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Abstract: A poly(vinyl alcohol) (PVA)-based coating containing ammonium polyphosphate (APP)
and sepiolite nanofillers (SP) and supported by a glass fabric was developed to fire-protect a glass-
fiber-reinforced unsaturated-polyester-based (UP) polymer (GFRP). The fire behavior and thermal
stability of the PVA coatings were characterized using thermogravimetric analysis (TGA) and a
cone calorimeter. The coatings’ residues were investigated by X-ray diffraction (XRD) and scanning
electron microscopy (SEM). The results from the cone calorimeter showed that the addition of
sepiolite significantly improves the flame retardancy of PVA/APP/SP coatings. The addition of
both additives promoted the formation of a cohesive layer composed of a silico-phosphate structure
resulting from the reactivity between APP and SP. The fire resistance of the composite laminate
protected by PVA coatings was evaluated using a cone calorimeter by measuring the temperature of
the back face. Photogrammetry was used to assess the swelling of residues after heat exposure. The
interaction between APP and SP in PVA coating leads to the formation of an effective thermal barrier
layer. The presence of SP reduces the layer expansion but greatly decreases the backside temperature
during the initial period of exposure. The effect was assigned to high thermal stability of the layer
and its ability to dissipate heat by re-radiation.

Keywords: composite laminates; surface coating; fire resistance; thermal insulation; PVA; fire
retardants; sepiolite; ammonium polyphosphate

1. Introduction

Glass-fiber-reinforced polymer (GFRP) composites started to be used in shipbuilding
in the 1970s. Their intrinsic properties such as corrosion prevention and good aging resis-
tance in the marine environment make them ideal candidates to replace the traditionally
used materials such as steels and aluminum alloys [1]. Indeed, corrosion of metallic struc-
tures generates high maintenance costs with long period of unavailability of equipment.
The weight reduction achievable with composites is a significant advantage for lightening
structures (over 10 wt% lighter for similar size of boat between aluminum and GFRP
composite-vinylester-based [2]). However, the use of these materials in shipbuilding is
accompanied by concern about their vulnerability to fire. The organic polymer matrix
is responsible for the ignition and can release toxic gases during a fire [3]. Until 1994,
the International Maritime Organization (IMO) in the SOLAS convention (International
Convention for the Safety of Life at Sea) excluded the possibility of using combustible
materials (including GFRP) for ship construction. This convention specifies minimum
standards for the construction, equipment and operation of passenger ships operating in
international waters. It is applied to ships carrying passengers and merchandises over
500 gross tonnage navigating in international waters. Chapter II-2 of this convention,
added on 1 July 2002, describes that unconventional materials used in ships must be “fire
restricting”, meaning low release of heat and smoke and must not spread a fire to adjacent
compartments. Test methods relating to fire reaction and fire resistance requirements are
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described in the document. It is specified that the fire safety design may deviate from
the descriptive requirements provided that the design meets the fire safety objectives.
Consequently, alternative solutions including GFRP materials for the construction of ship
bulkheads must be proposed. Presently, a combustible wall can be found in ships as long
as it is coated with a 100 mm of rock wool cladding considered as incombustible. This
cladding constitutes a loss of space and a significant gain in weight. To limit the loss of
space, it is necessary to develop intrinsically fire-resistant composite materials to meet
regulatory requirements.

GFRP used in most marine applications consists of glass fabrics as reinforcement and
generally polyester or vinylester resin as the matrix. The case of unsaturated polyester resin
(UP) has been more particularly investigated. Cured UP resins rapidly thermally degrade
at temperatures above 300 ◦C to give volatile products (initially styrene) that are easily
ignited and burn with smoke [3]. There are several flame-retardant (FR) solutions that can
improve the flame retardancy of GFRP. A first way consists of modifying the resin by using
comonomers with a flame-retardant action. Kandola et al. used modified novolac [4] but
also phenolic resoles [5] cured with UP with styrene as a reactive diluent. The resulting resin
exhibited better flame retardance than pure UP. Tibiletti et al. synthesized a phosphonated
styrenic comonomer that can partially substitute the reactive diluent in UP. This comonomer
led to the creation of an efficient char layer during combustion [6]. A second way consists
of incorporating FR additives into the polyester matrix. Interesting results have been
obtained by combining classical FR with nanoparticles. Kandare et al. investigated the
thermal behavior of flame-retarded UP containing ammonium polyphosphate (APP), zinc
borate and organo-modified montmorillonite. An increase of the thermal stability as well
as the char yield was observed [7]. Tibiletti et al. studied an FR system composed of
alumina trihydrate (ATH) and alumina nanoparticle. Synergistic effects were highlighted
on the thermal stability and heat release rate that were attributed to size complementarity
between micro- and nanoparticles [8]. Most of the time, the improvement of composite
fire properties comes with a reduction in the mechanical strength, which is detrimental for
the lifespan of a ship [3,9]. A third possible way to improve the fire resistance of GFRP
without changing the intrinsic properties of the material is the use of flame-retardant
coatings [3,10]. The structural integrity of a composite wall can be maintained if the
flame-retardant coating acts as a thermal barrier to protect the matrix from an increase in
temperature due to a flame. Several studies have shown that ceramic [11] or intumescent
coatings [5] are the most effective in forming a thermal barrier to limit the propagation
of heat into the materials [10,12]. The result of the intumescence process is the swelling
and growth of a char layer that insulates the material from the action of a heat source or a
flame [13].

