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A B S T R A C T   

Flammability is one of the main drawbacks affecting polymer matrix composites (PMCs), limiting metal 
replacement in several applications. Phosphorus compounds demonstrated a great ability in contrasting fire 
spreading. Here, phosphorylated poly(vinyl alcohol) (PPVA) has been synthesized and used as an intumescent 
flame inhibitor coating for carbon fiber reinforced polymer (CFRP) laminates. The synthesized PPVAs, with a 
phosphorylation degree up to 7.5 %wt, were investigated by spectroscopic (NMR and IR) and thermal (TGA and 
DSC) analyses. Moreover, thermal degradation kinetics was also rationalized by applying differential and in-
tegrals methods: the phosphorus catalytic effect combined with radicals-coupling behaviour deriving from the 
phosphorus species developed during the combustion has been highlighted, confirming the inhibitor role of 
PPVAs. Cone-calorimeter tests, simulating a small-scale fire scenario, were carried out on poly(vinyl alcohol)- 
coated and PPVA-coated materials prepared by solvent casting. Results highlight the anti-flame properties of 
PPVAs, especially as effective flame inhibitors: up to − 58 % in the time of flame (TOF). Instead, poly(vinyl 
alcohol) coatings lead to an overall worsening of the material fire behaviour, highlighting the crucial role of 
phosphorous to reduce flammability. Such promising results pave the way for the use of PPVA coatings to reduce 
the fire risk of flammable composites making them safer.   

1. Introduction 

In the last two decades, the use of polymer matrix composites (PMCs) 
in structural applications experienced rapid growth thanks to their 
excellent mechanical properties and lightweight. In particular, carbon 
fiber reinforced polymers (CFRPs) with thermosetting matrices repre-
sent a viable alternative to replace metals due to their high specific 
stiffness and strength [1,2]. However, the organic nature of the matrix 
increases the risk of combustion, limiting the application of such com-
posites in fields with a high fire hazard. The combustion, besides causing 
decay of mechanical properties until complete component structural 
failure, produces important emissions of heat, volatile organic com-
pounds (VOCs) and smoke, representing a risk to human safety [3–6]. 
Therefore, trying to reduce the overall flammability of PMCs is of 
paramount importance. Several approaches can be addressed, such as 
adding flame retardant (FR) additives and coatings, even nanostructured 
[7–10]. Unfortunately, the addition of FRs directly into the matrix will 
impact the bulk of the material affecting mechanical properties and also 

the resin crosslinking [11,12]. 
A series of FR additives, such as hydrates, silicates, carbonates, metal 

oxides, sulphides, and phosphorus compounds, have been developed 
[13–17]. Intumescent flame retardant agents based on phosphorus 
compounds are widely used due to their ability to form char by a 
condensed-phase mechanism that can insulate the underlying polymer 
from heat and oxygen. Moreover, the water vapour derived from the 
dehydration reaction can dilute flammable gases, thus quenching the 
flame [18,19]. Furthermore, the lower toxicity of these additives 
compared to halogen-based and aromatic-based systems represents a 
benefit for both human health and the environment [5]. In particular, 
organo-phosphorous polymers represent the most suitable systems to 
prevent, delay or inhibit the flame [20–22]. Several strategies have been 
developed to insert phosphoric, phosphonic and phosphinic acid moi-
eties in the macromolecular side chain, such as functionalizing vinylic or 
allylic monomer with a group containing phosphorous, direct poly-
merization of specific monomers, as well as post-polymerization re-
actions [23,24]. Wang and co-workers developed ethylene-vinyl acetate 
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copolymers grafted with diphenyl chlorophosphite (DPCP) to enhance 
the thermal stability in high-density polyethylene blends, but the lack of 
miscibility of the pair leads to a decreased mechanical properties [21]. 
Shree et al., instead, succeeded in preparing an epoxy resin modified 
with phytic acid phosphorylated hyperbranched polyols as a transparent 
intumescent coating [25]. The same approach was investigated by Yan’s 
group that, via a multi-step route, synthesized flexible phosphate esters 
applied into amino resin to obtain an intumescent coating for plywood 
boards [26]. In a different attempt, an in situ photopolymerization of 
vinyl-phosphonic acid with a cyanurate in presence of crosslinking 
agents was carried out to coat glass fiber-reinforced epoxy resin (GRE) to 
improve their thermal stability by Williams and co-workers [27]. Since 
it has been recognized that combustion is primarily a surface-occurring 
process, the simultaneous effect derived from the phosphorous moieties 
with the surface application of the anti-flame additives, which would 
also prevent bulk properties modification, appears as a highly suitable 
approach [28]. Moreover, it allows to treat different types of substrates, 
such as wood, textiles, and plastics [29–32]. For these reasons, the 
employment of phosphorus-based polymeric FR films has been exten-
sively reported in the literature. Despite the employment of phospho-
rous functionalized bio-degradable polymers, such as poly(vinyl 
alcohol) (PVA), represents a suitable and sustainable approach to realize 
hybrid inorganic-polymers [21,33], nanocomposite films [34,35], and 
grafted polymeric surface coatings [36,37], the reported products derive 
by a tedious and complex synthetic route. Moreover, optically trans-
parent intumescent coatings applied to CRFPs are slightly investigated. 
CFRPs are often employed also in finishing components to impart a 
luxurious and high-end aspect, and the ability to protect the composite 
while simultaneously guaranteeing a pleasing aesthetic is extremely 
important. 

