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A B S T R A C T

Nowadays, researchers working in the realm of coating or related industries are expected to propose novel
materials with multifunctional capabilities. In this work, novel nanocomposites based on poly(ethylene-co-vinyl-
acetate) (EVA) copolymer, hydroxyapatite (HA), carbon nanotubes (CNTs) and ammonium polyphosphate (APP)
are proposed and examined for thermal stability and flammability. Thermogravimetric analysis and cone ca-
lorimeter tests evidenced that HA/CNTs combination presents a promising effect on both thermal and flame
retardancy behavior of EVA. Cone calorimeter results approved in a similar manner that the incorporation of
only 5 wt.% HA-CNTs into the EVA significantly drops peak of heat release rate (pHRR) (around 37%). The flame
retardant effect was further improved when HA or HA-CNTs were associated with APP. The pHRR decreased by
76–77% for EVA containing HA or HA-CNTs and APP compared to the neat EVA. The performance of developed
nanocomposites was compared with more than 100 flame retardant systems previously reported in the literature.

1. Introduction

Poly(ethylene-co-vinyl acetate) (EVA) is a copolymer widely prac-
ticed in various applications such as construction, electrical cable and
wire coating, packaging, adhesive, solar energy, agriculture, and sports
[1–3]. The global EVA production is approximately 5 million tons per
year. Its global market is expected to grow at a Compound Annual
Growth Rate (CAGR) of 5.14% during the period 2016–2020 [4]. In the
form of latex, EVA can be applied in coatings applications when its solid
content is high and its viscosity is sufficiently low [5]. For instance, the
blend of EVA with polyethylene and ethylene vinyl alcohol was applied
as coating, where varying the concentration of iron oxide and titanium
oxide pigments [6]. The resulting composites were sprayed on mild
steel and good mechanical and anticorrosive properties were achieved.
Furthermore, for some applications the flame resistant character of
coating is needed in order to protect the underlying material. For ex-
ample, in cable industry, NFC 32070 CR1 standard test imposes that
cables sustain electrical power where jacket coating protect the copper
against heat and fire [7,8]. In this case, coating plays an important role

on fire protection during the combustion by decreasing the heat transfer
from the surface to the underlying substrate [9,10].

Despite promising aspects of EVA which makes it a candidate for
coating applications, it is highly flammable. The incorporation of flame
retardant additives into the EVA is a well-known way to improve its low
fire resistance. The effect of diverse flame retardants on the flamm-
ability of EVA has already been investigated [11–22]. During recent
years, researchers fascinatingly tested the combination of conventional
flame retardants like phosphorous ones with mineral fillers and/or
nanoparticles. The connectivity, thickness and porosity of the char re-
mained from combustion as well as its dimensional expansion as an
integrated layer could be attributed to the improvement of flame re-
tardancy [23–25]. Therefore, the use of phosphorous flame retardants
like ammonium polyphosphate (APP) in combination with mineral
nanoparticles of different nature such as montmorillonite [26,27],
zeolite [28], MgO [29], expandable graphite [30], expanded graphite
[31], layered double hydroxides (LDH) [32], CaCO3 [31] in EVA has
been reported by several authors.

Application of green or environmental-friendly substances in
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2. Materials and methods

Poly(ethylene-co-vinyl acetate), EVA, (Escorene TM Ultra FL00014;
MFI = 0.25 g/10 min and vinyl acetate rate = 14%) was provided by
ExxonMobil. Ammonium polyphosphate (APP), Exolit AP423, was
purchased from Clariant. Ca(NO3)2·4H2O (> 99%), (NH4)2HPO4

(> 98%), NH4OH (28–30%) were obtained from Sigma-Aldrich,
Malaysia. MWCNT (DI = 20–30 nm, L = ≈30 μm, 99.9%) were sup-
plied by the Chinese Academy of Science. These reagents were used
without further purification for this study.

