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Abstract

In the present work, allylamine exfoliated alpha zirconium phosphate (AxZrP) reinforced unsaturated polyester (UP) nano-
composites were developed and characterized. Exfoliation of alpha zirconium phosphate (a-ZrP) was achieved through
Brgnsted acid—base interaction using allylamine in different mole ratios. The partially exfoliated a-ZrP possesses a higher
concentration of a-ZrP than completely exfoliated. Subsequently, the partially exfoliated a-ZrP was reinforced with UP
resin to enhance the thermal and mechanical properties of the resulting composite. Detailed studies using scanning electron
microscopic and X-ray diffraction analysis suggest that the AxZrP/UP composite possesses a homogeneous distribution of
a-ZrP within the UP matrices. For 10.0 wt% AxZrP/UP composite, the mechanical properties such as tensile and flexural
strength were observed to enhance up to 56% and 61% respectively. Further, appreciable enhancement in the flame retardant
behavior with VO rating and high thermal stability with LOI value of 27.1% for 10.0 wt% AxZrP/UP composite was observed.
Similarly, the catalytic effect of a-ZrP contributes to enhancing the flame retardant behavior along with rapid char formation.
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1 Introduction

Unsaturated polyester (UP) resins have been used exten-
sively in industrial applications such as aerospace, automo-
tive, naval constructions, coatings and load-bearing compos-
ites [1-4]. Particularly, the excellent mechanical, electrical,
and chemical resistant properties of UP resins from low-cost
processability led to its inevitable in industrial applications
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[5-7]. However, the high potential utility of UP resin has
been limitedly explored due to high flammability with drip-
ping and a huge density of toxic smoke. In this context, the
incorporation of intumescent halogen-free inorganic parti-
cles with UP resins promotes the flame retardant nature to
an appreciable extent [8§—10]. Particularly, the incorporation
of additive-type flame retardants catalyzes the rapid char
formation via acid donor mechanism, and reduce smoke
[11-13].

The advancements of new polymer nanocomposites using
nanostructures reinforcement have been studied extensively
due to their multifunctional nature [14—19]. Particularly,
the high aspect ratio and heat bearing capacity of layered
nanofillers such as montmorillonite (MMT) clay, layered
hydroxides (LDHs), ammonium phosphates (APPs) and
alpha-zirconium phosphates (a-ZrP) show a significant role
in advanced composites [20—23]. Similarly, the distribution
of the layered fillers displays a strong role in tailoring the
thermal barrier, mechanical properties of polymeric materi-
als. The utility of MMT, LDH, and APP is limited due to the
nature of physical interaction, less distribution, high cost,
and liberation of volatiles [24-26]. In this background, an
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alternately layered filler providing chemical interaction and
homogenous distribution without emission is still in high
demand.

Layered zirconia phosphates and silicates were used in
many applications in biodiesel, agriculture and industrial
processes [27, 28]. The alpha zirconium phosphate (a-ZrP)
with acid groups on the surface layers allows direct interca-
lation of a variety of substances, particularly alkyl amines
[29, 30]. a-ZrP forms lamellar morphology on exfoliation
through Brgnsted acid-base interaction with varieties of
amines [31]. This versatile behavior of o-ZrP finds a wide
range of applications such as ion-exchange [32, 33], flame
retardant [34], catalyst [35], adsorbent [36], sensor [28] and
reinforcement [37]. Inherent higher thermal stability and
flame retardancy of a-ZrP offers unavoidable candidature as
filler to promote properties of polymeric materials [22, 38].
In this context, Cai et al. (2013) achieved VO rating for poly-
styrene using the silylated zirconium phosphate (a-ZrP) as
the flame retard filler [39]. So far, no significant attempt has
been made to study the flame retardant behavior of unsatu-
rated polyester resin using o-ZrP with suitable modification.

Thus, the inspiring properties of a-ZrP and our continu-
ous interest in high-performance UP composites made to
study the thermo-mechanical properties of a-ZrP reinforced
UP nanocomposites. Herein, the present work studies the
exfoliation behavior of a-ZrP with different concentrations
of allylamine and their impact on properties of the UP matric
on reinforcing. Besides, the compatibility of a-ZrP with the
UP resin was studied by using allylamine as both exfoliator
and cross-linker. The Brgnsted acid-base interaction between
amine and a-ZrP, followed by co-polymerization of allyl
group with UP resin could impart homogeneous distribu-
tion of reinforcement to promote the thermal and mechanical
behavior. Though different studies were reported about the
exfoliation character of a-ZrP using different alkyl amines,
no significant interest is paved to use allylamine as both an
exfoliator and cross-linker.