In the present work, a phosphorylated poly(vinyl alcohol) (PPVA) is 
proposed as a flame-inhibitor coating for polymer matrix composite 
materials, using epoxy-based CFRP laminates as substrate. A novel and 
practical strategy has been proposed to control copolymers’ composition 
and enhance the phosphorous content. Spectroscopic and thermal ana-
lyses were carried out to investigate the structure-properties correlation 
of the phosphorylated material. The PPVA’s ability to form homoge-
neous films was exploited to apply it as a surface coating onto the 
composite substrate. The fire resistance of PPVA-coated CFRPs was 
evaluated by cone-calorimeter tests, simulating a small-scale fire sce-
nario. The effect of both coating grammage and PPVA phosphorylation 
degree on the fire resistance behaviour was investigated, as well as the 
kinetic of PPVA thermal decomposition. 

2. Experimental section 

2.1. Materials 

2,2′-Azo-bis-isobutyronitrile (AIBN), vinyl acetate (VA, >99 %), so-
dium hydroxide (NaOH), potassium phosphate (K3PO4), potassium 
hydrogen phthalate (C8H5KO4), ortho-phosphoric acid (H3PO4, 98 %) 
and sodium chloride (NaCl) were purchased from Sigma Aldrich (Italy). 
The solvents (methanol, ethanol, acetone, ethyl ether) were used 
without further processes of purification. Composite specimens for cone- 
calorimeter tests are made of 2 plies of twill 2 × 2 weave T700 carbon 
fabric in epoxy matrix prepregs (GG630T-DT121H), cured in an auto-
clave for 2 h at 135 ◦C, 6 bar external pressure. The resulting laminate 
thickness is (1.32 ± 0.06) mm. 

2.2. Synthesis of poly(vinyl acetate) (PVAc) 

Following the experimental methodology described in a previous 
work [38], the polymerization reaction of vinyl acetate (VAc) was car-
ried out in a three-necked flask placed under a nitrogen atmosphere. The 
PVAc was synthesized by dissolving 10 mL of VAc monomer (0.1 mol) in 
10 mL of ethanol. After heating the solution up to 70 ◦C, the AIBN 

initiator was added (0.1 % mol/mol with respect to VAc). The reaction 
was stirred for 90 min. Then, the mixture was cooled down to room 
temperature and poured in ethyl ether. The polymer was filtered and 
washed several times with ethyl ether. The PVAc was characterized by 
nuclear magnetic resonance (NMR), and Fourier-transform infrared (FT- 
IR) spectroscopy. 

2.3. Synthesis of poly(vinyl alcohol) (PVA) 

The direct saponification reaction of poly(vinyl acetate) was carried 
out in a 100 mL flask, in which 0.5 g of PVAc was added in 8 mL of 
acetone. The mixture was stirred at 50 ◦C to promote the solubilization 
of the polymer. Once dissolved, NaOH 1 M in methanol was added 
(1:1.5 mol/mol). The reaction mixture was kept for 1 h under reflux. 
Then, the mixture was filtered, and the methanol was evaporated. The 
fully hydrolysed polymer was dried in an oven at 70 ◦C for 2 h, according 
to a previous work [38]. The PVA was characterized by NMR, FT-IR 
spectroscopy, thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). 

2.4. Synthesis of phosphorylated poly(vinyl alcohol) (PPVA) 

The phosphorylated poly(vinyl alcohol) (PPVA) was obtained by a 
post-polymerization reaction. The copolymer was synthesized by dis-
solving H3PO4 in 10 mL of distilled water; the amount of phosphoric acid 
was varied to obtain a solution ranging from 0.3 to 15 M in order to 
modulate the phosphorylation degree. After its complete dissolution in 
water, 1 g of PVA was added and the solution was refluxed for 100 min. 
In the end, the mixture was poured into acetone. The polymer was 
filtered and washed several times with acetone. The product obtained 
was dried in an oven at 60 ◦C to remove traces of solvent. The phos-
phorylated poly(vinyl alcohol) was characterized by 1H NMR, 31P NMR 
and FT-IR spectroscopy. Moreover, its thermal behaviour was investi-
gated by TGA and DSC analysis. 

2.5. Phosphorous quantification 

To quantify the phosphorous amount in the PVA-based copolymers, 
alkalimetric titrations were carried out by an AMEL-338 pHmeter with 
Ag/AgCl glass electrode. The instrument calibration was obtained by 
two buffer solutions: potassium phosphate (pH = 7) and potassium 
hydrogen phthalate (pH = 4). NaOH solution (0.025 M) was used as a 
titrant. The samples were prepared by dissolving a defined amount of 
polymer (0.1 g) in 30 mL of distilled water and stirring for 3 days with 
NaCl salt in order to lead the acid protons in solution [39]. 