2.1. Synthesis of hydroxyapatite (HA) and hydroxyapatite/multiwalled
carbon nanotubes (HA-CNT)

HA was prepared by precipitation technique with Ca(NO3)2·4H2O
and (NH4)2HPO4 as starting materials and ammonia solution (NH4OH)
to control pH during the process. A solution of 0.24 M Ca(NO3)2·4H2O
(350 mL) was stirred vigorously, and the temperature was kept at 30 °C
(± 3 °C). A solution of 0.29 M (NH4)2HPO4 (250 mL) was added
dropwise into the Ca(NO3)2·4H2O solution. Throughout the experiment,
the pH was kept above 10.5 (10.5–11) by infinitesimal addition of
ammonia solution. Nanosized powder of HA was hydrothermally syn-
thesized based on the following reaction:

10Ca(NO3)2 + 6(NH4)2HPO4 + 8NH4OH= Ca10(PO4)6(OH)2
+ 20NH4NO3 + 6H2O

During the precipitation, the solution was stirred, and the final
suspension was continuously stirred for 6 h after the remaining part of
the (NH4)2HPO4 solution was added. In the next step, the resulting
suspension was covered and left to age at room temperature for 24 h.
After ageing, the precipitated HA was removed from the solution by
centrifugation (rotation speed of 4000 rpm). The resultant powder was
dried at 80 °C overnight and subsequently calcined at 800 °C for 2 h.

Ultrasonication was served for mixing through which HA-CNT

powder was prepared. The HA powder was added to ethanol and mixed
with a magnetic stirrer for 30 min. The powder was dispersed ultra-
sonically to obtain a homogeneous suspension. MWCNTs (CNT) powder
was added to the suspension of HA powder (in a ratio of 1:20 by wt.%)
and ultrasonically mixed for 3 h. The HA-CNT was allowed to dry in air
at room temperature for 24 h.

2.2. Composite preparation

Blending of the different additives within the molten EVA was
carried out in a Brabender internal mixer at 180 °C (3 min mixing at
30 rpm prior to 7 min mixing at 60 rpm). The compositions of the
prepared blends are presented in Table 1. The samples were then
grinded and hot-molded, using an Agila PE20 hydraulic press, under
60 bar for 5 min at 190 °C in order to obtain square sheets of
100 × 100 × 4 mm3.

2.3. Characterization

Chemical and physical characterizations of HA and HA-CNT parti-
cles were carried out using different techniques including Scanning
Electron Microscopy (SEM), Transmission Electron Microscopy (TEM),
Fourier Transformed Infrared Spectroscopy (FTIR) and X-ray
Diffraction Analysis (XRD). SEM analysis was performed with a Leo
Supra 50 VP (Germany) electron microscope and Quanta FEG450
model scanning electron microscope to investigate the microstructure
and morphology of the developed particles. Sample fracture fragments
were mounted on a conducting carbon tape and analyzed using an
accelerating voltage of 5 kV and a secondary electron detector. TEM
analysis was carried out to provide deep insights into the morphology
and particle size of the materials at the atomic level structure. Phillips
electron microscope-CM12 (Philips, Netherlands) provided with an
Image Analyzer (Model Soft Imaging System, SIS 3.0) operated at
30 kV. A small amount of powder samples was placed onto a carbon
film on copper grid. Fourier transform infrared spectroscopy (FTIR) was
used to investigate the functional groups present in the samples using
the Perkin–Elmer FTIR 2000 spectrometer. The FTIR spectra were re-
corded in the wave number interval of 4000 cm−1 to 400 cm−1 under
transmittance mode. The resolution of the spectrometer was 4 cm−1.
Before analysis, calibration of the spectrometer was performed with
polystyrene as a control sample. The test sample was mixed with po-
tassium bromide with a weight ratio of approximately 1:10. The mix-
ture was ground to a fine, homogeneous powder, which was then
poured into a mold. The powder was compacted with a hydraulic press
set at 600 MPa pressure to form thin pellets. The resulting pellets were
then placed in the sample holder for FTIR analyses. A Siemens D-5000
X-ray diffractometer was used to identify the chemical composition of
the crystalline phases in HA an HA-CNT particles. XRD patterns were
recorded over a 2θ angle range of 20° to 70° at a sweep rate of
0.04° s−1.

