likely to
experience higher mass degradation than those without MMT. Regarding the interaction between MMT and UP, another
study explains that a high MMT content is not effective in increasing the composites thermal stability due to its low
dispersion with the UP [54]. The reduction of decomposition temperature due to the addition of MMT is caused by the
clay layer, which absorbs the water, and the activity of the hydroxyl group, which accelerates the decomposition of
polyester [58]. The hydroxyl functional group (-OH) of MMT undergoes dehydroxylation with increasing exposure to
temperature [59][60]. The Tso of sample CA30M30 is higher than the sample C by 13.0°C. The results of other studies
indicate that the combination of ATH and MMT can increase the thermal stability of EVA composites [61].

Table 3. TGA and DTG results.

TGA DTG
Sample mzso ! TSO 2 Tonset Residue TMMTﬁpeak TATpreak TUPipeak MLRmax.
(%) (O (O (%) O O (O (%/"C)
C 7.4 377.0 337.4 11.4 - - 390.0 0.95
CA30 4.8 400.0 349.7 29.5 - 285.1 397.2 0.69
CA60 4.9 401.0 351.0 348 - 280.1 396.0 0.58
CA30M30 6.8 390.0 349.3 26.4 237.6 - 398.0 0.60
CM60 9.5 372.0 337.5 153 238.4 - 388.6 0.72

1) Mass degradation at 250°C
2) Temperature when the mass reduced to 50%

The initial temperature of decomposition of the samples is shown as Tonset in Table 3. The addition of ATH leads to a
slight increase in Tonset. The 30% of ATH loading does not have a significant effect on UP decomposition [22]. Contrarily,
the addition of MMT does not increase the Tonset as indicated by the similar Tonse: of samples C and CM60. The CA30M30
shows an increase in Tonset by 11.9°C as compared to sample C. Tonser in all samples showed temperatures between 300 °C
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and 400 °C, according to the UP character used in this article [24]. Meanwhile, another study shows that the MMT addition
does not influence EVA’s initial decomposition temperature (Tonset) [62]. The Tonset of CA30M30 is slightly lower than
CA30, even in the same ATH content. The MMT can act as a barrier that can protect the material beneath it from heating,
but it can also act as a catalyst for polymer degradation that causes a decrease in thermal stability [63]. The latter is likely
due to the catalyst effect of the MMT, which works in contrast to the flame retardancy mechanism of the ATH. Hydroxyl
content in MMT [59] may be the cause of the decrease in sample flame retardancy.

As the temperature became higher than 450°C in Figure 6(a), the flat trends indicate the residue of the samples. The
residue in sample C is 11.4% at a temperature of about 500°C, corresponding to the carbon char formation [36]. The
residue percentage of CA30 and CA60 increases proportionally to the addition of ATH. The residue in samples CA30
and CAG60 is alumina, which has a melting temperature (Tm) of 2,054°C, which is much higher than UP [22][24].
Therefore, alumina is an inert material that forms a barrier layer in the decomposition of UP. The increase of residue
percentage in a sample of CM60 is due to the MMT addition. The MMT material composition consists of alumina and
silica that have higher melting temperatures than the UP. The increase of residue percentage in a sample of CA30M30 is
due to the combination of alumina from ATH and silica from MMT. The formation of residue increased even with a slight
addition of MMT [64].

Figure 6(b) depicts the DTG thermograms that explain the decomposition rate and stages of the samples. The first
stage is the loss of moisture in the matrix low-weight molecule volatiles [37][65][66]. This stage occurs at a temperature
below 100°C. All the TGA samples show a small loss of moisture in this stage that is probably caused by post-cured
treatment before the test. The second stage is fillers decomposition (ATH and MMT). The MMT decomposition occurs
at a temperature of less than 250°C. According to Table 3, the samples of CA30M30 and CM60 show a relatively similar
MMT decomposition temperature (Tmmr peak) 0f 237.6°C and 238.4°C, respectively. The pristine MMT used in the study
is a hydrophilic clay that is easy to absorb water [18]. The MMT decomposition shows the loss of intercalated water to
the edge and surface of the clay [44]. The samples of CA30 and CA60 (Table 3) also show relatively similar ATH
decomposition temperatures (Tath _peak). The decomposition temperature of ATH occurs at a temperature of 220-400 °C
with the decomposition products of alumina and water vapour [24][37]. The decomposition temperature of ATH is higher
than MMT. The third stage is the decomposition of UP, which starts with the scission of the crosslinks, then followed by
the solvent monomer volatilisation and the scission of pre-polymer chains [37]. The addition of ATH and MMT does not
show significant changes in the UP decomposition temperature (Tup peak). Table 3 also shows that the addition of ATH
and MMT tends to decrease the UP maximum mass loss rate (MLRmax). The MLRmax. decreases proportionally to the
increase of the ATH content [24]. The decrease of MLRmax. shows improvement in terms of the thermal exposure stability
of the samples.