2.6. Characterization of polymers and CFRPs 

The polymer structures were characterized and confirmed by 1H and 
13C NMR spectroscopy, by using a Varian “Mercury 400” spectrometer, 
operating at 400 MHz. Tetramethylsilane (TMS) was used as an internal 
reference standard. The PPVA copolymers were also studied by 31P NMR 
using phosphoric acid (H3PO4 85 % in water solution) as an external 
reference. Moreover, the polymers were characterized by FT-IR, 
acquiring the spectra by an ATR-IR Bruker Alpha I spectrometer. The 
samples’ thermal stability was studied by TGA using a thermogravi-
metric apparatus (TA Instruments Q500) under a nitrogen atmosphere 
(flow rate 60 mL/min) at a 10 ◦C/min heating rate, from 25 ◦C to 600 ◦C. 
DSC analyses were performed with a TA Instrument Q2000, using un-
sealed aluminium pans, and loading 3 to 5 mg of sample. The DSC an-
alyses were carried out by applying two subsequent heating ramps from 
− 50 ◦C to 150 ◦C (heating/cooling ramps at 20 ◦C/min). SEM-EDX 
analysis was performed using a scanning electron microscope (SEM) 
ZEISS EVO 50 EP equipped with an energy-dispersive X-ray module for 
the element identification. 
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2.6.1. Cone-calorimeter tests on PPVA-coated CFRPs 
Cone-calorimeter tests were carried out to evaluate the PPVA 

behaviour as a flame inhibitor and/or retardant. The tests were con-
ducted via an oxygen consumption cone-calorimeter (FFT Cone Calo-
rimeter, Fire Testing Technology) under an incident heat flux of 35 kW/ 
m2 (corresponding to a temperature of 670 ◦C, comparable to a small- 
scale fire scenario). The setup operates according to the ISO 5660 
standard. 

The dimension of each specimen was ≈ 100 × 100 × 1.3 mm. The 
measurements were carried out with the sample holder in horizontal 
orientation, without aluminium foil retainer wrap, using the edge frame 
but not the retainer grid. The distance between the sample surface and 
the cone-shaped heater was kept constant at 25 mm during the entire 
duration of the test. The cone-calorimeter test allows the assessment of 
the average heat release rate as a function of time-span (mean HRR), the 
peak of heat release rate (pHRR), and the total heat release (THR), all 
calculated as a function of the oxygen consumption. Moreover, it pro-
vides the time to ignition (TTI), the time of flame (TOF), and the time to 
pHRR (TTP). 

The PPVA with the highest phosphorylation degree (7.5 % wt) has 
been selected to investigate the flame inhibitor property. First, a PPVA 
stock solution was prepared by solubilizing 2.5 g of PPVA in 29 mL of 
distilled water (8 % wt). Through further dilution, three additional so-
lutions at lower concentrations, namely 1, 2, and 4 % wt were obtained. 
The polymeric solution was then poured onto the surface of the CFRP 
laminate (100 × 100 mm panels), previously cured in autoclave. Then, 
the PPVA-coated materials were placed on a heating plate at 80 ◦C to 
quickly evaporate the solvent and promote the homogeneous film for-
mation on the substrate surface. The PPVA transparent film does not 
impact CFRP surface appearance nor leads to a statistically significant 
increase in the final laminate thickness, as displayed by histograms in 
Fig. 1. 

The final PPVA coating grammage is 5, 10, 20 and 40 g/m2, using 
polymeric solutions at 1, 2, 5 and 8 % wt, respectively. For the sake of 
comparison, also plain PVA-coated specimens were produced and tested 
(by depositing the same amount of material as the previous ones), as 
well as uncoated CFRP plates. At least 3 test repetitions were performed 
for each specimen type to ensure the statistical significance of the 
results. 

All the samples reported in Fig. 1 were tested at the cone-calorimeter. 
The reference CFRP laminate is called R-CP, where “R” stands for 
“Reference” and “CP” stands for “Composite Panel”. The CFRP laminates 
coated with PVA or PPVA are labelled CP-X_PVA and CP-X_PPVA_7.5%, 
where “X” represents the coating grammage. 

2.7. Kinetic analysis 

To rationalize the degradation process and the mechanism involved 
during the combustion, several differential and integral isoconversional 
(free) models have been compared for evaluating the activation energy 
as a function of the degree of conversion (without assuming any kind of 
specific reaction mechanism). First, Friedman’s equation (Eq. 1) was 
used [40,41]: 

ln
(

β
dα
dTα

)

= ln(Af (α) ) − Ea

RTα
(1)  

where β (K/min) is the heating rate; α is the conversion degree ranging 
from 0 to 1; f (α) is the reaction model, Tα is the temperature as a 
function of the conversion degree (α) and R is the ideal gas constant 
(8.314 J/mol•K). The activation energy can be found from the slope of 
the curves obtained by plotting ln

(
β dα

dT
)

versus 1/T, for each conversion 
value at different heating rates. 

