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a b s t r a c t

This paper reported the UV-curing flame retardant film, which consisted of epoxy acrylate resin (EA) used
as an oligomer, tri(acryloyloxyethyl) phosphate (TAEP) and triglycidyl isocyanurate acrylate (TGICA) used
as flame retardant (FR). The flame retardancy and thermal properties of films were reinforced by using
alpha-zirconium phosphate (�-Zr (HPO4)2H2O, �-ZrP). The morphology of nanocomposite film was char-
eywords:
hermal degradation
lame retardancy
V-curing
ZrP
anocomposites

acterized by X-ray diffraction (XRD) and transmission electron microscopy (TEM). The results showed
that the organophilic �-ZrP (OZrP) layers were dispersed well in epoxy acrylate resin. Microscale Com-
bustion Calorimeter (MCC), thermogravimetric analysis (TGA) and thermogravimetric analysis/infrared
spectrometry (TGA-IR) were used to characterize the flame retardant property and thermal stability. It
was found that the incorporation of TAEP and TGICA can reduce the flammability of EA. Moreover, further
reductions were observed due to the addition of OZrP. The char residue for systems with or without OZrP
was also explored by scanning electron microscopy (SEM).
. Introduction

The applications of UV-curable film have gained wide interests,
ue to their advantages such as lower energy consumption, less
nvironmental pollution, lower process costs, high chemical stabil-
ty and very rapid curing even at ambient temperature [1–3]. Epoxy
crylate resins (EA) are extensively used as oligomers in UV-curable
ystems and form three-dimensional polymeric networks by cur-
ng [4,5]. Moreover, they are mostly used for high-performance
pplications because of their unique performance-to-cost ratio and
ecause they can produce hard and chemically resistant films com-
ared with other oligomers. However, epoxy acrylate resins are
ammable, which could restrict some applications. Therefore, there

s an urgent need to explore flame retardant UV-curable coating to
educe the fire hazards.

Traditionally, flame retardant films could be obtained by phys-

cally blending flame retardants. However, the high concentration
f flame retardants in the coatings results in difficulty to cure and
eteriorated properties [6]. When used in coatings, phase separa-
ion often takes place, which will cause cracks on the surface of
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films [7]. Another efficient approach to reduce the flammability of
the cured films is through chemically bonding flame retardant seg-
ments to the polymer backbone [8], i.e., using UV-curable reactive
flame retardants. The reactive-type flame retardants are interest-
ing due to their many advantages in comparison with additive-type
ones. On the one hand, they can promote the condensed phase
mechanism, especially flame retardants containing phosphorus [9].
On the other hand, reactive-type flame retardants can work longer
as they will not exude from polymer materials during use and aging
[10]. Generally speaking, all of the UV-curable reactive flame retar-
dants contain one or more flame retardant elements, such as P, N,
Si, and B elements. Some phosphorus-containing compounds have
been used to increase the limiting oxygen index (LOI) and char
residues [11,12]. Shi and her coworkers reported that the flame
retardant films containing nitrogen have high thermal stability
compared with pure epoxy acrylate resins [13].

Recently, organic–inorganic nanocomposites have drawn
increased attention because of their distinct characteristics, in
particular superior mechanical and barrier properties, as well as
improved thermal stability, flame retardancy and optical prop-
erties. Moreover, there has been considerable interest in the

preparation of nanocomposites based on layered materials as
guests and polymers as hosts [14]. These layered materials include
layered silicates [15], manganese oxides [16], titanates [17] and
layered phosphates [18]. In recent papers, UV-curing technol-
ogy has been used to produce rapidly the organic–inorganic

dx.doi.org/10.1016/j.matchemphys.2010.09.006
http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:yuanhu@ustc.edu.cn
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Fig. 1. The molecular s

ybrid materials at ambient temperature. Zahouily et al. first
emonstrated UV-curable polymer–clay nanocomposites could be
repared [19]. Bauer et al. examined the performance of nanopar-
icle reinforced acrylate resins. The results revealed that UV-cured
ano/microhybrid composites had a significant abrasion resistance
20].