Poly(vinyl alcohol) (PVA) is a film-forming polymer used in several applications as
packaging films, coatings, adhesives and biomaterials because of its good chemical resis-
tance and moisture and oxygen barrier protection [14]. In addition, PVA is a biodegradable
and nontoxic polymer, easy to process with a relatively low production cost. As regards
to the fire properties, PVA is highly flammable (LOI = 19%) [15]. However, as a polyol
polymer, it exhibits intrinsic charring properties that make it a good candidate as a charring
agent in intumescent systems when combined with appropriate flame retardants. Sev-
eral studies have shown the effectiveness of intumescent systems based on ammonium
polyphosphate (APP) in the PVA matrix [15,16]. The authors investigated the morphology
of residues of PVA/APP after a cone calorimeter or LOI (limited oxygen index) test. A
swollen and compact structure was observed by SEM which appeared to provide a good
barrier to the transfer of heat, mass and flammable gases during a fire. APP has been
reported to mainly play a role in the condensed phase [15,17]. In the presence of a heat
source, APP decomposes into polyphosphoric acid and promotes a dehydroxylation pro-
cess in decomposing oxygen-containing polymers. Polyaromatic structures form and lead
to a residual char which constitutes a protective layer at the surface of the decomposing
material isolating the non-degraded polymer from the flame. However, an intumescent sys-
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tem with APP alone requires a high charge rate (typically greater than 30 wt%) to achieve
good fire performance [18]. In addition, the presence of a high level of flame retardant in a
polymer matrix tends to result in a loss of mechanical properties. Nanoparticles have been
incorporated into polymers because they are likely to improve mechanical performance
as well as thermal stability and fire resistance for low loading rates [17,19,20]. Moreover,
it has been shown that nanoparticles can be used in intumescent FR systems in order to
improve the mechanical strength of the expanded char layer [21]. Sepiolite is a magnesium
silicate clay material with the theoretical formula (Si12Mg8O30)(OH4)(OH2)4.8H2O with
H2O representing zeolitic water present in an intra-crystalline cavity (tunnel). Sepiolite is
characterized by blocks of octahedral sheets of magnesium oxides and hydroxides between
two tetrahedral silica layers. In each tunnel, the octahedral sheets are bound with two H2O
molecules which correspond to coordinated water and are weakly bound with zeolitic
water [22]. Sepiolite exhibits a needle morphology which generates a high specific surface
area of 200–300 m2/g, lengths of 0.2–4 µm and a width of 10–30 nm and thickness of
5–10 nm [23]. It is a hydrophilic nanoparticle—it can be added into PVA matrix by simply
dispersing in water [14]. However, only a few works have reported the use of sepiolite in
flame-retardant systems in combination with APP [24–26]. Vahabi et al. [24] investigated
the thermal behavior and flame retardancy of poly(methyl methacrylate) containing APP
(Exolit AP422) and sepiolite (Pangel S9). The authors reported a decrease of 65% of the
peak of heat release rate (pHRR) and an increase of 29 wt% of the residue with respect
to the virgin matrix after cone calorimeter tests. The presence of sepiolite particles make
the residue more compact and less porous which leads to an improved barrier effect of
the residue during combustion. Pappalardo et al. [25] reported in a propylene matrix a
considerable decrease of the pHRR by 80% during cone calorimeter tests with the incorpo-
ration in an extruder of an APP (Exolit AP 766) and sepiolite (Sigma Aldrich). Carretier
et al. [26] investigated polyurethane/APP (Exolit AP423)/Sepiolite (Pangel S9) ternary
systems prepared by casting in a mold at 155 ◦C and observed that the pHRR decreased by
88% and the residue increased by 17 wt%. The authors suggested the interest of choosing a
ratio of 3 between APP and sepiolite allowing the presence of free sepiolite which could
play an additional thermal barrier effect.

This work aims at assessing the effectiveness of sepiolite and APP as fire retardant
agents in PVA for the manufacture of a surface coating containing nanoparticles to protect
GFRP composites during a fire with the objective to improve both the reaction-to-fire
and the thermal insulation. The influence of APP content in the PVA matrix was firstly
studied for a rate of 10 to 40 wt%. Then APP/sepiolite mixtures were investigated at
a fixed loading rate of 20 wt% in PVA. The substitution of a high rate of APP loading
by sepiolite was carried out in order to investigate the impact on fire properties for an
acceptable loading rate in terms of mechanical property. This study focuses on the mech-
anisms of fire retardancy induced by the presence of both additives in PVA as well as
their influence on fire reaction and fire resistance of coatings designed to protect GFRP
composites. Fire reaction and fire resistance were assessed at the macroscopic scale using
cone calorimeter and surface temperature measurements. Moreover, investigations on cone
calorimeter residues from coatings and coated composite laminates were carried out. XRD
analyses, SEM observations and thermogravimetric analysis were achieved to account for
the interactions occurring between the various components during thermal degradation.

2. Material and Methods
2.1. Materials

The Poly (vinyl alcohol) (Selvol grade 203 s) was supplied by Sekisui company
(Osaka, Japan). PVA was partially hydrolyzed with an average alcoholysis degree of
87–89% (Mw = 13,000–23,000). Ammonium polyphosphate (Exolit AP423) was obtained
from Clariant (Muttenz, Switzerland). AP423 particles exhibit a 2 µm to 13 µm average
diameter [17] and an average particle size (D50) of 8 µm. Sepiolite (Pangel S9 (SP)) was
provided by Tolsa Company (Madrid, Spain).
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Orthophthalic-based unsaturated polyester (commercial name Synolite 8488 G-2) is
a pre-accelerated resin with a styrene content of 35 wt% in solution in dicyclopentadiene
(DCPD) and was sourced by DSM Composites Resins. Methyl ethyl ketone peroxide
(MEKP)-based catalyst (2%) in dimethyl phthalate for curing the resin was sourced from
Akzo Nobel. Biaxial E glass-fiber fabric (0◦/90◦) with weight of 600 g/m2 used as rein-
forcement was provided by Formax.

2.2. Sample Preparation

PVA suspensions were prepared according to the following process. First, APP and
SP powders were mixed with mechanical stirring for about 10 min to break the long fibers
of the sepiolite. PVA aqueous solution (35 wt%) was obtained by dissolving polymer into
deionized water at 85 ◦C for 30 min. Then, flame-retardant powders were added to the PVA
solution with mechanical stirring for about 30 min. The resulting suspensions were used to
prepare either coatings or a fabric-based coating. The former was used to characterize the
intrinsic properties of PVA/APP/sepiolite films; the latter was used to manufacture coated
composite laminates.

For coatings, the PVA suspension was poured onto a glass plate coated with Teflon
to form a sheet of 100 × 100 × 2.8 ± 0.03 mm. Fabric-based coatings were prepared by
pouring the PVA suspension onto an E-glass fabric. The plate was dried at 45 ◦C for 24 h on
a hot plate. The total content of APP and SP in PVA was kept constant at 20 wt%. Sepiolite
was added with mass fractions of 1, 3 and 5 wt%. The sample names are listed in Table 1.

Table 1. Formulation of poly(vinyl alcohol) (PVA) coatings containing ammonium polyphosphate
(APP) and Sepiolite with 20 wt% total loading in flame retardant.

Nomenclature
Component (wt%)

PVA APP Sepiolite

PVA 100 0 0
PVA/APP10 90 10 0
PVA/APP20 80 20 0
PVA/APP30 70 30 0
PVA/APP40 60 40 0

PVA/APP19/SP1 80 19 1
PVA/APP17/SP3 80 17 3
PVA/APP15/SP5 80 15 5

For fire resistance tests, glass-fiber reinforced composites (hereafter referred to as com-
posite laminate) were fabricated by infusion in the form of sheets of 250 × 220 × 3.7 mm3.
Composite laminates were prepared with eight plies of 250 mm × 220 mm woven E-glass
fabric (600 g/m2), with a typical ratio of 68 wt% glass fiber and 32 wt% resin matrix. For
coated composite laminates, the fabric-based PVA coating was placed on Teflon plate and
eight glass fiber plies were added on top.