2 Experimental

2.1 Materials

Zirconyl chloride octahydrate is purchased from Sigma
Aldrich, India. Phosphoric acid, allylamine, DMF and ben-
zoyl peroxide were purchased from SRL (India). The unsatu-

rated polyester resin was received from Ciba-Geigy Ltd.

2.2 Preparation of Alpha Zirconium Phosphate
(a-ZrP)

Alpha zirconium phosphate (a-ZrP) was synthesized as per
the reported procedure [40]. 4.0 g ZrOCl,-8H,0 was mixed
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with 40.0 mL of 12.0 M H;PO, and sealed into a Teflon-
lined pressure vessel and heated at 200 °C for 24 h and then
cooled. Once, the autoclave reached room temperature, the
resulting white powder of ZrP was separated by centrifuga-
tion and the powder was repeatedly washed with DI water
three times and filtered. Then the sample is dried in an oven
at 70 °C overnight and ground into fine powder for further
use.

2.3 Exfoliation of Alpha Zirconium Phosphate
(a-ZrP)

Exfoliation of a-ZrP in water was performed using
allylamine as an intercalating agent [41]. Initially, two sets
of a-ZrP suspension containing 0.5 g a-ZrP (0.7 mmol) in
33 mL water were prepared through sonication. 16.6 mL of
0.1 and 0.05 M allylamine were added individually to the
different vessels containing a-ZrP suspension and allowed
to stir for another 24 h. Further, both mixtures were sub-
jected to ultrasonication for another 6 h and then treated
with 6 mL of 1 M HCI (pH < 2) to regenerate the proto-
nated form of zirconium phosphates. The formed gelatinous
precipitates were settled by centrifugation at 3000 rpm and
subsequently washed with deionized water to remove chlo-
ride ions. Finally, the hydrated gels were washed repeatedly
with an excess of DMF to remove the water. The resulted
gels (A, ZrP) obtained using 0.05 and 0.1 M allylamines are
referred to as A\ sZrP and A ZrP respectively.

2.4 Preparation of A, ;ZrP/UP Nanocomposites

100 parts of unsaturated polyester resin and different weight
percentages of A, sZrP (0, 1.0, 2.5, 5.0, 7.5 & 10 wt%) were
separately mixed and agitated using mechanical stirrer for
12 h to obtain homogeneity in distribution. Then, the 0.5 g
of benzoyl peroxide was added and subsequently agitated
for another 30 min. The observed product resulted was sub-
jected to vacuum to remove the trapped air and then poured
into a preheated mold to cast, and cured at 110 °C for 2 h
and post-cured at 150 °C for 3 h. Finally, the resulted neat
matrix and composites with different weight percentages of
A, ZrP/UP were removed from the mold and preserved for
further characterization (Fig. 1).

2.5 Characterization

Fourier transform infrared (FT-IR) spectra were recorded
on a Thermo-scientific Nicolet 6700-FTIR spectrometer.
The XPS was measured using an Omicron nanotechnol-
ogy instrument at a pressure below 107'° Torr. The cur-
ing and thermal properties were determined using TGA-
DSC NETZSCH STA 449F3 Jupiter-German. The flame
retardant behavior of the materials can be analyzed from
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Fig. 1 Schematic representation of formation of allyl amine exfoli-
ated ZrP reinforced UP nanocomposites

the value of the Limiting Oxygen Index (LOI). Van Krev-
elen and Hoftyzer relation based on LOI and char yield
(LOI=17.5+4+0.4 CR) are generally used to calculate the
value of LOI [42]. The tensile property was determined
using Instron (Model 6025 UK) as per ASTM D 3039. Flex-
ural strength was determined based on ASTM D 7264. X-ray
diffraction patterns were recorded at room temperature, by
monitoring the diffraction angle 26 from 10 to 80° on a PAN
analytical X pert3 powder - Netherlands. The surface mor-
phology of the samples was examined FESEM Zeiss Zigma
Gemini 0336 — USA, attached with EDX - Bruker nano X
flash - German. Flame retardancy was analysed based on
UL-94 standards. HR-TEM images were captured using a
Tecnai G2 S-Twin high-resolution transmission electron
microscope.