Another non-isothermal isoconversional differential approach is 
represented by the Kissinger-Akahira-Sunose (KAS) method, that by 
applying the Coats-Redfern approximation can be described by Eq. (2) 
[42–44]: 

ln
β

Tα
2 = ln

(
AR

Eag(α)

)

−
Ea

RT
(2) 

The terms present in the equation describe the same parameters 
previously reported, where g(α) is the integral form of the kinetic model. 
The slope of the curve built by fitting ln β

Tα2 with the inverse of the tem-
perature (1/T) accounts for Ea. 

The last method employed is the Flynn-Ozawa-Wall (FOW) integral 
isoconversional approach, which considers the trend of activation en-
ergy constant within the degradation process according to the following 
Eq. (3) where the Doyle approximation is applied [45–47]: 

lnβ = ln
(

AEa

Rg(α)

)

− 5.525 − 1.052
Ea

RTα
(3) 

By plotting lnβ values deriving from thermal curves recorded at 
several heating rates versus 1/T a straight curve was obtained, and the 
slope allows for the activation energy evaluation. 

3. Results and discussion 

Phosphorous compounds based on PVA were produced to obtain an 
intrinsically flame inhibitor polymeric film to be applied onto polymer 
composite materials to reduce their flammability. Indeed, while PVA 
polymer exhibits a limited oxygen index (LOI) of 19–20 % [48,49], it is 
demonstrated that the addition of phosphorous in the PVA macromo-
lecular chain can raise the LOI above 21 %, making the polymer self- 
extinguishing [37,50]. For this reason, PVA-co-PPVA copolymers with 
different degrees of phosphorylation were synthesized by the post- 
polymerization reaction route reported in Fig. 2: firstly, polyvinyl ace-
tate (PVAc) was polymerized from vinyl acetate (VAc) monomer, then 
the polymer was hydrolysed to PVA, and, finally, functionalised with 
phosphorous to obtain PPVA. Although the synthesis to produce such 
copolymers has already been reported in the literature [36,51], the 
amount of phosphorylated units achieved on the macromolecules has 
been increased thanks to the optimization of reaction parameters. 

3.1. Synthesis and characterization of polymers 

The structure of the synthesized polymers has been confirmed by 
NMR spectroscopy; the spectra of poly(vinyl acetate) (PVAc), poly(vinyl 
alcohol) (PVA) homopolymers and phosphorylated PVAs are reported in 
the Supplementary Information (Fig. S1). However, the 1H NMR spectra 
of the phosphorylated polymers are quite similar to the functionalized 
PVA due to the absence of significant changes in terms of chemical shift Fig. 1. Laminate thickness of samples for cone-calorimeter tests.  
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related to the protons in the polymeric chain (Fig. S1). For this reason, to 
confirm the structure of the PPVA, 31P NMR experiments were carried 
out. In Fig. 3, the 31P NMR spectrum of PPVA_7.5 % was reported, 
showing a single chemical shift at 1.28 ppm which can be attributed to 
phosphate monoesters, thus confirming the correct formation of a 
phosphorylated polymer [52]. Although the absence of an internal 
standard prevents a quantitative approach to determine the phosphor-
ylation degree, all samples showed the signal related to phosphate 
monoester. In addition, the absence of other signals excludes a partial 
crosslinking among neighbouring phosphoric groups [36]. Despite 
crosslinking reaction involves the hydroxyl groups via condensation 
mechanism, by controlling reaction parameters, such as H3PO4 con-
centration, temperature and reaction time, it was possible to obtain 
linear phosphorylated polymers with a relatively high functionalization 
degree. The lack of a 0 ppm signal accounts for the complete removal of 
the phosphoric acid used during the synthetic step. An analogue 
behaviour is observed for all the PVA-PPVA copolymers, whose spectra 
are not shown. 

The phosphorylation degree was quantified by acid-base titration 
using NaOH (0.025 M) as a titrant. Analysing the titration curves 
(Fig. S2), the presence of two distinct equivalent points confirms the 
mono-ester product rather than the pyro-phosphoric ester stemming 
from the condensation reaction between neighbouring functionalized 
units, in agreement with 31P NMR spectra (Fig. 3). In order to evaluate 
the phosphorous amount contained in PPVA, only the first equivalent 
point was considered. A correlation is observed between the acid 

concentration used during the phosphorylation step and the phosphorus 

Fig. 2. Synthetic route for the preparation of poly(vinyl alcohol-co-vinyl alcohol phosphorylated) (PPVA).  

Fig. 3. 31P NMR spectra of PPVA_7.5% in D2O using phosphoric acid (85 %) as external standard.  

Fig. 4. Correlation between the phosphoric acid (H3PO4) molarity with the 
degree of phosphorylation (%P wt). 
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weight percentage bonded on the polymeric chain (Fig. 4). Table 1 re-
ports the average values normalized on the polymer weight. 