Then composite laminate was obtained by a vacuum infusion process and curing at
room temperature for 24 h. The structure of coated composite laminates is shown in the
Figure 1. The GFRP composites were further cut in 100 × 100 × 7.1 ± 0.4 mm for fire tests.
A good cohesion between surface coating and composite laminate was observed by optical
microscopy as illustrated in Supplementary Materials.



J. Compos. Sci. 2021, 5, 6 5 of 23
J. Compos. Sci. 2021, 5, x FOR PEER REVIEW 5 of 23 
 

 

 
Figure 1. Schematic illustration of the arrangement of PVA coating complex on the composite lam-
inate. 

2.3. Characterization 
2.3.1. Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was performed on a Setaram instrument Setsys 
TGA thermogravimetric analyzer in alumina crucibles containing around 10 ± 1 mg of 
material ranging from 30 °C to 900 °C with a heating ramp of 10 °C. min–1 under a nitrogen 
atmosphere.  

2.3.2. Cone Calorimeter 
Cone calorimeter tests were performed on a fire testing technology (FTT) apparatus 

to study the fire reaction of the PVA/APP/SP coatings according to ISO 5660. Samples (100 
mm × 100 mm × 2. 8 ± 0.3 mm) were placed horizontally onto a balance and exposed to a 
50 kW/m2 heat flux in air under well-ventilated conditions (air flow rate 24 L/s). Tests were 
carried out with a piloted ignition. The results focused on time to ignition (TTI), heat re-
lease rate (HRR) curves, peak of HRR (peak HRR) and total heat release (HRR). The results 
presented in this study correspond to the mean values obtained from three experiments 
for each formulation. For each a standard deviation of around 10% was observed. Char 
residues obtained after cone calorimeter tests were examined by scanning electron micros-
copy (SEM) and X-ray diffraction (XRD). 

A cone calorimeter was also used to assess the fire resistance of GFRP plates and 
GFRP protected by the following coatings: PVA, PVA/APP20, PVA/APP17/SP3 and 
PVA/APP15/SP5. In order to evaluate the coating efficiency in both flaming and nonflam-
ing conditions, the coated plates were submitted to irradiances of 20 kW/m2 and 50 kW/m2. 
Heat flux of 20 kW/m2 was set to provoke thermal decomposition without ignition. Con-
versely, heat flux of 50 kW/m2 was supposed to lead to flaming conditions based on the 
results of coating fire reaction. The cone calorimeter was put in a vertical position (dis-
tance of 25 mm) without forced ignition and the temperatures of the backside were meas-
ured in the middle of the plate using an Optris® CT laser pyrometer. 

2.3.3. Scanning Electron Microscopy (SEM) 
Images of the cross-sections of the PVA coating were obtained with a SEM micro-

scope (FEI Quanta 200F) using a secondary electron imaging. All observations were 
achieved under high vacuum at a voltage of 3.0–12.5 kV with a spot size of 3 mm and a 
working distance of 8–10.4 mm. PVA coatings were observed after fracture in liquid ni-
trogen followed by carbon deposition to make the material conductive. Residues of PVA 

Figure 1. Schematic illustration of the arrangement of PVA coating complex on the composite
laminate.

2.3. Characterization
2.3.1. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed on a Setaram instrument Setsys
TGA thermogravimetric analyzer in alumina crucibles containing around 10 ± 1 mg of
material ranging from 30 ◦C to 900 ◦C with a heating ramp of 10 ◦C. min−1 under a nitrogen
atmosphere.

2.3.2. Cone Calorimeter

Cone calorimeter tests were performed on a fire testing technology (FTT) apparatus
to study the fire reaction of the PVA/APP/SP coatings according to ISO 5660. Samples
(100 mm × 100 mm × 2. 8 ± 0.3 mm) were placed horizontally onto a balance and exposed
to a 50 kW/m2 heat flux in air under well-ventilated conditions (air flow rate 24 L/s).
Tests were carried out with a piloted ignition. The results focused on time to ignition
(TTI), heat release rate (HRR) curves, peak of HRR (peak HRR) and total heat release
(HRR). The results presented in this study correspond to the mean values obtained from
three experiments for each formulation. For each a standard deviation of around 10% was
observed. Char residues obtained after cone calorimeter tests were examined by scanning
electron microscopy (SEM) and X-ray diffraction (XRD).

A cone calorimeter was also used to assess the fire resistance of GFRP plates and
GFRP protected by the following coatings: PVA, PVA/APP20, PVA/APP17/SP3 and
PVA/APP15/SP5. In order to evaluate the coating efficiency in both flaming and non-
flaming conditions, the coated plates were submitted to irradiances of 20 kW/m2 and
50 kW/m2. Heat flux of 20 kW/m2 was set to provoke thermal decomposition without
ignition. Conversely, heat flux of 50 kW/m2 was supposed to lead to flaming conditions
based on the results of coating fire reaction. The cone calorimeter was put in a vertical
position (distance of 25 mm) without forced ignition and the temperatures of the backside
were measured in the middle of the plate using an Optris® CT laser pyrometer.

2.3.3. Scanning Electron Microscopy (SEM)

Images of the cross-sections of the PVA coating were obtained with a SEM microscope
(FEI Quanta 200F) using a secondary electron imaging. All observations were achieved
under high vacuum at a voltage of 3.0–12.5 kV with a spot size of 3 mm and a working
distance of 8–10.4 mm. PVA coatings were observed after fracture in liquid nitrogen
followed by carbon deposition to make the material conductive. Residues of PVA coatings
after fire reaction tests were observed without any preparation. Energy dispersive X-ray
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spectroscopy (EDX) was performed with the same device to acquire information about
residues’ surface composition and after grinding and mixing residues of PVA coatings.

2.3.4. XRD Analysis

XRD patterns were obtained on a Bruker AXS D8 Advance X-ray powder diffractome-
ter using the Cu Kα radiation. The residue powders were dried at 80 ◦C for 12 h under
vacuum, crushed and compacted with a glass slide for analysis. Residues of PVA coatings
after fire reaction and fire resistance tests were analyzed. In order to assess the reactivity
between APP and sepiolite, blends of PVA/APP/SP and APP/SP were heated in an oven
at three temperatures chosen in view of the TGA results (200 ◦C, 350 ◦C and 550 ◦C) for 3 h.
Compacted powder pellets of about one gram of materials were placed in the oven. After
treatment, the partially degraded materials were characterized by XRD.

2.3.5. Photogrammetry

Photogrammetry was performed to estimate the volume of cone calorimeter residues.
A camera Canon EOS 7D, a rotational table and a fixed light were used to take pictures
with steps of 10◦ (36 pictures), for two angles (30◦ and 45◦). This resulted in the acquisition
of 72 images in raw format, processed by the software Agisoft Metashape to generate the
3D objects. The grid was finally analyzed using the software Cloud Compare. A calibration
factor α was determined to convert the size from pixels to centimeters. The computational
volume was then calculated using the software, and finally, the real volume was calculated
by multiplying the computational volume by α3.

