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Abstract Expanded polystyrene (EPS) foams were flame
retarded using ammonium polyphosphate (APP) and nano-
zirconia (nano-ZrO,) by means of phenolic resin as a
binder. It is found that the incorporation of a small amount
(5 phr) of nano-ZrO, into the APP flame-retarded EPS
foams leads to 19% increase in flexural strength and 38%
increase in compressive strength. Flame-retardant proper-
ties of the flame-retarded EPS foams were investigated by
limiting oxygen index (LOI), UL-94 and cone calorimetry
test (CCT). The LOI of the APP flame-retarded EPS foams
in presence of nano-ZrO, is above 31%, and the UL 94
V-0 rating can be reached. The CCT test results indicate
that the APP flame-retarded EPS foams containing nano-
ZrO, have lower peak heat release rate, average effective
heat of combustion and average specific extinction area.
Moreover, thermal decomposition of the flame-retarded
EPS foams was investigated by thermogravimetric analysis
(TGA) and the TGA results illustrated clearly that the addi-
tion of nano-ZrO, into the APP flame-retarded EPS foams
leads to an increase in the residual char yield. The reason
for the increase is possibly because ZrO, may react during
combustion process with pyrophosphoric acid produced
from the thermal decomposition of APP to form zirconium
pyrophosphate (ZrP,0,) confirmed by XRD studies of the
char, which is helpful to improve the formation of the char.
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The XPS results showed that the ratio of oxidized carbons
in the char increases with the presence of nano-ZrO,.
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Introduction

Expanded polystyrene (EPS) foams due to their good ther-
mal insulating properties, low density and low cost, are
widely used in many fields such as building and transporta-
tion [1]. However, the EPS foams are easily flammable and
set on fires quickly [2]. As a result, it is very necessary to
improve the flame retardancy of EPS foams.

Nowadays, the flame retardation of EPS foams and
extruded polystyrene (XPS) foams is mainly achieved
in industry by halogen-containing flame retardants, i.e.,
hexabromocyclododecane (HBCD). HBCD is generally
introduced into expandable polystyrene beads containing a
homogeneously dispersed blowing agent (e.g., n-pentane)
during the suspension polymerization of styrene mono-
mers, and the EPS beads are prefoamed and molded into
EPS foams. This method may be suitable for EPS foams
with efficient halogen-containing flame retardants, because
introduction of many flame retardants during styrene
polymerization can very much affect properties of poly-
styrene (e.g., T) [3]. The use of halogen-containing flame
retardants (i.e., HBCD) has led to some serious concerns
about their toxicological and environmental impact [4, 5].
Therefore, halogen-free flame retardation for EPS foams is
urgently needed.

The halogen-free flame retardation for EPS foams is
usually carried out by treatment of EPS beads using binders
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containing halogen-free flame retardants, then foamed and
molded. The thermosetting phenolic resins are usually
selected as binders because of their inherent fire resistance
after curing and their good compatibility with EPS beads
and inorganic fillers [6]. For example, Hong et al. [7] used
ten parts of the mixture containing phenolic resin, alu-
minum hydroxide, boric acid and glass fiber, and one part
of sodium dodecyl sulfate water solution to treat eight parts
of EPS beads to produce composite EPS foam. It has been
found that the composite foam can melt and retract and has
no dripping when in contact with the flame.

In our previous work [8], two kinds of aluminum
phosphinates, diethyl aluminum phosphinate (DEAP)
and diisobutyl aluminum phosphinate (DIAP), or their
combination with expandable graphite (EG) by means of
phenolic resin binder were introduced into EPS foams,
and the effect of ratio of aluminum phosphinates to EG
on foam properties was investigated. The results showed
that the limiting oxygen index (LOI) of the treated foams
in presence of EG, DEAP and DIAP were 32.5, 29 and
27%, respectively, and EG was more efficient in improv-
ing flame retardancy of the foams compared to DEAP or
DIAP. Nevertheless, EG affected the mechanical strengths
of the foams negatively. Chen et al. [9] used a mixture
of liquid macromolecular nitrogen—phosphorous com-
pound (CPIFR) and EG to treat flame retardant EPS beads
directly and found that the modified EPS foam with 20%
CPIFR and 10% EG has good flame retardancy (LOI
33.9%, UL94-VO0).