FT-IR spectra of PVA-PPVA copolymers with different degrees of 
phosphorylation as well as the PVA homopolymer and the PVAc spectra 
are shown in full in Figs. S3–S4 of Supplementary Materials and 
compared. Hereafter, in Fig. 5 the 500–2000 cm− 1 spectral region is 
reported to observe the characteristic absorption peaks related to 
phosphorylated units. According to the PVA spectra reported in Sup-
plementary Information, the strong absorbance at 1100 cm− 1 is related 
to C–O stretch and O–H bend which decreases in intensity in samples 
with the phosphorylated units, indicating the correct substitution of 
some of the C–OH bond by C–P–OH bond [53]. At the same time, the 
absorbance peak at 990 cm− 1, characteristic of P–O stretching in alkyl 
phosphates and phosphite appeared in the copolymeric systems, with 
increased intensity when a higher amount of phosphorylated moieties 
are present. Thus, FT-IR spectra confirm that the synthesized PPVA 
polymers have different phosphorylation degrees (unphosphorylated 
alcoholic units are still present in all cases). 

Thermogravimetric analyses were carried out to characterize the 
thermal stability of the synthesized PPVAs copolymers (Fig. 6). The 
thermograms were recorded in the 25–600 ◦C temperature range under 
a nitrogen atmosphere to evaluate the degradation profile as a function 
of the PVA phosphorylation degree. 

The PVA homopolymer undergoes two different degradation steps: 
the first, around 300 ◦C, related to the degradation of the alcoholic 
moieties, and the second one near 420–450 ◦C, which is attributed to the 
thermal decomposition of the polymeric backbone [53]. 

Comparison (Fig. 6) of the PVA thermogram with those of PVA-co- 
PPVA copolymers clearly highlights significant differences in the 
thermo-degradative behaviour of the latter: the presence of phosphoric 
groups on the polymeric chain leads to a significant shift of the onset 
related to the first decomposition stage (Td) more and more toward 
lower temperatures as the P content in the polymer increases (Table 2). 

Moreover, the residue becomes higher by increasing the PVA degree 
of phosphorylation, highlighting a strong charring ability that increases 
with P content [51,54]. This behaviour can be explained by the presence 
of phosphoric units that at the beginning of the degradation undergo 
intramolecular elimination, followed by a condensation step between 
phosphoric moieties and therefore the formation of crosslinked units 
that prevent the subsequent degradative phase leading to a solid residue. 

As reported in Fig. 7, a correlation was observed between the degree 
of phosphorylation and the degradation temperature (Td) of the poly-
mer: the degradation step starts at a lower temperature when the 
phosphorylated amount increases [54]. Since charring ability has often 
been reported as a symptom of good intumescent properties, the 
impressive charring ability obtained already with a few percentages of P 
suggests a possible use of PPVA as a flame inhibitor agent, acting as an 
intumescent barrier [55,56]. 

The DSC thermograms of phosphorylated PPVAs, as well as the PVA 
homopolymer, are reported in Fig. S6. The midpoint of the step-change 
was used to evaluate the glass transition temperature (Tg). A shift of the 
polymer glass transition toward lower temperatures was observed as the 
amount of phosphorous in PPVA increased. The Tg, centred at 82 ◦C for 
the unfunctionalized PVA, reaches 54 ◦C for the PPVA with 7.5 % wt of 
phosphorous, as indeed expected based on the self-plasticization ability 

of the bulky phosphorylated moieties with respect to the plain, un-
modified, free hydroxyl groups. However, the overlapping of the 
melting and degradation temperature limited the investigation of the 
thermal behaviour in the higher temperature range. 

Table 1 
Phosphorus amount in copolymeric system evaluated by alkalimetric titration.  

Sample H3PO4 (mol/L) %P wt %P mol 

PVA – – – 
PPVA_0.5% 0.3 0.5 0.8 
PPVA_1.5% 0.5 1.5 1.9 
PPVA_2% 1.5 2.0 2.9 
PPVA_5% 6.5 5.0 7.0 
PPVA_5.5% 8.5 5.5 8.0 
PPVA_7.5% 15.0 7.5 12.5  

Fig. 5. FT-IR spectra (500–2000 cm− 1) of poly(vinyl alcohol-co-vinyl alcohol 
phosphorylated) (PPVA) copolymers with different composition. 

Fig. 6. Thermogravimetric analysis (TGA) of PVA and PPVA with different 
amounts of phosphorus. 

Table 2 
Degradation temperature (Td) and residue percentage of PVA and PPVA with 
different amounts of phosphorus.  

Sample Td (◦C)* Residue (%wt) 

PVA  300  6.9 
PPVA_0.5%  290  9.7 
PPVA_1.5%  275  17.9 
PPVA_2%  240  22.1 
PPVA_5%  215  29.8 
PPVA_5.5%  200  31.1 
PPVA_7.5%  190  34.8  

* Degradation temperature was evaluated considering the weight loss onset on 
TGA curves. 
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3.2. Thermal degradation kinetics 

To investigate the thermal degradation kinetics, TGA curves of the 
pure PVA and PPVA_7.5% at different heating rates (20, 30, 40 and 
50 ◦C/min) were recorded under a nitrogen atmosphere. The PPVA with 
the maximum degree of phosphorylation (7.5 % wt P) was chosen to test 
samples with the greatest differences in terms of composition and to 
emphasize the different degradation behaviours. For this purpose, the 
three different methodologies described in the Experimental section 
were employed and compared to investigate the thermo-kinetic pa-
rameters and therefore rationalize the degradation mechanism. 