3 Results and Discussion
3.1 Characterization of a-ZrP and A, ZrP
Thermogravimetric analysis (TGA) was performed to deter-

mine the quantity of a-ZrP present in the exfoliated samples
namely A, ZrP and A sZrP. The thermograms of o-ZrP,
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Fig.2 TGA curve of a-ZrP and allyl amines exfoliated a-ZrP

A, oZrP and A, sZrP are presented in Fig. 2. In Fig. 2, at
900 °C, only 10% weight loss was observed for the a-ZrP
whereas about 52.0 and 98.3% weight loss was observed for
Ay sZrP and A (ZrP samples respectively. The weight loss
for a-ZrP occurs in two stages, the first stage degradation
occurring from 100 to 170 °C corresponds to the loss of
crystallization water present in between the hexagonal plate-
lets. The second stage degradation observed from 420 to 600
°C, corresponds to the formation of polyphosphates through
dehydration and condensation of P-OH [38, 43]. However,
both exfoliated samples namely A, sZrP and A ,ZrP show
major weight losses below 170 °C due to the decomposi-
tion of allylamines. After 900 °C, the A, sZrP and A, (ZrP
afforded 48 and 1.7 wt% respectively, whereas the a-ZrP left
90 wt% residue. Because of the presence of a higher amount
of a-ZrP in the A sZrP sample compared to A, ,ZrP, the
A sZrP is further used as reinforcement.

Further, the X-ray diffraction analysis was carried out
to validate the formation and exfoliation of a-ZrP. The dif-
fractogram of a-ZrP and A, sZrP are presented in Fig. 3.
The peak appeared at 11.7° corresponds to the (002) plane
of a-ZrP with a basal interlayer spacing of 7.6 A. Further,
the peaks appeared at 19.8° and 24.9° corresponding to the
(110) and (112) planes of a-ZrP respectively. It is important
to note that the relative peak intensity of (110) and (112)
planes are equivalent due to addition of high concentration
(12 M) of phosphoric acid during hydrothermal synthesis, in
which the growth mechanism of a-ZrP occurs rapidly. The
sharp and intense diffraction patterns of a-ZrP confirm the
formation of ZrP possessing alpha phase, which is highly
crystalline with a high aspect ratio The diffraction pattern
is found to be in accordance with JCPDS card no. 34-0127
[44, 45]. However, the XRD pattern of A, sZrP present in
Fig. 3 shows only a broad peak at 22.4° and confirms the
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Fig.3 XRD patterns of a-ZrP and allyl amine exfoliated o-ZrP

occurrence of exfoliation of layered structure results in less
ordered amorphous behavior rather than crystalline [30, 35,
46].The proposed schematic illustration of the intercalation
mechanism is shown in Fig. 4. The partial exfoliation of
a-ZrP with allylamine could be attributed to the intercala-
tion of short chains and less polar nature of allylamine when
compared to the previously reported alkyl amine substrates
[47, 48].

The field emission scanning electron microscope analysis
was performed to analyze the surface morphology of both
a-ZrP and A sZrP samples and depicted in Fig. 5. From
Fig. 5a—c, it can be seen that the a-ZrP possesses a layered

hexagonal morphology. The a-ZrP shows smooth surfaces
with narrow size distribution and high aspect ratio as similar
to previous reports [49]. To enhance the functional proper-
ties of polymers using layered structure, the narrow size dis-
tribution is highly warranted. The morphology of the exfo-
liated A sZrP is also presented in Fig. 5d—g. Interestingly,
a single layer hexagonal morphology of A, sZrP is seen in
a high magnified micrograph (Fig. 5f-g). A single layer of
A, sZrP with rough surface forming cluster-like appearance
in Fig. 5g confirms the presence of pillared allyl amines on
the surfaces of o-ZrP. Thus, the Brgnsted acid-base interac-
tion between allylamine and a-ZrP leads to partial exfolia-
tion of hexagonal structured o-ZrP, which is an essential
condition for further reinforcing with unsaturated polyester
resin. Further, the elemental mapping analysis presented in
Fig. 5h, i confirms the presence of Zr (red) and P (green)
in the exfoliated A, sZrP. Also, the EDS of the ZrP is given
in the supporting information Figure S1. The atomic per-
centage of oxygen, phosphorus and zirconium observed are
63.18, 21.07 and 15.75% respectively.