Morphological investigation was also performed to highlight the
dispersion state of the additives in EVA using a scanning transmission
electron microscopy (STEM) Hitachi SU8020 (100 V–30 kV) apparatus.
For SEM observations, EVA composites were cryo-fractured after im-
mersion in liquid nitrogen and then coated using a gold sputtering

Table 1
Name and composition of all samples.

Sample code EVA (wt.%) HA (wt.%) HA-CNT (wt.%) APP (wt.%)

EVA 100 0 0 0
EVA/HA 95 5 0 0
EVA/HA-CNT 95 0 5 0
EVA/APP 80 0 0 20
EVA/APP/HA 80 5 0 15
EVA/APP/HA-CNT 80 0 5 15

polymer systems has become a necessity nowadays. In this sense, in-
corporation of hydroxyapatite (Ca5(OH)(PO4)3) (HA) into several 
polymers such as poly(methyl methacrylate) (PMMA), polycarbonate 
(PC), polyester and epoxy resin was carried out for the sake of higher 
flame retardancy [33–35]. The HA is a bio-based polycrystalline cal-
cium phosphate ceramic in a hexagonal form with 39 wt.% of Ca, 
18.5 wt.% of P and 3.38 wt.% of OH. The effect of incorporation of HA 
on EVA mechanical properties has already been reported [36–38]. Be-
cause of its merit, it has been mostly applied in medical applications, 
but, to the best of the knowledge of the authors of this work, it has not 
been used for increasing fire resistance of EVA. There are also some 
reports showing that the use of carbon nanotubes (CNTs) enhances the 
flame retardancy character of EVA [39–44].

In the light of above, combined use of HA and CNTs could have been 
responsible for achieving an innovative EVA nanocomposites with 
flame retardant properties. In the present work, the effect of HA alone, 
the physical blend of HA and multi-walled CNTs (hereinafter referred to 
as HA-CNTs), the blend of APP and HA (APP/HA), and eventually APP/
HA-CNTs on thermal behavior and flame retardancy of EVA was thor-
oughly discussed. The HA and HA-CNTs were synthesized through 
precipitation method and characterized by scanning electron micro-
scopy (SEM), transmission electron microscopy (TEM), Fourier trans-
form infrared spectroscopy (FTIR), and X-ray diffraction (XRD) ana-
lyses. A series of EVA nanocomposites containing one or combination of 
two or three aforementioned components were prepared and char-
acterized for thermal stability and flame retardancy by thermogravi-
metric analysis (TGA) and cone calorimetry measurements. The sy-
nergistic effects of the used ingredients on flame retardant properties 
was discussed and compared with more than 100 classes of flame re-
tardants based on EVA.



technique to avoid any charging effect during the electron beam scan-
ning. Thermal gravimetric analysis (TGA) was performed on a Setaram
Labsys Evo thermogravimetric analyzer at a heating rate of
10 °C min−1. The samples of approximately 20 mg were introduced in
TGA Labsys Evo alumina crucible, and analyzed under a nitrogen
flowing rate of 50 mL min−1 and at temperatures ranging from room
temperature to 700 °C. A cone calorimeter (Fire-EU-ISO5660) was used
to assess the fire behavior of the samples. The procedure used involves
exposing specimens at heating flux levels of 35 kW m−2. The

parameters measured were Heat Release Rate (HRR), Time-To-Ignition
(TTI), Total Heat Release (THR), Total Smoke Production (TSP), and
Effective Heat of Combustion (EHC) and residue content. For each
sample, the test was performed three times and the experimental error
was around 5%.

3. Results and discussion

3.1. Characterization of HA and HA-CNT

Fig. 1 presents SEM (a) and TEM (b) images of the collected powder.
These images evidence the presence of nanometric particles with uni-
form structure (from 20 to 50 nm).