In particular, Flynn-Ozawa-Wall (FOW), Friedman and Kissinger- 
Akahira-Sunose (KAS) methods are applied. The use of complementary 
methods is required when a multi-steps reaction pathway is involved. In 
general, integral FOW’s method is the more appropriate approach to 
describe complex kinetic phenomena than the differential Friedman and 
KAS’s models [40,57]. However, when consecutive reactions or re-
actions with a high difference in terms of activation energy simulta-
neously occur, the method could be unsuitable for the purpose so a 
differential approach can be favourite [58]. Besides the described 
drawbacks in modelling complex reactions, when independent reactions 
are involved the comparison of different approaches should lead to the 
same results. Herein, the fitted curves and the thermodynamic param-
eters are reported in Fig. S7 and Table 3, respectively. 

By analysing the curves reported in Fig. S7, a good fitting, as 
described by R2 values, can be observed for each sample. The activation 
energy calculated for the pure PVA thermal degradation was 117.7, 
113.2 and 105.8 kJ derived from the application of FOW, Friedman and 
KAS methods, respectively. Instead, PPVA_7.5 % has highlighted 
different results: 81.7 kJ (FOW), 87.0 kJ (Friedman) and 88.1 kJ (KAS). 
A slight difference was observed comparing the activation energies 
evaluated by differential and integral methods due to the temperature 
integrals approximations employed during the derivation of the equa-
tions [43]. In the case of PVA, the values obtained by using the KAS and 
Friedman approaches were lower than the results related to FOW’s 
method. Instead, for the PPVA sample, the Ea calculated by the integral 
method is lower if compared to the others. To better rationalize the 
phenomena, the relationship between Ea and the conversion degree (α) 
was also investigated and reported in Fig. 8. In both samples there is no 
direct proportionality of the two parameters, thus suggesting the pres-
ence of several consecutive reactions during the degradation phase. In 
the case of PVA, the activation energy decreases as a function of α in 
agreement with the literature [59]. Instead, the PPVA trend exhibited a 
segmented trend, with alternate low and high activation energy values. 
Such an irregular trend of the activation energy can be explained by the 
presence of different degradative steps during the process. The presence 
of the first maximum can be explained by the phosphorus tendency to 
couple the radicals formed during the combustion inhibiting the process 
and limiting the complete degradation of the substrate [24]. In this way, 
by a thermo-kinetic approach we have demonstrated the role of the 
phosphorous as inhibitor agent during the degradation mechanism. 

3.3. Fire testing of PPVA-coated CFRPs 

To evaluate the behaviour of the PVA and 7.5% phosphorylated 
PPVA as flame inhibitor coatings for composite materials, different 
samples were prepared and tested at the cone-calorimeter. The tests 
were carried out with an incident heat flux of 35 kW/m2, corresponding 
to a small-scale fire event [60]. The instrument can operate with a heat 
flow in the 5–100 kW/m2 range. While an irradiation power above 50 
kW/m2 simulates a fully developed fire and provides better data 
reproducibility and shorter measurement times, weaker irradiation 
levels, instead, are more suitable for fire protection goals. Indeed, under 
a heat flux of 35 kW/m2 the test evaluates the material behaviour in 
conditions reminiscent of the beginning of a fire, where single compo-
nents could contribute to flames spreading, thus demonstrating the 
intrinsic material’s ability to ignite and propagate. The representative 
HRR vs. time curves and results are shown in Fig. 9 and listed in Table 4. 

As clearly reported in Fig. 9 and Table 4, the presence of a PPVA 
coating, at any grammage, plays a relevant role in the flame inhibitor 
action. All the PPVA films perform better than the uncoated material 

Fig. 7. Correlation between the residue (black points) and the degradation 
temperature, Td, (red points) as a function of the phosphorous weight per-
centage in PPVA. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

Table 3 
Activation energy (Ea) and R square values calculated for the PVA and PPVA_7.5% samples by applying FOW, Friedman and KAS methods.   