Polymer nanocomposites have aroused a great atten-
tion in the past two decades. Nano-scaled fillers not only
improve mechanical properties [10, 11], but also reduce
flammability of polymers [12]. Wang et al. [13] found
that the addition of nano-ZrO, into the PMMA can reduce
the peak heat release rate, enhance the thermal stabil-
ity, and influence the carbonaceous char formation. The
synergistic flame retardant effect between oxide nanopar-
ticles (i.e., hydrophobic silica) and APP in polystyrene
has been reported by Cinausero et al. [14]. Lu et al. [15]
investigated the flame retardancy and thermal stability of
intumescent flame-retarded polystyrene composites (PS/
IFR) combined with organically modified layered inor-
ganic materials (montmorillonite clay and zirconium phos-
phate), nanofiber (multiwall carbon nanotubes), nanoparti-
cle (Fe,05) or a nickel catalyst. As for nano-scaled fillers
used in polymeric foams, there are some publications. For
example, Ciecierska et al. [16] found that a very small
addition (up to 0.05 wt%) of carbon nanotubes to rigid
polyurethane foams (RPUF) can improve the mechanical
strength of the PURF by about 20%, enhance the thermal
stability and reduce the flammability of the foams. They
also observed that carbon nanotubes do not improve the
mechanical strengths of RPUF at higher loadings because
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of changes in the foam structure and non-uniform distribu-
tion of carbon nanotubes. It was also reported that nano-
clay (non-treated montmorillonite) and nano-silica used in
the flexible polyurethane foams can increase compressive
strength greatly and rebound resilience when their loading
is within 3%, and the foams totally collapse when the con-
tent of the nano-fillers is above 3% [17]. Song et al. [18]
used carbon nanoparticles to reinforce phenolic foams and
found that the compressive strength and thermal stability
were improved. There are few studies on the use of nano-
fillers in EPS foams, especially their combination with
flame retardants.

In this work, we used phenolic resin combined with
ammonium polyphosphate (APP) and nano-ZrO, as a flame
retardant coating to treat EPS beads to study the effect of
the mixture coating on flame retardant, mechanical and
thermal properties of the EPS foams.

Experimental
Materials

EPS bead (size 0.9-1.2 mm) was provided by Wuxi
Xingda Plastic New Material Co., China. Phenol-formal-
dehyde (PF) resin was bought from Shandong Shengquan
Chemical Industry Co., China. Ammonium polyphosphate
(n > 1000) was bought from Hangzhou JLS Flame Retard-
ants Chemical Co., China. Nano-zirconia aqueous suspen-
sion dispersion (solid content of 50%) was bought from
Suzhou Ugao Nanomaterials Co., China. Phosphoric acid
(85 wt%) and toluene-p-sulfonic acid phosphate were of
AR grade, bought from Sinopharm Chemical Reagent Co.,
China.

Preparation of EPS foams

EPS beads were first prefoamed by water vapor for 120 s,
and stored at room temperature for 24 h. The treated EPS
beads were mixed with phenolic resin, curing agent [phos-
phoric acid/toluene-p-sulfonic acid/water = 1:2:2 (mass
ratio)] and flame retardants for 10 min. After that, the mix-
ture was put into an aluminum mold and foamed by water
vapor for 25 min. The EPS foams were removed when the
mold was cooled to room temperature.

Characterization
Mechanical properties
Flexural strength of EPS foams was measured by a uni-

versal testing machine (DXLL-5000, Shanghai D&G
Measure Instrument Co.) according to GB/T 20974-2014
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Table 1 Formulations of pure

Sample code  EPS beads (phr)  PF resin (phr)  Curing agent® (phr) ~ APP (phr)  Nano-ZrO, (phr)

EPS foam and flame-retarded

EPS foams EO 100 0 0 0 0
EPF 100 100 10 0 0
EA10 100 100 10 10 0
EA20 100 100 10 20 0
EA30 100 100 10 30 0
EA40 100 100 10 40 0
EAZI1 100 100 10 40 2.5
EAZ2 100 100 10 40 5
EAZ3 100 100 10 40 7.5