The structure of these nanoparticles has been investigated by using
X-ray diffraction as well as Fourier transform infrared spectroscopy
(FTIR). X-ray patterns of HA and HA-CNT nanoparticles are presented
in Fig. 2. The peak positions are matching closely the diffraction peaks
of stoichiometric HA [45]. The crystalline peaks of hydroxyapatite at
2θ = 25.8° (002), 28.2° (102), 31.7° (211), 33° (300), and 34° (302)
exhibit its typical structure. As shown in Fig. 2, no CNT peaks were
found in the XRD patterns, indicating that the small volume fraction of
CNT introduced into the HA makes hardly possible to be detected
within the sensitivity limit of XRD [46,47].

The FTIR results indicate that the main peaks observed in Fig. 3
were PO4

3− and eOH. A stretch band of eOH was observed at
3570 cm−1 [48] in the FTIR spectra of synthetic HA powders. PO4

3−

(υ3 mode) bands were observed between 1030 and 1050 cm−1 and

Fig. 1. SEM (a) and TEM (b) images of
synthesized HA.

Fig. 2. X-ray diffraction patterns of HA and HA-CNT.

Fig. 3. FTIR patterns of synthesized HA and HA-CNT.



PO4
3− (υ4 mode) bands between 530 and 571 cm−1 [49,50]. These

peaks confirm the presence of HA powder. The weak bonds of carbo-
nate in the region ranging from 1380 cm−1 to 1620 cm−1 were as-
signed to surface carbonate ions (CO3

2−). Carbonate is an impurity of
hydroxyapatite that was originated by CO2 adsorption from the air
during process or starting material [51]. The obtained results confirm
the presence of HA powder. Due to the low amount of CNT in HA/CNT
blend no obvious peak belonging to the characteristic stretching vi-
brations of CeC bonds was observed in these FTIR spectra.

3.2. Thermal properties and fire behavior of composites

3.2.1. Dispersion state of the fillers
It is well known that when they are individualized and properly

dispersed into polymeric matrices, nanoparticles contribute to the en-
hancement of properties such as thermal and mechanical properties or
flame retardancy [52]. They enable a considerable reduction of the
loading rate as the interfacial area between the polymer and the na-
nofiller is greatly increased. For that reason, we investigated the dis-
persion state of HA and HA-CNT nanoparticles into EVA. Fig. 4 shows
STEM images of EVA containing HA and HA-CNT particles and evi-
dences the nanometric size of HA particles as well as their non-optimal
dispersion state. Large aggregates of nanoparticles are observed even
when HA is associated with CNT. However, some individual HA and
CNT nanoparticles are also present in the composite. The compounding
process, therefore, did not allow reaching nano-scale dispersion of HA
particles. In order to reduce the tendency of HA nanoparticles to ag-
glomerate, a development of adapted surface modification is needed.
This is the subject of an ongoing investigation.

The dispersion state of HA nanoparticles is not further improved
when combined with APP. SEM observations (Fig. 5) evidence the
presence of some HA nanoparticles aggregates while some of them are

agglomerated around APP particles. EDX analysis performed during
SEM observations indicates the presence of some calcium and phos-
phorus rich area (HA/APP agglomerates) while other agglomerates
contain only calcium without any trace of phosphorus.