α FOW Friedman KAS 

Ea (kJ/mol) R2 Ea (kJ/mol) R2 Ea (kJ/mol) R2 

PVA  0.1  232.4  0.82  235.7  0.81  226.9  0.80  
0.2  135.7  0.93  133.6  0.92  124.6  0.91  
0.3  119.9  0.98  105.8  0.89  107.6  0.98  
0.4  91.8  0.98  88.1  0.97  79.6  0.97  
0.5  83.4  0.99  77.9  0.98  69.2  0.98  
0.6  79.9  0.99  75.3  0.99  66.4  0.98  
0.7  80.8  0.95  75.7  0.89  66.5  0.97 

Average   117.7   113.2   105.8  
PPVA_7.5%  0.1  30.4  0.97  28.1  0.96  24.2  0.97  

0.2  32.5  0.99  30.1  0.98  26.1  0.99  
0.3  141.8  0.96  144.9  0.92  140.6  0.96  
0.4  43.6  0.99  51.4  0.99  57.1  0.99  
0.5  186.9  0.91  202.8  0.84  208.9  0.91  
0.6  55.1  0.96  64.7  0.94  71.4  0.96 

Average   81.7   87.0   88.1   
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(R-CP) in terms of HRR, with a moderate decreasing trend obtained by 
increasing the amount of PPVA_7.5 %, in particular for the CP- 
40_PPVA_7.5 %, where a 30 % decrease was achieved with respect to the 
plain composite. Regarding the pHRR values, very similar results are 
observed, without a significant impact of the PPVA coating on the 
overall behaviour of the samples. Similar results were also observed for 
the time to peak (TTP) values, where all the samples showed a very 
slight TTP decrease than the reference. Total heat release (THR) values 
confirm the trend observed with the HRR, with a drop of such parameter 
upon increasing the grammage, reaching a considerable decrease in the 
THR up to − 28 % (sample CP-40_PPVA_7.5 %). As suggested also by 
TGA measurements, the presence of phosphate groups undergoing 
crosslinking reaction tends to anticipate thermo-degradation, hence 
time to ignition (TTI) values for PPVA-coated samples are slightly 
shorter than P-free counterparts. Such differences, however, are not as 
outstanding as could be expected taking into account the TGA thermo-
grams (Fig. 6), where a relevant decrease in the degradation tempera-
ture (Td), evaluated as the onset temperature of significant weight loss, 
is observed for increasing the phosphorylation degree. 

PPVA coatings provide the most significant enhancement in the time 
of flame (TOF): in all cases, an average decrease of at least 50 %, 
compared to the uncoated composite, was achieved (− 58 % for the 
sample CP-40_PPVA_7.5 %). This supports the hypothesis that a charring 
residue, formed immediately after the beginning of the fire (Fig. 10C), 
promotes flame extinction faster than P-free materials, thus increasing 
the intrinsic safety of the composite panels in a hypothetical fire sce-
nario. SEM-EDX investigation can be useful for evaluating the distri-
bution of the elements on the surface exposed to the heating source 
during fire tests [61]. PPVA-coated laminates reveal that P lies mostly in 
the char residue (6.1 % by weight). However, a homogeneous distri-
bution of P can also be detected on the carbon fibers, as displayed by 
EDX mapping (Fig. 10F). The charring ability of the phosphoric moieties 
is also observed to hamper the weight loss of samples, returning residues 
at the end of the test that are quite compact. While it is, indeed, expected 
that the composite would predominantly degrade with the loss of the 
matrix (33 % wt based on the prepreg composition), the carbonaceous 
fiber-based residue is expected to remain in mild fire conditions [7]. 
Indeed, in the plain composite, a weight loss (≈34 % wt) comparable to 
the resin fraction is detected, while the addition of a PPVA coating limits 
this phenomenon: a mass loss lower than the expected resin fraction is 
recorded, in particular in the case of CP-40_PPVA_7.5 % (≈28 % wt of 
weight loss). The fact that some matrix, even if strongly altered and 
damaged, is still able to remain within the fibrous residue would suggest 
that the coated panel could guarantee also better mechanical resistance 
during the fire. 

Furthermore, as shown in Fig. 10A–B, the surface treatment does not 
affect the surface colour (with also no significant increase in the final 
thickness, Fig. 1) of the material, which retains its “carbon look”. 

Completely different considerations can be drawn for PVA-coated 
composite material (CP-5_PVA). Indeed, PVA significantly worsens the 
material’s flame behaviour: such coating increases the HRR and THR, 
besides a 30 % boost in TOF, which makes the material less safe in a fire 
scenario. In the histograms of Fig. 9 only the CP-5_PVA sample was 
included, since increasing the grammage from 5 g/m2 to 40 g/m2 did not 
alter the overall fire behaviour (the results obtained for all the PVA- 
coated samples are reported in the Supplementary information, Fig. S8 
and Table S1). 

Considering the above-discussed results, it is possible to affirm that 
PPVA coatings applied on polymer matrix composites provide a signif-
icant flame inhibitor capability, contributing to making the composite 
material safer in a fire scenario. 

4. Conclusions 

The present work proposes PPVA as a flame-inhibitor coating for 
polymeric composite materials, using epoxy-based CFRP laminates as 
substrate. 