% Curing agent: m (phosphoric acid):m (toluene-p-sulfonic acid):m (water) = 1:2:2

(specified GB/T8812.1-2007), and the specimen dimen-
sions were 120 mm x 25 mm x 20 mm. The load resolu-
tion and the loading rate for flexural strength were 0.1 N
and 5 mm/min, respectively. Compressive strength of EPS
foams was measured by CMT5105 microcomputer control
electron universal testing machine (Shenzhen SANS Test-
ing Machine Co.) according to GB/T20974-2014 (speci-
fied GB/T8813-2008), and the specimen dimensions were
20 mm x 20 mm x 20 mm. The load resolution and the
loading rate for compressive strength were 0.1 N and
5 mm/min, respectively.

Thermal conductivity coefficient

Thermal conductivity coefficient was measured by a ther-
mal conductivity tester (DHR-II, Xiangtan Xiangyang
Instrument Co.); the load resolution of the instrument was
0.0001 W m~! K~! and the specimen dimensions were
100 mm x 100 mm x 10 mm.

LOI and UL-94 vertical burning test

Limited oxygen index (LOI) was measured by a HC-2
oxygen index testing apparatus (Jiangning Analysis Instru-
ment Co.) according to GB/T2406-2009, and the speci-
men dimensions were 100 mm x 10 mm x 10 mm. Verti-
cal flame test was measured in CZF-3 vertical combustion
UL-94 apparatus (Jiangning Analysis Instrument Co.)
according to GB/T2408-2008, and the specimen dimen-
sions were 125 mm x 13 mm x 10 mm.

Cone calorimeter test

Cone calorimetric (CCT) tests were carried out on a FTT
cone calorimeter (dual) according to the standards of
ISO 5660. Each testing specimen had the dimension of
100 mm x 100 mm x 20 mm. The heat flux for the test
was 35 kW/m?.

Thermal gravimetric analysis

Thermogravimetric analysis (TGA) was examined by a
Netzsch STA 449C thermal analyzer at a heating rate of
20 °C/min under nitrogen flow. The weight of all samples
was about 10 mg in an Al,O; pan and heated from room
temperature to 800 °C.

X-ray photoelectron spectroscopy and X-ray diffraction
analysis

X-ray photoelectron spectroscopy (XPS) was recorded with
Thermo Scientific ESCALAB 250X to investigate the ele-
mental content and the chemical combinations of the chars
after the cone calorimeter test. X-Ray diffraction (XRD)
was recorded by RigakuD/max2550VB3+4/PC to investi-
gate the compositions of the chars after the cone calorim-
eter test in the range of 5°-80°, and the scanning rate was

5° min~ L.

Results and discussion
Mechanical properties and thermal insulation

Table 1 presents the formulations of pure EPS foam and the
treated EPS foams obtained from the coated EPS beads by
phenolic resin (PF), the mixture of PF resin and the flame
retardant (APP), and the mixture of PF resin, APP and nano-
ZrO,. Mechanical properties of pure EPS foam and the
treated EPS foams were investigated, and the results are listed
in Fig. 1. It can be seen that the compressive strength and
flexural strength of pure EPS foams (sample EO) are 0.33 and
0.63 MPa, respectively. The coating of phenolic resin on the
surface of EPS beads results in 18% increase in compressive
strength and 13% increase in flexural strength of the treated
EPS foam (sample EPF) compared with pure EPS foam
(sample EO). The compressive strength of the EPS foams
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Fig. 1 Mechanical properties of pure EPS foam and flame-retarded
EPS foams

obtained from the coating of EPS beads by a mixture of phe-
nolic resin and APP increases first with increasing the APP
loadings, reaches a maximum at 30 phr APP (sample EA,),
increasing by 42% compared with pure EPS foam (sample
EO0), and then decreases gradually with a further increase
in the loading. The effect of APP loadings on the flexural
strength of the treated EPS foams is quite similar to that of
compressive strength. The difference between them is that
the flexural strength of the treated EPS foams reaches a maxi-
mum, at 20 phr APP (sample EA,), by 65% compared with
pure EPS foam (sample EO). The reason for the improvement
in mechanical strengths is possibly because the mixture of PF
resin and APP can be sticky toward the surface of EPS beads
so as to enhance the binding force between EPS beads. The
decrease in flexural and compressive strengths of the treated
EPS foams with a further increase in APP loadings may be
due to the fact that the mixture containing high APP loadings
has a high viscosity and it is difficult to disperse the mixture
on the surfaces of the EPS beads evenly.