3.2.2. Thermogravimetric analysis (TGA)
Fig. 6 presents the TGA curves of neat EVA and the different com-

posites. Main characteristics are shown in Table 2. As can be observed
on DTG curves, Fig. 7, degradation occurred in two steps, namely the
loss of the acetic acid and the main degradation step related to de-
composition of the unsaturated crosslinked backbone, at approximately
350 and 465 °C. At the beginning of mass loss, only small variations of
degradation temperature between pristine EVA and composites have
been observed. At 10% weight loss, more differences appeared. Pure
EVA presented the highest degradation temperature, at 417 °C. The
degradation of pure HA and HA-CNT can be neglected due to the low
percentage of these fillers in the matrix and also because of very small
degradation rate of these particles [33]. Incorporation of HA or HA-CNT
did not significantly impact this degradation. However, the incorpora-
tion of nanoparticles enables for the formation of some char that is
slightly higher when HA-CNT nanoparticles are used (Table 2). The
incorporation of APP triggered some modifications of the composite
thermal behavior. In comparison with pristine EVA, all formulations
containing APP showed a decrease of about 50 °C of the degradation
temperature corresponding to 10% weight loss (T10%). This effect is
mainly due to the low decomposition temperature of this flame re-
tardant. In contrast to pristine EVA that degrades without forming any
residue, the incorporation of APP enables for increasing the amount of
the char up to 11%. When combined with HA and HA-CNT, the amount
of the residue is increased up to 20 and 14% respectively. The latter
result showed that substitution of a part of APP by HA significantly
increased the amount of the final residue.

Fig. 4. STEM images of EVA containing HA (a and b) and HA-CNT (c and d).



3.2.3. Cone calorimeter
Fig. 8 shows heat release rate (HRR) curves versus time for EVA and

all composites. The corresponding data are summarized in Table 3. EVA
was totally burned without leaving any char residue. The peak of HRR
(pHRR) of EVA was 905 kW m−2 and its time-to-ignition (TTI) was
106 s. Peak of HRR of EVA was decreased upon addition of HA (23%)
and HA-CNT (37%). The presence of CNT presents some interest since it
enables higher pHRR reduction. However, the shape of these HRR
curves did not change in presence of HA or HA-CNT. In contrast, the
incorporation of APP, alone or in combination with HA or HA-CNT
nanoparticles induces important modification of the burning behavior
of the composites. The degree of decrease in pHRR as well as the shape
of HRR curve appeared significantly different. The fall in pHRR was 63,
77 and 76% for the EVA/APP, EVA/APP/HA and EVA/APP/HA-CNT

sample, respectively. EVA/APP sample presented a high peak at 1000 s.
The combination of APP and HA enabled for the reduction of pHRR
with respect to the EVA/APP sample. However, the mean of HRR for
EVA/APP for 500 s from the beginning of analysis was lower than that

Fig. 5. SEM images of EVA/APP/HA sample.

Fig. 6. TGA curves of all samples, at heating rate of 10 °C min−1

under nitrogen.

Table 2
TGA parameters for the studied samples.

Sample code T5% (°C) T10% (°C) Tmax (°C) Residue At 700 °C (wt.%)

EVA 352 417 469 0
EVA/HA 352 407 470 7
EVA/HA-CNT 348 415 468 11
EVA/APP 340 363 469 11
EVA/APP/HA 343 368 466 20
EVA/APP/HA-CNT 343 370 465 14



of EVA/APP/HA samples. After 500 s, HRR was progressively increased
in the case of EVA/APP sample reaching the value of 335 kW m−2 at
1000 s. The presence of CNT did not further reduce pHRR compared to
EVA/APP/HA sample. However, the peaks of HRR were shifted to later
time in the presence of CNT. Two HRR peaks for EVA/APP/HA sample
were observed at 350 and 670 s but registered at 520 and 850 s for
EVA/APP/HA-CNT sample (Fig. 8). It can be noticed that the HRR
curve of EVA/APP/HA-CNT sample before 400 s showed a plateau
around 70 kW m−2. HRR was increased for this sample after 400 s due
to the slow and continuous degradation of char barrier during the
combustion. Therefore, based on the obtained results in this study, it
can be concluded that the reinforcement of this char, through the in-
creasing in HA-CNT content, can provide EVA with further improved
flame retardancy.

Even though TTI of EVA/APP/HA was slightly increased, it was not
significantly changed for the other samples compared to pristine EVA.
The evolution of THR as a function of time is presented in Fig. 9. Two
categories of curves can be distinguished from these curves: those of
samples containing APP (arrow) and without APP (dashed arrow).
EVA/APP/HA-CNT sample presents the smallest value of THR
(116 kJ m−2). The comparison of effective heat of combustion (EHC)
values, corresponding to the measured heat release divided by the mass
loss for a specific time period, are not significantly modified. This result
indicates that the flame retardant effect of APP and APP/HA combi-
nations does not affect the chemical composition of the volatiles re-
leased but only their amount. Moreover, THR is significantly reduced in
the presence of APP showing that the presence of APP amount of the
volatiles is strongly limited in the presence of APP-based compositions

Fig. 7. DTG curves of the studied samples.