3. Results and Discussions

The results and discussions section is divided into subsections. Part 3.1 shows dis-
persion of particles in PVA coatings. Part 3.2 and 3.3 describe TGA and cone calorimeter
results on the PVA coatings. Characterization by EDX and XRD of the residues after cone
calorimeter test are also presented in Part 3.4. Fire efficiency of PVA coatings on GFRP
composite laminate is evaluated in fire resistance with cone calorimeter tests in Section 3.5.
SEM, XRD and photogrammetry of the residues of PVA coatings on composite laminate
are shown.

3.1. Dispersion of Particles in PVA/APP/SP Coatings

An SEM picture of pure sepiolite is presented in Figure 2. The nanoparticle exhibits a
fibrous morphology, as expected. The fiber diameter is lower than 100 nm while the fiber
length may exceed 10 µm [27]. The state of dispersion in the PVA/APP/SP 3 wt% coating
can be observed in Figure 3.
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Figure 3. SEM pictures of PVA/APP/SP (SP 3 wt%) composite for magnification of 150 (1) and 10,000 (2) (aggregates of
APP are shown by arrows). SP: sepiolite nanofillers.

Some aggregates of APP particles can be found with size ranging from 5 to 70 µm.
However, it seems that APP is homogeneously dispersed in the PVA matrix despite

the formation of aggregates. In addition, poor adhesion with the PVA matrix is evidenced
by the dark corona around the APP aggregates. The presence of a large porosity is observed
due to air trapping during the drying process on the plate. Finally, a homogeneous
dispersion of the sepiolite fibers within the matrix is observed on the SEM images on the
surface of the material at a higher magnification.

3.2. Thermal Behavior of PVA Coatings

The thermal degradation of coatings was studied by TGA under N2 flow, and the
resulting TGA and differential thermogravimetric (DTG) curves are presented in Figure 4
and Table 2. The initial decomposition temperature (Tonset) is defined as the onset tempera-
ture. As already observed in references [28,29], the thermal degradation of PVA is broken
down in three steps. The first mass loss, at circa 100 ◦C, is attributed to evaporation of
water physically bonded to hydroxyl groups of PVA. The main mass loss of the polymer
occurs in the second step at circa 320 ◦C, characterized by the degradation of residual
acetate groups and elimination of water [15]. Lastly, at circa 440 ◦C, the third and final
step given is due to the degradation of unsaturated chain residues by chain-scission or
cyclization reactions, leaving 2.34% of char yield at 900 ◦C. Additionally, the process of
degradation of APP is carried out in three steps, in which the first two are due to release of
water and ammonia leading to the formation of polyphosphoric acid [30] and the last step
is due to phosphate chain fragmentations [31].
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Table 2. TGA data for PVA-based composites.

Residue (%)

Nomenclature Tonset (◦C) 700 ◦C (Expres) Thres Expres–Theres

PVA 291 3.47 2.34 -
PVA/APP10 249 22.60 8.22 14.37
PVA/APP20 248 27.64 13.27 14.36
PVA/APP30 247 23.00 18.31 4.68
PVA/APP40 247 24.47 23.36 1.11

PVA/APP19/SP1 248 27.27 14.90 12.37
PVA/APP17/SP3 243 28.00 14.25 13.75
PVA/APP15/SP5 238 26.71 13.59 13.11

The addition of 20 wt% of APP to the PVA matrix induces decomposition at a lower
temperature (248 ◦C), with a main step of degradation at 304 ◦C. The phosphoric acid
resulting from the thermal degradation of APP leaves a viscous molten surface that protects
the polymeric substrate, resulting in a dense char residue. The addition of APP to the
matrix leads to the formation of approximately 20 wt% of char whatever the proportions of
APP (in the range from 10 wt% to 40 wt%).

The thermal behavior of sepiolite fibers is presented in Figure 4. It was found that
the crystalline structure of nanoclay is only affected at high temperature, undergoing
hygroscopic, zeolitic and coordinated water loss up to 850 ◦C, after which, phase transfor-
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mation to enstatite Mg2Si2O6 takes place [14,32]. The behavior found in this paper is in
agreement with the literature [32,33], where the sepiolite used in the coatings has its first
step of degradation at 110 ◦C, representing the hygroscopic and zeolitic water loss. The
second step at 330 ◦C represents the loss of about half of the coordinated water, followed by
another step at 530 ◦C where the rest of the coordinated water is released. Finally, the last
step at 840 ◦C corresponds to the formation of a crystalline structure of enstatite (MgSiO3)
by a dehydroxylation process leading to a loss of water [32].

The addition of sepiolite to the coatings seems to reduce the thermal stability that
decreases from 248 ◦C for PVA/APP20 to 238 ◦C for PVA/APP15/SP5. Moreover, when
the nanoclay content increases from 1 to 5 wt%, a slightly greater mass loss in the first
step of decomposition is observed. This loss may be caused by the absorbed moisture
and/or trapped water due to the interactions between PVA, water solvent and sepio-
lite [14]. There are no significant differences in char residue when sepiolite is added, which
suggests that the char residue is mainly governed by APP. To conclude, thermal stability
of PVA/APP/sepiolite coating is lower than that of pure PVA. The majority of this phe-
nomenon is induced by the presence of APP but it seems that sepiolite has a slight impact
on the thermal stability of the coating.

Theoretical residues of PVA coatings (Theres) have been calculated by a simple mixing
law on the residue yield at 700 ◦C (1).

Theres = XPVA × PVA700 + XAPP × APP700 + XSP × SP700, (1)

with XPVA, XAPP, XSP as the weight fractions of PVA, APP and SP. PVA 700, APP 700, SP 700
are the experimental residue values at 700 ◦C.

Table 2 clearly shows that experimental residues at 700 ◦C are higher than the theoret-
ical ones (Thres) in PVA coatings. This result highlights the charring effect of APP upon
PVA. The amount of char represents circa 12% to 14% of the initial mass for APP content up
to 20 wt%. It has been observed that increasing the APP content above 20 wt% no longer
increases the carbon yield.

3.3. Fire Behavior of PVA/APP/SP Coatings

To investigate the fire behavior of the PVA coatings, cone calorimeter tests were
performed with a heat flux of 50 kW/m2 which corresponds to a well-developed fire
scenario. Heat release rate (HRR) curves are presented in Figure 5, and pHRR, THR, total
smoke release (TSR), residue yield and time to ignition (TTI) data are presented in Table 3.
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Table 3. Cone calorimeter data for 50 kW/m2 for PVA-based coatings.