When the mixture of PF resin and APP, containing
proper amount of nano-ZrO,, was used to treat EPS beads,
the compressive and flexural strengths of the obtained EPS
foams increased further compared with those of the EPS
foam without nano-ZrO, (sample EA40). The flexural and
compressive strengths of the treated EPS foamswithS5 phr
nano-ZrO, (sample EAZ2) are about 19% and by 38%
higher than those of sample EA40, respectively.

As shown in Fig. 2, the thermal conductivity values
of pure EPS foam and the treated EPS foams change lit-
tle, and the difference among them is within the range of
instrument measurement error. The results imply that the
treatment on EPS beads by PF resin and the flame retardant
PF resin have little influence on the thermal conductivity of
the EPS foams.
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Fig. 2 Heat release rate of pure EPS foam and flame-retarded EPS
foams

Flame resistance

LOI and UL 94 ratings are commonly used to evaluate
flame retardancy of polymer materials. Table 2 presents the
LOI values of EPS foams and flame-retarded EPS foams.
The LOI value of pure EPS foam is 19.0% indicating that it
is very flammable. When the EPS beads are just coated by
phenolic resin, the LOI of the obtained EPS foam increases
to 22.5%. The LOI values of the flame-retarded EPS foams
obtained from the coated EPS beads by the mixture of phe-
nolic resin and the flame retardant (APP) increase gradu-
ally with the increase of APP loadings. For example, the
LOI value of EA,, with 20 phr APP is 26.5%, and the
LOI value for EA40 with 40 phr APP is 30.5%. The flame
retardant systems achieve VO rating when the APP loading
reaches 40 phr.

The LOI value of the obtained EPS foams increases fur-
ther when the EPS beads are coated by a mixture of phe-
nolic resin, APP and nano-ZrO,. The LOI value of sample
EAZ2 with 40 phr APP and 5 phr nano-ZrO, is 31.5%, and
the sample EAZ2 is able to achieve a VO rating. The fur-
ther increase of nano-ZrO, loading to 10 phr cannot lead to
higher LOI.

Cone calorimeter has been widely used to evaluate
the combustion behavior and predict the fire intensity of
a material in a real fire [19]. The combustion properties
of pure EPS foam (sample EO) and flame-retarded EPS
foams (samples EPF, EA40 and EAZ2) were further stud-
ied by cone calorimeter test. The heat release rate (HRR)
curves are presented in Fig. 2, and relative data are listed
in Table 3. From the results, we can find that the peak
heat release rate (PHRR) of pure EPS foam (sample EO)
is 853 kW m~2, and the values of sample EPF and sam-
ple EA40 are reduced by 60.8 and 77.1%, respectively. The
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Table 2 Properties of pure EPS Sample code LOI (%) UL 94 rating Density (g cm™) Thermal conductivity (W m~' K™1)

foam and flame-retarded EPS

foams EO 19.0 Fail 49.0 0.0254
EPF 22.5 Fail 82.5 0.0252
EA10 24.5 Fail 82.7 0.0253
EA20 26.5 Fail 83.0 0.0253
EA30 28.0 Vi 83.2 0.0252
EA40 30.5 VO 83.2 0.0254
EAZI 31.0 VO 83.4 0.0255
EAZ2 31.5 VO 83.5 0.0248
EAZ3 31.5 VO 83.5 0.0254

Table 3 Cone calorimetric data of pure EPS foam and flame retarded EPS foams

Sample code TTI*(s) PHRR®(kWm™2)  AEHC°MJkg™!))  ASEAY(m’kg™!)  COyield (kgkg™!)  CO,yield (kgkg™)
EO 1 853 33 1109 0.078 2.13
EPF 2 334 27 728 0.070 1.82
EA40 11 195 26 770 0.099 1.64
EAZ2 15 179 14 465 0.054 0.86