Fig. 8. HRR curves obtained from cone calorimeter test under an in-
cident heat flux of 35 kW m−2.

Table 3
Summary results of cone calorimetry test, irradiance: 35 kw m−2.

Sample code pHRR (kW/m2) THR (MJ/m2) TTI (s) Residue (%) EHC (kJ/g) Reduction in pHRR (%) TSP (m2 m−2)

EVA 905 153 106 0 40 – 2580
EVA/HA 700 145 101 6 39 23 2220
EVA/HA-CNT 570 147 94 6 39 37 2520
EVA/APP 335 131 96 17 37 63 4370
EVA/APP/HA 212 132 112 15 38 77 3490
EVA/APP/HA-CNT 215 116 106 15 35 76 3580



thanks to the formation of homogenous char layer (Fig. 11).
Total Smoke Production (TSP) curves are shown in Fig. 10 and the

final TSP values are summarized in Table 3. From the results presented
can be understood that TSP value was increased in the presence of APP.
It may be related to the degradation of char which has taken con-
tribution from APP. On the other hand, combining APP with HA or HA-
CNT decreased the TSP.

Fig. 11 shows the macroscopic digital photographs of the residues

after cone calorimeter tests. The remaining residue of EVA containing
HA or HA-CNT is 6% of initial mass. These powder-like residues do not
show any cohesion and cannot display any efficient fire barrier role
(Fig. 11a and b). In contrast, the incorporation of APP enabled for a
promoting cohesive char layer formation, but it unfortunately collapsed
at the end of the test. When APP was combined with HA and HA-CNT,
the char layer got stronger and remained cohesive till the end of the
test.

Fig. 9. Total Heat Release as a function of time (Heat flux:
35 kW m−2).

Fig. 10. Total Smoke Production (TSP) curves obtained from cone
calorimeter test (Heat flux: 35 kW m−2).

Fig. 11. Photographs of the remaining residues after the cone calorimeter test a) EVA/HA, b) EVA/HA-CNT, c) EVA/APP d) EVA/APP/HA, and e) EVA/APP/HA-CNT.



3.3. Meta-analysis

In order to recognize the performance of the flame retardant systems
developed for EVA, more than 30 research papers (105 formulations,
Annex 1) were considered for comparison of the results of this work with
other flame retardant systems previously addressed in the literature. From
these research works, two values were extracted: reduction in pHRR (in
comparison with pure EVA) and flame retardant (FR) content. Fig. 12
patterns the reduction in pHRR as a function of FR content (wt.%) for
diverse formulations based on EVA as a master curve. It should be em-
phasized that this comparison does not account for grades of EVA and FR
as well as external heat flux, which might be different from one work to
the other, but still it provides a global view of the efficiency of the systems
developed in the current report. As a whole, it can be recognized that
reduction in pHRR tends to increase upon increasing FR content up to
30–40 wt.%. Above this threshold, the reduction in pHRR remains almost
constant around 80% for the most effective formulations. Systems based
on APP were used at loading levels ranging from 10 to 40 wt.%. It is
evident from the master curve that fall in pHRR reached 87% by com-
bining APP (20 wt.%) and hexakis(dodecylamino)cyclotriphosphazene
(20 wt.%) [54]. Other formulations also led to a high decrease in pHRR
(around 80%) at 30 wt.% of loading such as APP/4-(5,5-dimethyl-2-oxo-
1,3,2-dioxaphosphorinan-2-yloxymethyl)-2,6,7-trioxa-1-phospha-bicyclo
[2.2.2]octane-1-oxide (MOPO) [53] and APP/Triazine-based charring
agent poly(4,6-dichloro-N-hydroxyethyl-1,3,5-triazin-2-amine-1,6-diami-
nohexane) [12]. It can be observed that the performances of our for-
mulations are high with a pHRR reduction up to 78% for a moderate FR
content: 20 wt.%.