Formulation TTI (s) pHRR
(kW/m2)

THR
(MJ/m2) TSR (m2/m2) Residue (%)

PVA 20 ± 2 558 ± 2 35 ± 1 334 ± 50 0
PVA/APP10 27 ± 14 242 ± 28 22 ± 1 757 ± 68 11.5 ± 2.0
PVA/APP20 81 ± 22 205 ± 39 19 ± 3 930 ± 89 17.6 ± 1.2
PVA/APP30 54 ± 8 254 ± 10 18 ± 1 890 ± 66 14.3 ± 0.2
PVA/APP40 72 ± 12 251 ± 36 14 ± 3 641 ± 70 22.9 ± 2.7
PVA/APP19/SP1 90 ± 13 193 ± 10 22 ± 2 1105 ± 24 15.6 ± 4.7
PVA/APP17/SP3 65 ± 25 158 ± 18 22 ± 6 1058 ± 109 16.5 ± 1.2
PVA/APP15/SP5 73 ± 28 208 ± 62 21 ± 6 1103 ± 81 15.2 ± 2.0

Cone calorimeter tests of PVA plates confirm that the polymer alone exhibits a low
thermal stability and high flammability and ignitability. The shape of the HRR curve of
the PVA plate indicates that its behavior is that of an intermediate thickness no charring
sample [34], with a pHRR value of 558 kW/m2. This type of curve is obtained for materials
which do not undergo charring. The matrix itself has the lowest TTI and the presence of
APP alters the degradation path resulting in increased ignition time. This phenomenon
has already been observed in the literature [15]. When decomposing, APP forms polyphos-
phoric acid that may further react by phosphorylation with hydroxyl groups of PVA and
play a role in the cohesion of the char residue. The formation of a surface layer may delay
the inflammation of the material or limit the release of combustible gases. In TGA, it
has been observed that the incorporation of APP into PVA decreases its thermal stability.
However, the ignition time is increased. In fact, the PVA coatings during cone tests swell
upon application of a heat flux, thus limiting the release of decomposition gases, which
are at the origin of the ignition of the material. The addition of 20 wt% of APP reduces
pHRR by 45% and THR by 54% and changes the behavior of the curve to that of a thick
charring material [34]. This type of curve is obtained for materials characterized by an
initial increase in HRR until an effective protective layer is formed. As the layer thickens,
this leads to a decrease in HRR. The residue yield found after cone calorimeter testing
(between 11 and 23 wt%) indicates that APP promotes the charring of the PVA matrix since
these values are higher than the theoretical ones as calculated using Equation (1). This
confirms the results observed in TGA, even if the char yield is lower than that determined
at 700 ◦C.

The addition of sepiolite into the composite does not significantly change THR results
and char yield. However, the presence of sepiolite has an influence on the pHRR. The
pHRR of PVA/APP17/SP3 is reduced by 15% compared to PVA/APP20. The lowest values
of pHRR were obtained for the combination between APP and nanoparticles. A percentage
of 3 wt% of sepiolite corresponds to the optimum of performance for all fire-reaction
parameters. These results indicate that the action of APP and sepiolite is mainly in the
condensed phase through the formation of a char layer. This protective layer slows down
the release of combustible gas delaying the ignition of the PVA coating and drastically
reducing the pHRR. It should be noted that SP may have a negative impact on smoke
production since a slight increase in the quantity of smoke released between PVA/APP
and PVA/APP/SP compositions was noted.

3.4. Characterization of Cone Calorimeter Residues
3.4.1. Composition of the Char Residue by EDX Analysis

EDX analysis was achieved during SEM observations in order to quantify the presence
of chemical elements in the residues. Measurements for each composite were carried out on
the whole residue after grinding. Compositions of residues crushed after cone calorimeter
is summarized in Table 4.
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Table 4. Quantitative analysis by EDX of residues crushed after cone calorimeter.

Composition %C %O %P %Si %Mg %Na % N Residue after
Cone Test (%) %Pini (%) %Pres (%)

PVA/APP20 23.9 51.1 23.1 - - 1.7 Not detected 17.6 6.3 4.0
PVA/APP19/SP1 30.1 47.8 19.2 0.6 0.5 1.4 Not detected 15.6 5.9 2.9
PVA/APP17/SP3 44.5 33.8 17.3 2.0 1.1 1.0 Not detected 16.5 5.3 2.8
PVA/APP15/SP5 41.4 37.8 14.0 3.6 1.8 0.9 Not detected 15.2 4.7 2.1

The main difference between the compositions of residues affects the carbon element
rate. It seems that the presence of sepiolite induces an increase of the carbon content
evidencing a charring effect. The percentages of silicon and magnesium show a small and
non-significant variation. The presence of phosphorus in the residue decreases with the
decrease of APP content. The EDX data make it possible to define whether the phosphorus
is released in the gas phase or retained in the condensed phase. For that purpose, the
phosphorus content initially presenting in the coating (%Pini) (2) is compared to percentage
of phosphorus remaining in the residue (%Pres) (3).

%Pini = (Mphosphorous/MAPP) × (%APP), (2)

%Pres = (%PEDX) × (%residue), (3)

If the two percentages are equal then phosphorus remains in the condensed phase,
while, if %Pini is greater than %Pres then a part of phosphorus has been released into the
gas phase during combustion. For all compositions %Pres is lower than %Pini indicating
that a non-negligible part of phosphorus is released into the gas phase during combustion.
This result may be put in relation with the slight increase in the total amount of smoke
released for the PVA/APP and PVA/APP/SP samples.

3.4.2. XRD Analysis of Residues

To understand the role of phosphorus in the residue, XRD tests were performed.
At high temperature, the coating decomposes into char which oxidizes over time, only
amorphous carbon and inorganic phases remain. The inorganic phases then play the
role of a thermal barrier limiting the diffusion of heat throughout the material. The XRD
patterns of PVA/APP/SP coating residues showing the inorganic phases created after the
cone calorimeter tests are presented in Figure 6. It appears that PVA/APP20 leads to an
amorphous structure after combustion. On the contrary, the presence of crystalline phases
is clearly observed for the three compositions containing sepiolite.

It should be emphasized that the composition PVA/APP17/SP3 is the one exhibiting
the highest number of diffraction peaks indicating a well-crystallized structure. It seems
that the ratio 17:3 (APP: sepiolite) promotes the formation of a crystalline phase during
combustion. In addition, the absence of the characteristic peak of sepiolite (for 2θ = 7.3◦)
indicates either that the proportion of nanoparticle is too low to be detected or that sepiolite
has reacted with APP.