# Time to ignition
® Peak heat release rate
¢ Average effective heat of combustion

4 Average specific extinction area

PHRR value of the EPS foam with APP and nano-ZrO,
(sample EAZ2) further decreases from 195 to 179 kW m™>
compared with EA40. The time to ignition (TTI) of sample
EOis 1 s, and HRR of sample EQ increases rapidly after the
ignition. The TTI values of samples EPF, EA40 and EAZ2
are all higher than that of sample EO, especially the ones
of samples EA40 and EAZ2. The combustion process of
samples EPF, EA40 and EAZ2 are greatly prolonged com-
pared with sample EO. The reason for the lower PHRR and
the prolonged combustion process of samples EA40 and
EAZ2 may be due to the fact that PF resin and APP in the
foams can form good intumescent char which can prevent
the heat and mass transfer between the gaseous phase and
the condensed one [20]. As shown in Fig. 3, almost no char
is observed after combustion of sample EO. The EPS foam
treated only by the PF resin (sample EPF) produces some
char, but the char is non-continuous and loose. It is clearly
seen that samples EA40 and EAZ2 leave more and continu-
ous char after the cone calorimeter test, and thus they have
lower PHRR. Moreover, it can be found from Table 3 that
sample EAZ2 has a lower average effective heat of combus-
tion (AEHC) and average specific extinction area (ASEA).
From the data in Table 3, it can be seen that the CO
and CO, yields of sample EAZ2 both decrease by 30.8%
(from 0.078 to 0.054 kg kg™!) and 59.6% (from 2.13 to
0.86 kg kg™!), respectively, compared with E0. Besides,
the average specific extinction area (ASEA) of sample

EAZ?2 decreases by 58.1% compared with EO (from 1109
to 465 m> kg_]), which indicates that the existence of nano-
ZrO, can help to suppress smoke release of the EPS foams.
The reason for the decrease in the smoke may be due to the
formation of a good char by the introduction of nano-ZrO,.

Thermal decomposition

The thermal decomposition of EPS foams was investi-
gated by thermogravimetric analysis (TGA). Figures 4 and
5 show TGA and DTG curves of pure EPS foam (sample
E0), and flame-retarded EPS foams (samples EPF, EA40
and EAZ2), and some data are listed in Table 4. It can be
seen that pure EPS foam (sample EO) begins to decompose
at about 100 °C, and the temperature at 5% weight loss
(Tsq,) is 294 °C. The Tsq, of EPF is lower than that of sam-
ple EO, but their T, (the temperature at 50% weight loss)
values are almost same. The Ts, and Ty, values of sam-
ple EA40 are higher than those of sample EPF. Compared
with sample EA40, the Ts,, of sample EAZ2 decreases, but
its Tq, slightly increases. Moreover, the residue of sample
EAZ2 at high temperatures (above 450 °C) is much higher
than that of sample EA40. The residue of sample EAZ2
at 780 °C is 19.38%, while the value of sample EA40 is
6.77%. The increase in the residue of sample EAZ2 at
high temperatures is possibly because ZrO, can react with
pyrophosphoric acid produced from thermal decomposition
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Fig. 3 The digital photos of the

residual charred layer after cone (a)
calorimeter test: a sample EO,
b sample EPF, ¢ sample EA40,
and d sample EAZ2
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Fig. 4 TGA curves of pure EPS foam and flame-retarded EPS foams Fig. 5 DTG curves of pure EPS foam and flame-retarded EPS foams
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Table 4 TGA results of pure EPS foam and flame retarded EPS
foams

Sample code  T%, (°C) T8, (°C)  Residue at 780 °C (wi%)
EO 294 382 0.16
EPR 264 383 1.62
EA40 322 401 6.77
EAZ2 299 403 19.38

* Temperature at 5% weight loss

b Temperature at 50% weight loss

of APP to form zirconium pyrophosphate (ZrP,0,), which
has a high thermal stability [21]. Moreover, the ZrP,0; act-
ing as solid acid could improve the quality of the char and
increase its thermal stability at high temperatures [13].