To substantiate the results of SEM and XRD, FTIR
and XPS analysis were carried out for both a-ZrP and
A sZrP samples and presented in Fig. 6a, b respectively.
In the FTIR spectra of a-ZrP, the peaks appeared at 1248,
1068, and 968 cm™! corresponds to the asymmetric and
symmetric vibrations of the phosphate functional groups
(for clarity see inset of Fig. 6) [50]. Besides, the FTIR of
A, sZrP exhibits a new peak at 3441 cm™! correspondings
to the N-H vibrations of an amine functional group pil-
lared on the surfaces of ZrP. Further, the peaks appeared

Fig.4 Schematic representation of intercalation of allyl amine within layered o-ZrP

@ Springer



Journal of Inorganic and Organometallic Polymers and Materials

¢ Mage SE0KX
S A = laLass

W L AT T, A AW L ol

BIT=1000w  Mege B
SgnaiA = laLans

BT = 10008
W= 83 men

BT = 10000

Mag e BH00KX
WO S1mm  Sguweasis

200 EHT = 10008
WO» 83 men

Mag = 10000 KX

m‘ - WO = 51 mm

BNT=1000W  Mage OD00KX
Signai A = IsLans

P-KA
SE MAG: 10000x HV: 20kV WD: 8.7

Fig.5 a—c SEM micrograph of o-ZrP at different magnification, d—g SEM micrograph of allyl amine exfoliated o-ZrP at different magnification

and h—i elemental mapping of Zr and P present in exfoliated ZrP

at 2942 and 2872 cm™! corresponds to the -CH,— vibra-
tions present in the allyl chain. However, the vibrations
of phosphate functional groups of A, sZrP are shifted to
the lower region and thus the peaks tend to appear at
1009 and 864 cm™! [39]. This phenomenon confirms the
occurrence of intercalation of allylamine between the
layers of a-ZrP and exfoliates [29]. The peaks appeared
at 1498 and 1648 cm™! corresponds to the asymmetric
and symmetric stretching of formed *NH; ionic struc-
ture via Brgnsted acid—base interaction of P-OH and NH,
[50]. Figure 6b shows the XPS binding energy curve of
A sZrP. The presence of elements such as C, N, O, P and
Zr are confirmed through the occurrence of their binding
energy signals at 286, 336, 535, 188 and 136 eV respec-
tively. The amounts of elements namely C, O, N, Zr, and

P are observed to be 51.12, 37.71, 1.54, 3.22 and 6.41%,
respectively.

3.2 Curing Behavior of UP and A, ;ZrP/UP

To confirm the occurrence of polymerization of UP resin
even after the addition of different weight percent of
Ay sZrP, DSC analysis was carried out from room tem-
perature to 200 °C. Figure 7 presents the curing profile
obtained from the DSC of UP and A, sZrP/UP samples.
There is no change in the formation of curing behavior was
noticed due to the incorporation of allylamine exfoliated
a-ZrP. Thus, the UP and A sZrP/UP samples show similar
onset temperature at 100 °C. However, the appearance of
the second peak at 138 °C in the A sZrP/UP, confirms
the occurrence of polymerization of allyl group with the

@ Springer



Journal of Inorganic and Organometallic Polymers and Materials

a
100 \r
. 804
s
3
2 60+
&
E
2 404
«
L
=
20 4
0 -
L] L] L] L] L] L]
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm'l)
b 10000
O1ls
8000 -
5 6000
3 C1s
g
2 4000 -
] Nis
=
2000- betadly | 2130
P2p
0
v T r T r T r
1200 900 600 300 0
Binding Energy (eV)

Fig.6 a FTIR spectra of ZrP and allyl amine exfoliated o-ZrP. b XPS
Spectra of allylamine exfoliated a-ZrP (A sZrP)

E
XOT 2.0
151 —&— Neat UP
e —&— 1.0 % A, ZrP/UP
E 1.0 .
E e 5.0 % A, ZrP/UP
O 0.5- —v— 10.0 % A, ZrP/UP
wn
a
0.0 4
b
-0.5 4 Ty
! T
50 100 150 200
Temperature (°C)
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@ Springer

10.0 % A, ,ZrP/UPV~
10.0 % A, ZrP/UPV~

7.5 % Ay ZrP/UP V™
5.0 % A, ZIP/UP Vv

A

2.5 % A, ZrP/UP V"~

Transmittance (%)

1.0 % A, ZrP/UP v~

T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'l)

Fig.8 FTIR Spectra of the neat UP matrix and A, sZrP reinforced UP
nanocomposites

UP resin. The schematic representation of the formation
A sZrP /UP composite is presented in Fig. 1.

To validate the formation of the polymerization of the
UP matrix and A sZrP/UP composite, FTIR analysis was
carried and presented in Fig. 8. The appearance of bands at
2963, 1720, 1260 and 1103 cm™! correspond to the —CH,—,
carbonyl (—C=0 group of the ester bond), and C—O—-C
stretching vibrations respectively. Further, the bands
appeared at 1444, 744 and 698 cm™! corresponding to the
bending vibrations of the aromatic rings [51]. In addition to
the vibration bands of the UP matrix, the band at 864 cm™!
shown corresponds to the stretching vibrations of phosphate
functional groups [52]. The presence of phosphate is highly
desirable to catalyze the formation of char barriers [53].
Thus, the FTIR spectra confirm the formation of A 5ZrP/
UP composites using low concentrated allyl amine exfoli-
ated o-ZrP.