The use of X’pert High Score software did not allow the diffraction peaks to be
attributed to a known crystalline species. However, in the literature [35], a similar pattern
has been observed without identification for a mixture of poly (1,4-butanediol succinate)
(PBS) containing 15 wt% of APP423 and 5 wt% of Algerian halloysite. From the chemical
composition of halloysite [35], it can be assumed that the crystalline structure formed arises
from an interaction between silicon, phosphorus and oxygen. Therefore, this phase will be
noted SixPyOz hereafter.
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To assess the reactivity between APP and sepiolite, sepiolite-containing coatings
(PVA/APP17/SP3 and PVA/APP15/SP5) as well as sepiolite/APP blends (APP85/SP15 and
APP75/SP25) were heated in an oven at three temperatures chosen in view of the TGA re-
sults (200 ◦C, 350 ◦C and 550 ◦C). These latter mixtures are representative of the proportions
of sepiolite and APP in the compositions cited above.

The presence of sepiolite, sodium magnesium phosphate, ammonium magnesium
phosphate, silicon phosphate and the SixPyOz phase is shown by the XRD patterns
(Figure 7) of PVA/APP17/SP3 and PVA/APP15/SP5 coating residues after oven condition-
ing. For PVA/APP17/SP3 at 350 ◦C and 550 ◦C, sodium magnesium phosphate and silicon
phosphate crystals were identified through the presence of their main peaks (2θ = 23.3◦,
25.0◦ and 35.6◦ for NaMg(PO3)3; 2θ = 24.0◦ and 26.3◦ for SiP2O7). For PVA/APP15/SP5 at
350 ◦C, ammonium magnesium phosphate was identified by peaks at 2θ = 15.8◦ and
17.2◦. From 350 ◦C, APP is decomposed and creates an acid, which favors the reaction
with sepiolite [24]. Sodium magnesium phosphate, ammonium magnesium phosphate
and silicon phosphate are formed. At 550 ◦C, the SixPyOz phase was characterized by
peaks at 2θ = 16.0◦, 19.8◦, 26.3◦ and 26.5◦. The absence of the crystalline phase SiP2O7
in PVA/APP15/SP5 sample was noted. This residue exhibited a less crystallized phase
compared to the pattern of PVA/APP17/SP3 at 550 ◦C.
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To verify reaction between SP and APP, XRD analyses were performed on mixtures
APP/SP without PVA which were heated at 200, 350 and 550 ◦C. The XRD spectra
of APP/SP powder mixtures are presented in Figure 8. At 200 ◦C, Sepiolite, ammo-
nium phosphate (NH4(PO3)) and ammonium magnesium hydrogen phosphate hydrate
((NH4)2MgH4(P2O7),2H2O) crystalline phases were observed for the two blends. More-
over, the presence of NH4Mg(PO3)3 crystalline phase was noted at 350 ◦C. Ammonium
phosphate, magnesium phosphate (Mg2P4O12) and SixPyOz phase crystalline phase were
also formed at 550 ◦C whatever the APP/SP blending.
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However, in comparison with Figure 7, magnesium phosphate (Mg2P4O12) and am-
monium magnesium hydrogen phosphate hydrate (NH4)2MgH4(P2O7),2H2O were not
observed in the residue of PVA/APP/SP mixture. Therefore, XRD confirms the reaction
between SP and APP at high temperature resulting in the formation of different crystalline
phases such as NH4Mg(PO3)3, SiP2O7 and SixPyOz phase. Sepiolite crystalline phase was
detected for all temperatures for PVA/APP15/SP5 and only at 200 ◦C and 350 ◦C for the
PVA/APP17/SP3 sample. In this latter case, it can be assumed that a large proportion
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of the sepiolite reacted with APP to form phosphorus-containing species. Based on the
reaction between SP and APP and the results of Table 4, it can be concluded that the effect
of APP in PVA/APP/SP coatings occurs in the condensed phase.

Oven tests demonstrated the APP-sepiolite interaction but all crystalline phases shown
in Figure 6 were not found in cone calorimeter residues. It may be due to different
temperatures and heating conditions between oven conditioning and the cone calorimeter
test. However, the creation of the crystalline phase SixPyOz phase seems to play a positive
role in the flame-retardant action of this system during the cone calorimeter test.

3.4.3. Morphology of the Residues

Figure 9 shows the residues of coatings after the cone calorimeter tests highlight a
difference depending on the presence of sepiolite. PVA gives no residue whereas the
PVA/APP20 residue has swelled and appears thin and fragile. Conversely, for the other
formulations, the residues are more cohesive with a thin and more resistant layer. It can
be assumed that the development of this cohesive structure is capable of protecting the
underlying polymer by limiting the propagation of the flame and the gas transfer. This layer
could also limit the transmission of heat to the GFRP composite. To assess the efficiency of
this structure, fire resistance tests were carried out using the calorimeter cone and will be
presented in the following section.
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Figure 9. Photographs of char residues of PVA coatings after cone calorimeter experiments: (1)
PVA/APP20, (2) PVA/APP19/SP1, (3) PVA/APP17/SP3, (4) PVA/APP15/SP5.

SEM was performed on residues after the cone calorimeter test to investigate their
microstructure. The outer surfaces of the PVA/APP and PVA/APP/SP residues are shown
in Figure 10.
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Figure 10. SEM morphology of the surface of residues from (1) PVA/APP20, (2) PVA/APP19/SP1,
(3) PVA/APP17/SP3, (4) PVA/APP15/SP5 coatings.

The surface morphology of PVA/APP20 was inhomogeneous with a succession of
layers. The char layer of PVA/APP19/SP1 presents several holes on the surface which
suggests a poor cohesion of the residue, whereas, the residues of PVA/APP17/SP3 and
PVA/APP15/SP5 appear more compact and homogeneous. Duquesne et al. [36] suspected
that the addition of talc and APP in a PP matrix could result in the formation of magnesium
phosphate and/or silico-phosphate structures which affected the mechanical properties
of the char layer. Contrary to the results presented here, the layer formed could reduce
the effectiveness of the flame-retardant system. Reaction between APP and sepiolite led
to the formation of a silico-phosphate structure (SixPyOz) assumed to be responsible for
the cohesion of the char layer. The incorporation of sepiolite promotes the development of
a compact char layer which can limit the transfer of heat and flammable volatiles during
combustion.

To verify this hypothesis, fire resistance tests were carried out on GFRP composite
protected by PVA-based coatings using cone calorimeter.