Char analysis

Figure 6 is the XRD pattern of sample EAZ2 after cone
calorimeter test. The diffraction peaks (18.60°, 21.52°,
24.10°, 26.44°, 30.62°, 36.08°, 49.37° and 58.07°) match
well with the (111), (200), (210), (211), (220), (311), (420)
and (511) reflections of ZrP,0, (JCPDS 49-1079), as in
the stated order. The diffraction peaks (28.17°, 31.47° and
34.16°) are attributed to the (—111), (111) and (200) reflec-
tions of ZrO, (JCPDS 37-1484), respectively. Moreover, it
can be assessed from the intensity diffraction peaks semi-
quantitatively that Zr element exists mainly in the form of
zirconium pyrophosphate (ZrP,0,). These results reveal
the reactions between ZrO, and the thermal decomposition
products (pyrophosphoric acid) of APP during the com-
bustion to form ZrP,0,. Similar results were found in the
studies of intumescent flame retardant polymers with ZrO,
[22].

The Cls spectra of samples EA40 and EAZ2 are pre-
sented in Fig. 7 and Table 5. The optimum curve-fitting is
achieved by resolving the Cls spectrum of sample EA40
into four peaks, i.e., 283.8, 284.6, 285.4 and 286.4 eV,
and the Cls spectrum of sample EAZ2 into five peaks,
ie., 283.8, 284.6, 285.4, 286.4 and 288.8 eV. The peak
around 283.8 eV is the contribution of bulk sp® carbon
[23, 24]. The peak around 284.6 eV is attributed to C-H
and C—C in aliphatic and aromatic species. The 285.4 eV
peak may be assigned to the contribution of C-O species
(ether, hydroxyl group, C—O-P in hydrocarbonated phos-
phate) [25]. The peaks around 286.4 and 288.8 eV may
be assigned to carbonyl and carboxyl groups, respectively
[26]. The ratio of Cls peak intensity of oxidized carbons
to non-oxidized carbons can also be used to characterize
the thermal stability of char layer [25]. The ratio of sample
EAZ2 is about 0.40, which is higher than that of sample
EA40 (about 0.12) indicating that the thermal stability of

Intensity (a.u.)

26 (degree)

Fig. 6 XRD pattern of sample EAZ2 after cone calorimeter test
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Fig. 7 CI s spectra of the char residues

char from sample EAZ2 is enhanced compared with the
one from sample EA40.

Conclusion

The mechanical properties, thermal properties and fire
properties of expanded polystyrene (EPS) foams flame
retarded by the combination of PF resin, APP and nano-
ZrO,, were evaluated. The compressive and flexural
strengths of flame retarded EPS foam increase first with
an increase in APP loadings, reach a maximum at about
30 phr APP, after that loading the values decrease com-
pared with those of pure EPS foams. The incorporation of
a small amount of nano-ZrO, into the APP flame- retarded
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Table 5 Bending energy (eV)

Sample cod 283.8 eV 284.6 eV 285.4 eV 286.4 eV 288.8 eV C,/C
and content (%) of Cls spectra amp7e code ¢ ¢ ¢ ¢ ¢ o/Co
of the residue chars EA40 41.9% 47.7% 8.2% 2.2% - 0.1161

EAZ2 19.4% 52.0% 15.9% 6.0% 6.7% 0.4006

C/Cyp the ratio of oxidized carbons to non-oxidized carbons

EPS foams results in an increase in flexural and compres-
sive strengths. The LOI values of the APP flame-retarded
EPS foams in presence of nano-ZrO, reach above 31.5%,
and their UL 94 rating is V-0. The cone calorimeter results
indicate that the APP flame-retarded EPS foams containing
nano-ZrO, have lower peak heat release rate, average effec-
tive heat of combustion and average specific extinction area
than those of the APP flame-retarded EPS foams without
nano-ZrO,. It is found from the thermogravimetric analy-
sis (TGA) that the residue of the APP flame-retarded EPS
foams containing nano-ZrO,at high temperatures (above
450 °C) is much higher than that of the APP flame-retarded
EPS foams. The thermal conductivity test results imply that
the treatment on EPS beads by PF resin or the flame-retard-
ant PF resin has less influence on the thermal conductivity
of the EPS foams.
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