4. Conclusion

In this study, hydroxyapatite (HA) and a physical blend of HA and
multi-walled carbon nanotube (HA-CNT) were applied as flame re-
tardant for EVA. The assigned ingredients were melt-blended with EVA
to make a flame retardant nanocomposite. Thermal stability and flame
retardancy of the obtained composites were investigated using TGA and
cone calorimeter tests. It was revealed that the incorporation of 5 wt.%
of HA-CNT causes a reduction of ca. 37% in pHRR, which appears
promising compared to the available data in such systems. The best
results in terms of reduction in pHRR were when HA or HA-CNT (5 wt.
%) were combined with APP (15 wt.%). In a particular manner, the
combination of HA-CNT and APP ended in a promising formulation
with excellent flame retardancy. The EVA/APP/HA-CNT sample
showed the lowest HRR during the first 400 s and avoided a sharp in-
crease of HRR at the end of the test. The “meta-analysis” of the litera-
ture available on flame retardancy of EVA showed that the studied
systems in the present work lies in an acceptable place, relatively on the
top of the EVA-based flame retardant systems with efficient perfor-
mance.
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Appendix A. Collected data from the literature on “Flame retardancy of EVA”.

N° Wt.%
FR

Name(s) of Flame retardant(s), incorporated into EVA Reduction in
pHRR (%)

Ref.

20 APP/HA-CNT 77 our
paper

1 40 Hexakis(dodecylamino)cyclotriphosphazene 20/APP10/Trimer10 86 [54]
2 40 Hexakis(dodecylamino)cyclotriphosphazene 17.5/APP17.5/Trimer5 64 [54]
3 40 Hexakis(dodecylamino)cyclotriphosphazene 20/APP20 87 [54]
4 37 APP/PER/TAIC 53 [55]
5 15 DNA 36 [56]
6 40 Cyclodextrin microencapsulated ammonium polyphosphate 69 [57]
7 40 Cyclodextrin/ammonium polyphosphate 61 [58]
8 30 APP/4-(5,5-dimethyl-2-oxo-1,3,2-dioxaphosphorinan-2-yloxymethyl)- 2,6,7-trioxa-1-phospha-bicyclo

[2.2.2]octane-1-oxide
86 [53]

9 10 ZnAl–borate LDH 63 [58]
10 3 MgAl–borate LDH 42 [58]
11 5 MgAl–borate LDH 43 [58]
12 10 MgAl–borate LDH 49 [58]

Fig. 12. A master curve on the extent of reduction in pHRR as a
function of flame retardant content for 105 formulations (the corre-
sponding reference for formulation “with APP” is indicated behind
each point) [66,67].