3.5. Fire Resistance of GFRP Composite Laminate with PVA Coatings
3.5.1. Cone Calorimeter Tests

Figure 11 and Table 5 presents the evolution of the temperature at the backside of
the samples based on the average between two tests. At 20 kW/m2, temperature on
the backside of GFRP composite laminate increased drastically to reach a steady state
at 260 ◦C after 500 s. It can be observed that the addition of a PVA coating over the
GFRP composite laminate significantly decreases the maximum temperature from 260 ◦C
to 176 ◦C. The addition of 20 wt% of APP leads to the appearance of a temperature
plateau between 250 and 750 s at 95 ◦C followed by an increase in temperature reaching
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174 ◦C after 2000 s. For CP/PVA/APP17/SP3 sample, a first temperature plateau slightly
shorter is also observed while the maximum temperature is slightly higher at 195 ◦C. On
the contrary, CP/PVA/APP15/SP5 samples present a significantly longer plateau, from
250 to 850 s at 95 ◦C. In addition, the temperature reached by the sample after 2000 s is
equivalent to CP/PVA and CP/PVA/APP20. The presence of a plateau at 100 ◦C has
already been observed in the literature for intumescent coatings [37,38]. It was assumed
that this phenomenon would be due to the swelling of the coating which would isolate
the composite from the heat source. It can be hypothesized that this delay is due to the
formation of an insulating layer which limits the diffusion of heat in the unexposed side of
composite laminate. It should be noticed that CP/PVA sample does not show a plateau
at 100 ◦C neither at 20 nor at 50 kW/m2. For a 20 kW/m2 heat flux the residue of the
CP/PVA exhibits a cohesive intumescent layer; however, it is assumed that this char is less
insulating.
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Table 5. Temperature and time of ignition data for PVA-coated composite laminate submitted to 20 and 50 kW/m2 fluxes.

Coated Composite Laminate (CP) 20 kW/m2 flux 50 kW/m2 flux

TMAX (◦C) TEND (◦C) TMAX (◦C) TEND (◦C) TTI (s) TTF (s)

CP 263 263 353 301 - -
CP/PVA 175 175 560 256 150 550

CP/PVA/APP20 168 168 329 298 1610 2050
CP/PVA/APP17/SP3 196 196 333 330 - -
CP/PVA/APP15/SP5 169 169 345 330 - -

The samples submitted to a 50 kW/m2 heat flux exhibit similar behavior, with the
exception of CP/PVA formulation. CP by itself exhibits a maximum temperature (350 ◦C) at
500 s and then reaches a plateau at circa 300 ◦C. CP/PVA attained the highest temperatures
at 560 ◦C due to the self-ignition of the polymer after 150 s. High temperature rise (shown
in dotted lines in Figure 11) between 360 s to 780 s is considered as a measurement artefact
due to the presence of a flame on the unexposed face. Ignition of CP/PVA composites lead
to the complete degradation of the resin matrix. The CP/PVA/APP20 samples ignited
also after 1600 s, but the fire was limited to the PVA/APP coating and did not affect the
back-temperature measurement.

It can be remarked that composite laminates protected by APP- or APP/SP-containing
coatings exhibit a plateau at 100 ◦C, as it was observed at 20 kW/m2. However, this
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plateau is shorter. It can be noted that for the two fluxes, the plateau at 100 ◦C for the
CP/PVA/APP15/SP5 is longer than that of CP/PVA/APP17/SP3 and CP/PVA/APP20.
The temperatures reached by the CP/PVA/APP17/SP3 and CP/PVA/APP15/SP5 plates
for a flux of 50 kW/m2 were higher than CP/PVA/APP20, but they did not undergo
self-ignition, which indicates a higher thermal stability due to an efficient char layer. It
appears that the incorporation of 5 wt% of sepiolite gives rise to a threshold effect resulting
in an improvement in the thermal barrier effect of the coating.

3.5.2. Characterization of Residues

In order to explain the presence of a threshold, DRX and SEM analyses of the residues
obtained after the fire resistance tests were carried out.

SEM Analysis

EDX analysis was realized on residues after fire resistance tests and compared to the
results obtained after fire reaction tests (Table 4). The compositions were obtained therefore
either by direct analysis of the surface residue, or after grinding the residue with a test cone
calorimeter at 50 kW/m2.

Comparison between Tables 4 and 6 shows that the atomic compositions between the
PVA/APP20 residues obtained after the cone tests in reaction and in fire resistance are
similar. However, contrary to Table 4, the proportion of carbon did not increase between the
formulations SP3 and SP5. The percentage of phosphorus is equivalent between the bulk
and the surface of the residue; this highlights the homogeneity of the residue composition
during the formation of the intumescent layer. The presence of nitrogen in the residue
indicates a change in the degradation of the coating in the absence of flame. It can be
concluded that part of ammonia in APP remained in the condensed phase.

Table 6. Quantitative analysis by SEM of surface of residues (a) and residues crushed (b) of coatings on composite laminate
after cone calorimeter testing at 50 kW/m2.

(a)

Composition %C %O %P %Si %Mg %Na %N
CP/PVA/APP20 14.7 53.1 29 - - 2.7 Not detected

CP/PVA/APP17/SP3 39.2 35.9 14.7 2.6 1.4 1.1 5
CP/PVA/APP15/SP5 24.4 42.6 16.6 9.1 2.6 1.4 3

(b)

Composition %C %O %P %Si %Mg %Na %N
CP/PVA/APP20 31.2 44.6 21.4 - - 1.43 Not detected

CP/PVA/APP17/SP3 39 36.9 16.7 3.2 0.93 0.83 2
CP/PVA/APP15/SP5 31.8 43.6 16.4 4.2 2.33 1.35 Not detected

XRD Analysis

The XRD patterns (Figure 12) of residues from PVA/APP/SP-coated composites lami-
nates exposed to heat fluxes of 20 and 50 kW/m2 show the presence of several crystalline
phases. For a heat flux of 20 kW/m2, (NH4)H2PO4 was identified for the three compo-
sitions through the main peaks (2θ = 16.7◦, 23.7◦ and 29.0◦). Sepiolite (2θ = 7.3◦) and
(NH4)2MgH4(P2O7),2H2O (2θ = 16.0◦, 18.5◦ and 24.5◦) crystalline phases were observed
for the PVA/APP17/SP3- and PVA/APP15/SP5-coated composites. Under these heating
conditions, APP decomposes to create a phosphoric acid salt ((NH4)H2PO4) which further
reacts with sepiolite to form the crystalline phase (NH4)2MgH4(P2O7),2H2O. In addition,
the presence of sepiolite in XRD patterns suggests that part of sepiolite did not react at the
temperature reached in these heating conditions. The presence of sepiolite in the residue
could play a role in the structuration of the protective layer causing a limitation of the heat
transfer from the coating to the GFRP composite laminate.
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For 50 kW/m2 heat flux, CP/PVA/APP20 residue exhibits mainly an amorphous
structure as proved by the large bump centered around 17◦. Additionally, some undefined
peaks (2θ = 25.8◦ and 26.7◦) were also observed. For the CP/PVA/APP17/SP3 residue,
NaMg(PO3)3 (with main peaks: 2θ = 23.4◦ and 25.0◦), SiP2O7 (2θ = 24.0◦ and 26.3◦)
and SixPyOz (2θ = 16.0◦ and 19.3◦) crystalline phases were identified whereas, for the
CP/PVA/APP15/SP5 residue, only the crystalline phase SixPyOz was detected. XRD
patterns of CP/PVA/APP17/SP3 and CP/PVA/APP15/SP5 are comparable to the spectra
obtained on the residue after the cone calorimeter test of coating samples (Figure 7). The
pattern is better defined in the case of the 3 wt% sepiolite-containing composition.