Among the nanofillers, clay compounds are most widely used
or preparing polymer nanocomposites, because these compounds
re easily available and well characterized. Alpha-zirconium phos-
hate (�-Zr (HPO4)2·H2O, �-ZrP), is a crystalline, layered material
ith many notable features, such as ion-exchange properties, ther-
al and chemical stability [21], catalytic activity and intercalation

roperties in polymers. However, only a few investigations have
een conducted on polymer/�-ZrP nanocomposites [22], including
he preparation and characterization of PET/�-ZrP nanocomposites
23] and epoxy/�-ZrP nanocomposites [24]. To our knowledge, the
tudy of flame retardant epoxy acrylate resin/�-ZrP nanocompos-
tes has not been reported.

In this study, a phosphorous-containing monomer (TAEP) and
nitrogen-containing monomer (TGICA) were incorporated into

he epoxy acrylate structures. And then �-ZrP was introduced to
A resin to prepare the UV-curable polymer/�-ZrP nanocompos-
te. The enhanced thermal and flame retardant properties of the
anocomposite were investigated in detail.

. Experimental

.1. Materials

EA, which is a bisphenol A epoxy acrylate with the unsaturation concentration
f 3.73 mmol g−1 and a molar mass of 536 g mol−1, was supplied by Tianjin Tianjiao
o. OZrP powder was prepared by hydrothermal synthesis under the optimum con-
ition according to our previous work [25]. TAEP was synthesized using phosphorus
xychloride and 2-hydroxylethyl acrylate [26]. TGICA was synthesized using acrylic
cid and triglycidyl isocyanurate [27]. The molecular structures of TAEP and TGICA
re shown in Fig. 1. Tetrahydrofuran (THF) was purchased from Shanghai Chemical
eagents Company in China. 2-Hydroxy-2-methyl-1-phenyl-1-propanone (Darocur
173), kindly supplied by Ciba Specialty Chemicals, was used as a photoinitiator.

.2. Preparation of the samples
To prepare EA/FR/OZrP nanocomposite, a certain amount of OZrP powder was
ispersed in solution containing flame retardant (listed in Table 1), then carried
ut ultrasonic treatment for 1 h, and thereafter EA solution was added into above
olution, and then carried out ultrasonic treatment for 3 h again, stirred for 24 h at
mbient temperature, finally.

able 1
he formulations and the MCC data of the cured films.

Sample EA (%) FR (%) OZrP (%) PHRR (W g−1) HRC (J (g K)−1)

EA0 100 0 0 332 ± 8 340 ± 8
EA1 60 40 0 193 ± 13 195 ± 11
EA2 60 39 1 142 ± 6 143 ± 4
EA3 60 37 3 167 ± 15 163 ± 7
EA4 60 35 5 177 ± 7 179 ± 9

R: TAEP/TGICA = 1/1, by weight.
res of TAEP and TGICA.

2.3. UV irradiation process of EA/FR/OZrP nanocomposite

The samples were UV-cured with UV irradiation equipment (80 W cm−2, made
by Lantian Co.) in the presence of 4 wt% Darocur 1173. The UV irradiation was carried
out in air atmosphere.

3. Measurements

3.1. X-ray diffraction (XRD) analysis

X-ray diffraction analysis was carried out on sample at room
temperature by a Japan Rigaku D/max-rA X diffraction meter
(30 kV, 10 mA) with Cu (� = 1.54178 Å) irradiation at the rate of
2◦ min−1 in the range of 1–10◦. The interlayer distance of OZrP and
nanocomposites was calculated using Bragg’s law.

3.2. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) images were obtained
on a Jeol JEM-100SX transmission electron microscope with an
acceleration voltage of 100 kV. The TEM specimens were cut
at room temperature using an ultramicrotome (Ultracut-1, UK)
with a diamond knife from nanocomposite films. Thin specimens,
50–80 nm, were collected in a trough filled with water and placed
on 200 mesh copper grids.