13 20 MgAl–borate LDH 55 [58]
14 40 MgAl–borate LDH 74 [58]
15 3 ZnAl–borate LDH 36 [58]
16 5 ZnAl–borate LDH 57 [58]
17 20 ZnAl–borate LDH 59 [58]
18 40 ZnAl–borate LDH 77 [58]
19 40 Magnesium hydroxide (MDH) 65 [58]
20 40 Aluminum trihydroxide (ATH) 89 [58]
21 40 Zinc borate 89 [58]
22 40 Zinc hydroxide 47 [58]
23 40 MDH/ATH 72 [58]
24 40 Zinc hydroxide/ATH 48 [58]
25 10 ZnAl–borate/melamine polyphosphate 53 [58]
26 10 Melamine polyphosphate 60 [58]
27 10 Phenyl phosphonate-intercalated MgAl–LDH, melamine polyphosphate, and boric acid 60 [59]
28 10 Boric acid 46 [59]
29 10 Melamine polyphosphate 57 [59]
30 10 MgAl-PPh 53 [59]
31 4.76 Dimethyl-dioctadecylammoniumtreated MMT 30 [44]
32 2 Zr phosphate 14 [60]
33 30 expanded graphite 79 [61]
34 30 graphite oxide 63 [61]
35 6 Silicon and phosphorus 35 [62]
36 10 MMT 50 [14]
37 60 Mg(OH)2 57 [63]
38 60 Ca(OH)2 50 [63]
39 60 Ca(OH)2·Mg(OH)2·MgO 54 [63]
40 60 Ca(OH)2·Mg(OH)2 77 [63]
41 55 MDH 65 [64]
42 55 MDH and hollow glass microspheres 78 [64]
43 55 MDH and hollow glass microspheres 72 [64]
44 57 ATH and melamine borate 77 [65]
45 57 ATH 71 [65]
46 57 ATH-MP 76 [65]
47 57 ATH- Melamine (MEL) 77 [65]
48 30 APP/poly(piperazinyl succinamide) 74 [65]
49 30 APP 51 [65]
50 30 APP/poly(piperazinyl malonamide) 50 [65]
51 30 APP/charring agent 62 [65]
52 30 Triazine-based charring agent poly(4,6-dichloro-N-hydroxyethyl-1,3,5-triazin-2-amine-1,6-

diaminohexane) with ammonium polyphosphate
73 [12]

53 20 dodecylsulfate (DDS) intercalated and surface uptaken nano-LDHs containing Ni 75 [68]
54 20 DDS-NiAl-CO3 67 [68]
55 20 NiAl–CO3 69 [68]
56 5 A phosphorus nitrogen containing compound, N-(2-(5,5-dimethyl-1,3,2-dioxaphosphinyl-2-ylamino)-

hexylacetamide-2-propyl acid (PAHPA)-LDHs
43 [69]

57 5 PAHPA 25 [69]
58 5 LDHs 30 [69]
59 5 PAHPA/LDHs 34 [69]
60 10 Cloisite30B 59 [14]
61 3 Cloisite30B 44 [14]
62 5 Cloisite30B 49 [14]
63 5 Na + 5 22 [14]
64 0.025 MWCNT 9 [70]
65 0.5 MWCNT 19 [70]
66 60 ATH 60 wt.% 72 [15]
67 60 ATH 40 wt.%/Melamine 20 wt.% 45 [15]
68 60 ATH 20 wt.%/Melamine 40 wt.% 20 [15]
69 65 ATH 80 [71]
70 50 MDH 30 [72]
71 50 MDH/MWNT1 50 [72]
72 50 MDH/MWNT2 68 [72]
73 50 MDH/MWNT3 65 [72]
74 72 ATH 71 [65]
75 72 ATH-MEL (5:1) 77 [65]
76 72 ATH-MEL (10:1) 79 [65]



77 72 ATH-MEL (25:1) 73 [65]
78 65 ATH 78 [73]
79 40 ATH 72 [74]
80 40 ATH 74 [74]
81 40 ATH 66 [74]
82 40 ATH 74 [74]
83 40 ATH 68 [74]
84 40 ATH 69 [74]
85 40 ATH 66 [74]
86 40 ATH 65 [74]
87 40 ATH/DIATOM 70 [74]
88 40 ATH/DIATOM 73 [74]
89 40 ATH/DIATOM 75 [74]
90 40 ATH/DIATOM 81 [74]
91 40 ATH/DIATOM 82 [74]
92 45 DIATOM 17 [74]
93 20 ATH 29 [74]
94 20 ATH/Silica 31 [74]
95 40 ATH 46 [74]
96 40 ATH/Silica 43 [74]
97 60 ATH 64 [74]
98 60 ATH/Silica 64 [74]
99 60 MDH 69 [74]
100 60 MDH/Silica 61 [74]
101 40 APP 62 [75]
102 20 APP 38 [76]
103 25 APP 30 [76]
104 25 APP20/Nanodiamond D5 55 [76]
105 25 APP20/Nanodiamond −P5 53 [76]
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