PPVAs with high phosphorylation degrees, up to 7.5 % wt, without 
the presence of crosslinked units were obtained by post-polymerization 
functionalization of poly(vinyl alcohol) (PVA). The synthesized PPVAs 
were characterized by different spectroscopic and thermal analyses to 
confirm the right functionalization and to evaluate their thermal 
behaviour: a good linear correlation between the preparation condition 
and the final P-content was found, thus allowing for a tailored func-
tionalization degree. Preliminary thermogravimetric analysis (TGA) on 
produced PPVAs revealed their strong charring ability, which becomes 
more effective by increasing the number of phosphorylated moieties, 
thus confirming the beneficial effect of phosphorus under flame condi-
tions. In addition, coatings with different grammages (5, 10, 20 and 40 
g/m2) were applied on CFRP laminates by solvent casting. The surface 
coating has no important effects on the material surface appearance, 
which retains its “carbon look”, nor a significant increase of the final 
laminate thickness. 

Cone-calorimeter tests were carried out on both coated and uncoated 
materials for simulating a small-scale fire scenario. Results reveal that 
the laminates protected with PPVA exhibit a decreased time of flame 
(TOF), total heat release (THR) and weight loss with respect to uncoated 
and PVA-coated samples, confirming the flame inhibitor ability of PPVA. 
In particular, in the best case (represented by a sample coated with PPVA 
with a phosphorylation degree of 7.5 %), data evidence a halved TOF 

Fig. 8. Activation energy trend as a function of conversation degree for PVA and PPVA_7.5%.  
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(− 58 %), a reduction of 28 % in THR, and − 18 % in weight loss. The use 
of a PVA coating, instead, leads to a general worsening of all the fire 
parameters (+28 % in TOF, +9 % in THR and +21 % in weight loss). 

To rationalize the reason why the time to ignition (TTI) decreased 

with the P-containing coatings, thermo-degradative kinetics were stud-
ied, thus finding a correlation between activation energy and conversion 
degree. The decreasing activation energy justifies the TTI values, con-
firming the phosphorus catalytic effect, while the Ea profile of 

Fig. 9. Representative HRR vs. time curves and cone-calorimeter histograms for samples tested at the cone-calorimeter: pHRR, mean HRR, THR, time to ignition, 
time of flame and weight loss versus grammage. Colours: R-CP (uncoated CFRP, in black), CP-5_PVA (PVA 5 g/m2, in red), CP-5_PPVA_7.5% (PPVA 5 g/m2, in green), 
CP-10_PPVA_7.5% (PPVA 10 g/m2, in blue), CP-20_PPVA_7.5% (PPVA 20 g/m2, in orange) and CP-40_PPVA_7.5% (PPVA 40 g/m2, in fuchsia). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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PPVA_7.5% polymer highlights its radicals-coupling behaviour. 
The results highlight the active role of the PPVA polymer as a flame 

inhibitor, paving the way to the use of PPVA coatings to reduce the fire 
risk of composite laminates. 
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Table 4 
Flame behaviour of composite panels uncoated, coated with PVA and with different grammages of PPVA films containing a 7.5 % wt of P, determined by cone- 
calorimeter measurements.  

Sample HRRa (kW/m2) pHRRb (kW/m2) TTPc (s) THRd (MJ/m2) TTIe (s) TOFf (s) W. L.g (%) 

R-CP 30.6 ± 3.3 268 ± 13 55 ± 10 16.6 ± 1.8 40 ± 3 137 ± 4 33.7 ± 3.8 
CP-5_PVA 33.1 ± 1.9 274 ± 9 56 ± 12 18.1 ± 1.3 39 ± 7 176 ± 21 40.7 ± 2.6 
CP-5_PPVA_7.5% 29.9 ± 1.7 285 ± 10 53 ± 2 16.4 ± 1.0 35 ± 4 69 ± 5 32.7 ± 1.2 
CP-10_PPVA_7.5% 28.4 ± 2.3 303 ± 31 52 ± 5 16.2 ± 1.3 35 ± 6 64 ± 7 32.3 ± 0.8 
CP-20_PPVA_7.5% 25.3 ± 0.5 302 ± 21 40 ± 2 14.0 ± 0.3 31 ± 5 70 ± 2 30.1 ± 1.1 
CP-40_PPVA_7.5% 21.5 ± 2.5 263 ± 39 51 ± 5 11.9 ± 1.3 36 ± 2 58 ± 4 27.7 ± 1.8  

a Average heat release rate (HRR) is the irradiated thermic power released by the sample per square meter. 
b Peak heat release rate (pHRR) is the higher value of HRR. 
c Time to peak (TTP) is the time required to pHRR. 
d Total heat release (THR) is the total heat released by the sample during the entire duration of the test. 
e Time to ignition (TTI) is the time needed for the first flame detection. 
f Time of flame (TOF) is the flame lifetime. 
g Weight loss (W. L.) is the amount of mass loss during the test. 

Fig. 10. (Top) Cone-calorimeter specimens: (A) before the application of a PVA or PPVA coating; (B) after the application of the polymeric coating; (C) after cone- 
calorimeter test. (Bottom) SEM-EDX investigation after cone-calorimeter tests: (D) SEM image of carbon fibers; EDX map highlighting (E) the carbon and (F) 
phosphorus distribution in the same analyzed region displayed in (D). Scale bars: 10 μm. 
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