3.3. Microscale Combustion Calorimeter (MCC)

GOVMARK MCC-2 Microscale Combustion Calorimeter was
used to investigate the combustion behavior of the UV-cured film.
In this system, about 5 mg samples of UV-cured film was heated
to 700 ◦C at a heating rate of 1 ◦C s−1 in a stream of nitrogen flow-
ing at 80 cm3 min−1. The volatile, anaerobic thermal degradation
products in the nitrogen gas stream are mixed with a 20 cm3 min−1

stream of pure oxygen prior to entering a 900 ◦C combustion fur-
nace. Measured parameters during the test are the heat release rate
dQ/dt (W) and sample temperature as a function of time at constant
heating rate [28,29]. The specific heat release rate HRR (W g−1) is
obtained by dividing dQ/dt at each interval by the initial sample
mass. A derived quantity, the heat release capacity HRC (J (g K)−1) is
obtained by dividing the maximum value of the specific heat release
rate by the heating rate in the test. The heat release capacity is a
molecular level flammability parameter that is a good predictor of
flame resistance and fire behavior when only research quantities

are available for testing [30]. Peak heat release rate (PHRR) is the
peak of HRR. PHRR has been found to be one of the most important
parameters to evaluate fire safety. For each formulation, the test
was repeated three times, for this reason standard deviation was
reported for each measurement.
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.4. Scanning electron microscopy (SEM)

The char formed after Microscale Combustion Calorimeter test-
ng was first sputter-coated with a conductive layer, and then
ts morphologic structures were observed by scanning electron

icroscopy Hitachi X650.

.5. Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) was carried out on the
GA Q5000 IR thermogravimetric analyzer (TA instruments) using
heating rate of 20 ◦C min−1 in nitrogen atmosphere. In addition,

−10% is the decomposition temperature at 10% weight loss. The
amples were run in triplicate; the temperature reproducibility of
he instrument is ±1 ◦C while the mass reproducibility is ±0.2%.

.6. Thermogravimetric analysis-infrared spectrometry (TGA-IR)

Thermogravimetric analysis/infrared spectrometry (TGA-IR) of
he cured sample was performed using the TGA Q5000 IR thermo-
ravimetric analyzer that was interfaced to the Nicolet 6700 FTIR
pectrophotometer. About 5.0 mg of the UV-cured sample was put
n an alumina crucible and heated from 30 to 600 ◦C. The heating
ate was set as 20 ◦C min−1 (nitrogen atmosphere, at flow rate of
5 ml min−1).

. Results and discussion

.1. Microstructure of EA/FR/OZrP nanocomposites

XRD and TEM were used to study the morphology and dispersion
tate of OZrP in films. Fig. 2 shows the XRD patterns of OZrP, EA2,
A3 and EA4. About OZrP curve, the main peak at lower angles
2� = 2.9) corresponds to the interlayer distance between planes of
.04 nm. However, in a polymer layered nanocomposites, the d-
pacing value increases when the polymer is intercalated within
he lamellar planes of the filler: in this way, in the XRD pattern a
hift of the main peak to lower angles is registered, as in the case of
A4. Indeed, in this case, the peak of the filler shifts from 2� = 2.9 to
� = 2.04 with a corresponding increase of the interlayer distance
rom 3.04 to 4.33 nm [22]. But for EA2 curve, there is no peak within
he range of 2–10◦. The results are derived from that the OZrP nano-
heets could be sufficiently exfoliated or randomly dispersed in the
poxy acrylate resins.
Moreover, TEM results reveal the presence of singular lamel-
ae homogenously distributed and dispersed at nanometric scale

ithin the EA matrix, as shown in Fig. 3. This means a partial exfo-
iation of the filler in some regions of the compound close to zones

here there is still intercalation.

Fig. 3. The TEM im
Fig. 2. X-ray diffraction analyses of OZrP and EAs.

4.2. The flame retardancy of the UV-cured films

The Microscale Combustion Calorimeter (MCC) was one of the
most effective bench scale methods for investigating the combus-
tion properties of polymer materials [31,32]. Fig. 4(a) and Table 1
outline the results obtained from MCC instrument. It can be seen
that the peak heat release rate of the EA1 or nanocomposites is
reduced significantly compared with that of pure EA. The incor-
poration of flame retardant notably reduced the flammability of
epoxy acrylate resin, as that the HRC of EA1 is lower than that of
pure EA. For the EA/OZrP samples, a further reduction about HRC
and PHRR is observed in comparison with pure EA. It can be con-
cluded by the following reasons. Firstly, TAEP and TGICA are able to
increase the conversion of organic matter to efficient char, and thus
decrease the amount of flammable volatile gases reaching the flame
zone, accordingly protecting the polymeric material from further
degradation. Secondly, OZrP could further retard the degradation
of polymer due to the dispersion of OZrP exfoliated or intercalated
nanometer sheets, promote films forming more effective protective
char layer and reduce the release rate of inflammable gas. Thirdly,
the water between the lamellar structures of OZrP may absorb the
heat release from films, and produce the incombustible gas, which
could dilute the flammable volatiles.