The Rate of Linear Burning (ROB) of the Composites

Figure 7(a) is the rate of linear burning (ROB) of GFRP filled with ATH. The addition of ATH tends to decrease the
ROB as a study conducted by Ameer and Habbeb [67]. According to the ASTM D635-03, a self-extinguish condition is
declared for the CA60 as the ignited fire never reached the measurement start mark on the sample. The base sample C
shows the highest ROB at 13.6 mm/min. The samples CA40 and CAS50 show similar ROB at 5.2 mm/min, probably
caused by a similar UP decomposition mechanism. The addition of ATH tends to decrease the ROB, as it causes an
increase in the endothermic process of UP decomposition heat. The endothermic process decreases the polymer burn
temperature due to the absorption of heat [22]. The increase of hydrated fillers effectively reduces the combustion heat
[68]. The endothermic process of ATH is a heat-consuming reaction that prevents combustion [69]. Furthermore, the
ATH decomposes and produces water vapour and alumina. The high water vapour concentration causes a decrease in the
polymer sample combustion [24]. The water vapour from the decomposition of ATH dilutes the flammable gas from the
UP decomposition. The high dilution of flammable gas with water vapour causes more oxygen needed to burn [22]. The
alumina from the decomposition of ATH forms a barrier layer that prevents the flammable gas from the UP decomposition
mix with the oxygen; thus interference continuously combustion [42]. It can be concluded that during the endothermic
process, the water vapour (dilutes the flammable gas) and alumina (form the barrier layer) due to the ATH decomposition
would lead to the decrease of the UP decomposition rate.

Figure 7(b) depicts a relatively similar ROB for the samples with ATH and MMT, that is, CA45M15, CA30M30, and
CA15M45, although the values are also lower than the base sample C. This shows that the combination of ATH and
MMT effectively improves the flame retardancy of the GFRP. The MMT increases the flame retardancy of the composites
and is probably due to the loss of intercalated water content at a temperature of 100-250°C [65]. The water vapour dilutes
the volatiles of UP decomposition, hence decreasing the flammability of the composites. In these ATH-MMT samples, a
self-extinguish condition did not happen as in the CA60. This could be due to the residue of alumina and water vapour
from the ATH, which prevents the MMT barrier layer formation when the composite decomposition occurs [62]. Another
factor that may also occur is the hydroxyl from MMT which is released then reacts with oxygen and becomes reactive
[70]. This is contrary to the purpose of MMT as a flame retardant, which is to switch functions to accelerate the
decomposition of polyester [58].
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Figure 7. The rate of linear burning of GFRP: (a) filled with ATH and (b) filled with ATH and MMT.

The decrease of ROB due to the addition of ATH has the same tendencies with the MLRmax. from the TGA result (in
Table 3). The MLRmax. of CA30 and CA60 decreases from 0.69 %/°C to 0,58 %/°C. While the ROB of CA30 and CA60
also decreases from 6.1 mm/min to 0.0 mm/min. It can be concluded that the increase of ATH content results in the
decrease of the MLRmax. and the ROB. Contrarily, the increase of MMT content in the combination of ATH and MMT
increases the MLRmax. and the ROB. Furthermore, the addition of ATH is more effective in reducing the MLRmax. and the
ROB than MMT in the UP-GF composites. The addition of ATH and MMT does not show significant changes in the UP
decomposition temperature (Tup peak)-

CONCLUSION

The combination of ATH and MMT as a flame retardant in the GFRP composites was experimentally evaluated in
terms of both the material strength and the flame retardancy. There is a tendency of mechanical properties degradation
due to the addition of ATH, MMT, or a combination of both fillers in GFRP. However, the addition of filler ATH, MMT,
or a combination of both could increase the flame retardancy of GFRP. The increase of ATH content to UP decreases the
flexural strength of GFRP, ranging from 34.3% to 63.4% lower than sample C and increases the flexural modulus of
GRFP to approximately 86.7% higher than sample C. A slight increase of flexural strength is found in the CA45M15, but
the other two samples, namely CA30M30 and CA45M15, show a relatively same value compared with CA60. This result
indicates that the addition of MMT does not dramatically change the flexural strength of GFRP. Regarding the bonding
quality between the matrix and the filler, the increase of ATH content reduces the surface hardness of the composites by
9.5% to 36.7% and notably increases the voids than the neat GFRP. The addition of MMT shows much lower surface
hardness and more voids than the GFRP with ATH only.

According to the morphology of the flexural fractured sample, the ATH particles tended to form agglomeration and
pulled-out of the UP. The smooth surface cavity demonstrates a weak interfacial bonding between ATH and UP.
Similarly, MMT particles in the composites also tend to form agglomeration, but with a relatively better interfacial
bonding. The addition of ATH leads to a small increase in the initial temperature of decomposition (Tonset). In contrast,
the addition of MMT does not increase the Tonset, as indicated by a similar value with sample C. The DTG result shows
that the decomposition temperature of ATH is higher than MMT, although the addition of ATH and MMT does not show
significant changes in the UP decomposition temperature. However, the addition of ATH and MMT tends to decrease the
UP maximum mass loss rate. The flammability test of the samples shows that the addition of ATH tends to reduce the
rate of linear burning (ROB) from 20.0% to 100.0% (self-extinguish) than the neat GFRP. The CA60 is the only sample
that the ignited fire never reach the measurement start mark in the test. The combination of ATH and MMT also effectively
improves the flame retardancy of the GFRP. Furthermore, MMT in GFRP increases the flame retardancy of GFRP even
though it did not reach self-extinguish condition. This study demonstrates that the composition and combination of ATH
and MMT fillers accordingly could produce optimal mechanical properties and flame retardancy.
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