Comparison between residues from CP/PVA/APP/SP and PVA/APP/SP after oven
conditioning in Figure 7 shows the formation of the same crystalline phases (NaMg(PO3)3,
SiP2O7 and SixPyOz). This result means that coating during the fire resistance test would
reach at least a temperature of 550 ◦C. The absence of crystalline phases NaMg(PO3)3 and
SiP2O7 in the residue of PVA/APP/SP after fire reaction (Figure 6) would be due to the
presence of the flame modifying the surface temperature of the coating.

Char Volume of Residues

Photogrammetry was performed on the residues after the cone calorimeter test to
estimate the influence of APP and sepiolite on the coating intumescence. The residues
obtained at 20 kW/m2 are shown in Figure 13 and data are presented in Table 7. CP/PVA
residue exhibits a large volume expansion, even though no intumescent flame retardant
was added, resulting in a final volume of 117 cm3. Swelling of PVA would be due to an
appropriate viscosity of the molten polymer associated with the release of combustible gas
causing the intumescence of the layer.
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Figure 13. Photogrammetry of residues after fire resistance test at 20 kW/m2 obtained by scatter plot
for (1) PVA, (2) PVA/APP20, (3) PVA/APP17/SP3, (4) PVA/APP15/SP5.

Table 7. Residue volume of PVA-coated composite laminate after cone test at 20 kW/m2 using scatter
plot reconstruction with Agisoft Metashape software.

Coating Formulation Volume (cm3)

CP/PVA 117
CP/PVA/APP20 100 ± 7

CP/PVA/APP17/SP3 55 ± 4
CP/PVA/APP15/SP5 30 ± 8

CP/PVA/APP20 residue presents a volume of 100 ± 7 cm3; the residue layer was
thin in comparison to those of sepiolite containing coatings. The addition of 3 wt% and
5 wt% of sepiolite results in a decrease of expansion with volumes of respectively 55 ± 4
and 30 ± 8 cm3.

The results indicate that the addition of sepiolite to the coating leads to the formation
of a thick and compact layer, exhibiting a poor expansion.

The same trend was observed for the CP/PVA/APP/SP residues obtained after tests
at a 50 kW/m2 heat flux. The residues are presented in Figure 14; the volume of residues
could not be assessed by photogrammetry due to a too-poor swelling.
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species as demonstrated by XRD. These phases impart cohesion to the layer limiting its 
swelling but emphasizing its protective feature. Due its high thermal stability, the formed 
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iting heat transmission by accumulation at the surface [19]. 
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Figure 14. Photographs of char residues on glass-fiber-reinforced polymer (GFRP) compos-
ites after cone calorimeter experiments at 50 kW/m2: (1) CP/PVA, (2) CP/PVA/APP20, (3)
CP/PVA/APP17/SP3, (4) CP/PVA/APP15/SP5.

As indicated above, the PVA-coated composite laminate ignited causing the complete
burning of the coating and then of the resin of the composite, leaving only the glass fibers
after the test. As was observed on Figure 9, the residue of CP/PVA/APP exhibits a low
swelling during reaction to fire tests. Moreover, the residue presents a fragile character and
is not very cohesive as demonstrated by the SEM observations in Figure 10. The use of the
PVA/APP17/SP3 and PVA/APP15/SP5 coatings resulted in the formation of a cohesive
char, slightly swollen, exhibiting cracks which formed during cooling of the plates after
testing. Those char layers constitute a protection for the composite resin.

The efficiency of APP/SP-containing coating as a thermal shield was assigned to the
reactivity between APP and SP that leads to the formation of crystalline silicophosphate
species as demonstrated by XRD. These phases impart cohesion to the layer limiting its
swelling but emphasizing its protective feature. Due its high thermal stability, the formed
inorganic layer is likely to reach a higher temperature and thus the heat loss by re-radiation
will be higher according to the Stefan law. Re-radiation of a hot surface has already
been demonstrated experimentally by Wu and al. [39] for polymer-nanocomposites-based
thermosets that exhibit few or no charring. Hence storage and re-radiation by the layer
delays heat transfer to the backside thus delaying and slowing down the temperature
rise. Additionally, unreacted SP nanoparticles may also participate to the thermal barrier
limiting heat transmission by accumulation at the surface [19].

4. Conclusions

In this study, a surface coating based on PVA containing APP and sepiolite was
designed for protecting GFRP composite laminates. The deposition of a flame-retardant
PVA suspension onto a glass fiber membrane enabled to prepare a fabric-based coating
that exhibited further a good cohesion with the composite laminate. The fire behavior
of coatings showed an increase of time to ignition and a drastic decrease of pHRR for
coatings containing sepiolite. An optimum of performance for all fire reaction parameters
has been demonstrated for 3 wt% of sepiolite with a reduction of pHRR by 70%, THR by
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37% and an increase of TTI up to 65 s compared to PVA matrix in cone calorimeter tests.
Despite a loss of thermal stability in TGA with a decrease of Tonset from 291 ◦C to 243
◦C, PVA/APP17/SP3 showed the formation of the greater residue yield of circa 28 wt%
at 700 ◦C. Moreover, a sepiolite–APP interaction in the condensed phase was evidenced
leading to the formation of a crystalline phase in the residue which could not be identified.
This SixPyOz phase was highlighted in the residues of cone calorimeter tests regardless of
the presence of a flame. A cohesive residue layer was formed during combustion reinforced
by the inorganic crystalline phase. Once deposited on composite laminates, the APP/SP
coatings enable an increase of the fire resistance evidenced by a delay and a slowdown of
the backside temperature rise. PVA/APP15/SP5 is the most performant coating which
enables to postpone the backside heating by respectively 1250 and 2000 s for a 20 and
50 kW/m2 heat flux exposure. The increase of sepiolite content in the coating increases the
thermal barrier effect by greatly delaying the backside temperature rise of the composite
laminate. The shielding effect has been attributed to a re-radiation mechanism of the
surface due to sepiolite. Combination of APP and sepiolite in PVA coating showed good
efficiency to protect resin composite laminate.

Supplementary Materials: The following are available online at https://www.mdpi.com/2504-477
X/5/1/6/s1, Figure S1: Cross-section picture of composite coated by PVA/APP17/SP3.
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