According to the literature, it is representative of a non-
interacting behavior among the components if the calculated curve

is a linear combination of the MCC curves of the individual com-
ponents of the system [33]. The experimental EA2 curve and
calculated EA2 are shown in Fig. 4(b). It can be seen that the peak
heat release rate for experimental EA2 is much lower than the cal-

age of EA3.



W. Xing et al. / Materials Chemistry and Physics 125 (2011) 196–201 199

c
O

4

d
t
i
c
A
c
a
f
i
w
t

Fig. 4. MCC curves of the cured films.

ulated one, which indicates the occurrence of an reaction among
ZrP, FR and EA during heating, not only simply physical blending.

.3. Characterization of the char layer

The high quality char acts as an insulating barrier during degra-
ation. The protective barrier can limit the volatiles diffusion to
he flame zone. The analysis of char materials can provide an
nsight into fire resistant performance. The morphologies of the
har residues for film after MCC testing are examined by SEM.
s shown in Fig. 5, the residual char for EA2 is flatter and more
ompact compared to EA1. Consequently, it is possible that OZrP
nd flame retardant have synergistic effect and could promote the

ormation of effective charring layer. The compact char structure
s very important to general fire resistant properties of the films,

hich can prevent the heat transfer between the flame zone and
he underlying substrate, and protect the substrate from heat.

Fig. 5. SEM micrographs of the charred crusts: (a) EA1 and (b) EA2.
Fig. 6. TGA (a) and DTG (b) curves of the cured films under N2.

4.4. Thermal behavior

TGA is one of the most widely used techniques for rapid evalua-
tion of the thermal stability for various polymers [34,35]. Fig. 6 gives
the thermogravimetric analysis (TGA) and derivative TGA (DTG)
curves for the flame retardant EA composites. The data for the tem-
perature at which 10% (T−10%) thermal degradation occurs, and the
temperature of the maximum mass loss rate (Tmax) obtained from
the DTG curves, are listed in Table 2. The TGA curves display an
onestep degradation process for pure EA and EA/FR composites. It
can be seen that the decomposition temperature at 10% weight loss
(T−10%) of UV-cured flame retardant films are earlier than pure EA,
suggesting that FR destabilizes EA at lower temperature. As shown
in Fig. 6(b), the Tmax for EA/FR samples also decreases compared

with neat EA. This can be explained by a chemical reaction between
EA and flame retardant, which could accelerate the degradation of
EA to form the stable char at lower temperature, resulting in the
decrease of peak of mass loss rate. Hence, after 450 ◦C, the flame
retardant films are more thermally stable than the sample pure EA.

Table 2
The thermogravimetric analysis data of the cured films.

Sample Temperature at specific
weight loss (◦C) T−10%

Tmax (◦C) Residue (%) at
600 ◦C

EA0 366 422 12.3
EA1 328 381 20.8
EA2 311 373 24.6
EA3 313 376 21.9
EA4 320 378 24.2
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e evolved gases produced by EA1 (a) and EA2 (b) pyrolysis.
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Fig. 7. The 3D surface graph for the FTIR spectra of th

he char yield of the pure EA is 12.3% at 600 ◦C, whereas the amount
f the solid residue for EA1 film is 20.8%.

The partial replacement of FR by OZrP at the same total load-
ng of 40% for FR + OZrP, results in the deterioration of the thermal
tability in terms of T−10%. The probable reasons may be that the
ntimate contacts between the polymer molecules and the atoms of
he inorganic crystalline layers in EA2, EA3 or EA4 are more exten-
ive. And at the same time, there is a catalytic role played by the
ayered phosphate deriving from the Hoffman degradation of C16,

hich may accelerate the charring process at the beginning of the
egradation [36]. But there is an increase for nanocomposites in
har formation at 600 ◦C, and EA2 has the most char residue (24.6%)
mong resins. This means that OZrP could promote residual char
o further form the carbonaceous material. On the other hand, the
ZrP platelets disperse very well in the polymer matrix and hinder

he movement of polymer chains. Meanwhile, the introduction of
ZrP is efficient in lowering the peak of mass loss rate, as shown

n Fig. 6(b), especially EA2. It can be ascribed that EA2 generates
he fewer evolved products and releases the little heat at Tmax.
he result is in good agreement with the above-mentioned MCC
tudy.

.5. The evolved products of the UV-cured films

The TGA-IR technique that directly gives identification of the
volved products can significantly contribute to an understand-
ng of thermal degradation mechanism [37]. The evolved products
ormed during the thermal degradation of EA1 and EA2 films were
haracterized by TGA-IR.

Fig. 7 shows 3D TGA-IR spectra of gas phase in ther-
al degradation of EA1 (a) and EA2 (b) at heating rate

0 ◦C min−1 in nitrogen atmosphere. In Fig. 7, peaks in the

egions of around 3400–4000 cm−1, around 2700–3000 cm−1,
round 2250–2350 cm−1, around 1600–1900 cm−1, around
250–1500 cm−1, and around 1000–1100 cm−1 are noted. The
pectra fit well to the reported FTIR features of gas products
uch as H2O (3400–4000 cm−1), hydrocarbons (2800–3000 cm−1),

Fig. 9. Relationship between intensity of character
Fig. 8. The total evolved products versus time for EA1 and EA2.

CO2 (2300 cm−1), CO (2140 cm−1), and carbonyl (1741 cm−1,
1446 cm−1).

The change for the intensity of the total evolved products ver-
sus time is shown in Fig. 8. It can be seen that the intensity for
EA/FR/OZrP (EA2) is lower than that of EA/FR (EA1). It could be
ascribed that the evolved products of EA2 are less than EA1, i.e.,
EA2 is more stable. It implies that the process of thermal degrada-
tion for EA2 is influenced by OZrP, and there may be a synergistic
effect between FR and OZrP. It is very interesting that there are two
peaks in EA2 curve. The first peak is ascribed to the degradation of
OZrP. The second is assigned to the degradation of film itself.

In order to further study the difference between EA1 and EA2,
some IR evolution curves of the identified gaseous species are

shown in Fig. 9. H2O and CO2 are easily identified by their char-
acteristic absorbance: H2O at around 3540 cm−1; CO2 at around
2300 cm−1. The data obtained from EA1 and EA2 can be compared
quantitatively as the weight of sample during the testing of each
sample is kept constant (1 mg). As shown in Fig. 9, the intensities of

istic peak and time for evolved CO2 and H2O.
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O2 for EA1 are higher than that of EA2. It is further said that OZrP
ould hinder the decomposition of flame retardant films. It is very
nteresting that the evolved water for EA2 is more than EA1, which
ould dilute and cool the flammable volatiles. This could further
nhance the flame retardancy of EA2 and reduce the heat release
ate. Hence, the thermal stability for EA2 is enhanced due to the
ddition of OZrP at the higher temperature.

. Conclusions

In conclusion, the flame retardancy and thermal stability of
V-curable epoxy acrylate nanocomposites based on organophilic
-ZrP were studied. Their microstructures were investigated by
RD and TEM. Results showed that OZrP were well dispersed in

he EA matrix. In the MCC tests, the nanocomposites showed a
ignificant reduction in the heat release capacity (HRC) and peak
eat release rate (PHRR) compared with both pure EA and the
ame-retarded film without OZrP. During thermal degradation,
A1 was easily decomposed and released more gaseous com-
ounds compared with EA2. The presence of OZrP could retard the
ovement and scission of the main chain of matrix resin during

hermal degradation process. SEM showed that OZrP might pro-
ote to form the stable and smooth char layer in the condensed

hase, which could prevent the underlying materials from further
egradation.
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