3.3 Mechanical Properties of UP and A, ;ZrP/UP
Matrices

Figure 9a illustrates the tensile behavior of the neat UP and
A, sZrP reinforced UP nanocomposites. Initially, no signifi-
cant improvement in the tensile strength was noticed upon
reinforcing 1.0 and 2.5% A, sZrP. However, the tensile
strength value increases upon reinforcing further wt% (5.0,
7.5 and 10.0 wt%) of A, sZrP. The 5.0% A sZrP/UP nano-
composite shows a 6.2% higher tensile strength than that of
the neat UP matrix (Table 1). Further, incorporation of 7.5
and 10.0 wt% A sZrP shows 37.3 and 59.4% increase in the
tensile strength respectively than that of a neat UP matrix.
This behavior is due to the transfer of applied stresses to the
layered o-ZrP, facilitated by the interfacial adhesion between
the reinforcement and matrix. Upon reinforcing excess of
A sZrP beyond 10.0 wt% shows a decrease in the tensile
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Fig.9 a Tensile strength behaviour of UP matrix and AyZrP/UP
nanocomposites. b Flexural strength behaviour of UP matrix and
AxZrP/UP nanocomposites

strength due to the formation of brittle nature. Meantime,
the tensile strength of 10.0 wt% A, (ZrP/UP was also meas-
ured and compared with the A, sZrP/UP nanocomposites.
The tensile strength decreases up to 72.2% due to the pres-
ence of aliphatic carbon chains in the resulting composite.
The obtained results are interesting since earlier reports
using layered MMT and Boron nitride offer only a minimal
increase in tensile strength comparable to neat UP alone
[2, 54].

Also, the elongation-at-break comparatively increases as
the incorporation of A sZrP becomes higher. This behavior
is attributed to the formation of molecular mobility with the
resulting composites. During the applied force, the aliphatic
chain tends to impart load transfer through mobilizing the
o-ZrP hexagonal structure. Moreover, the observed flexural
strength also shows significant increases with the incorpora-
tion of A, sZrP (Fig. 9b, Table 1). As discussed earlier, the

Table1 Tensile strength and flexural strength of UP matrix and
AxZrP/UP nanocomposites

Samples Tensile Elongation Flexural Defor-
strength at break strength mation
(MPa) (%) (MPa) (%)
Neat UP 29.3 2.6 100.8 1.2
1.0% Ay sZrP/UP  30.4 4.1 152.7 2.3
2.5% Ay sZrP/UP  30.6 4.8 161.4 2.3
5.0% Ay sZrP/UP  33.4 5.7 159.4 3.1
7.5% AysZrP/UP  43.0 5.8 159.4 32
10.0% Ay 5sZrP/UP 49.9 5.8 158.0 34
10.0% A, (ZrP/UP 8.7 7.3 - -

homogeneous distribution and presence of flexible aliphatic
chains contribute to the enhancement of flexural strength.
Thus, the 1.0 wt% A, sZrP/UP shows 51% of increment in
flexural strength, whereas the 2.5 wt% A, sZrP/UP increase
of about 60.5%. Further, the percentage of deformation also
increases, which indicates the rise in the flexibility of the
network.

3.4 Thermal Properties of UP and A, ;ZrP/UP

To study the influence of a-ZrP on the enhancement of
thermal stability of UP matrices, the thermogravimetric
analysis was studied. The TG curves of neat UP matrix and
A, sZrP reinforced UP composites are presented in Fig. 10.
The thermograms of neat UP matrix and A, sZrP/UP com-
posites show similar decomposition processes. However,
the initial degradation of composites with a higher con-
centration of A, sZrP shows extensive weight losses as
evidenced by the T-5% (5.0% weight loss temperature,
Table 2). The initial stage degradation occurring below

105
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Fig. 10 TG curve of UP matrix and AxZrP reinforced UP nanocom-
posites
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Table2 Thermal properties of UP matrix and AxZrP reinforced UP
nanocomposites

Samples Tsq To,g  Charyield LOI  UL-94
at 700 °C

Neat UP 172 317 0 - -
1.0% A, sZrP/UP 133 333 1.3 180 -
2.5% Ay sZrP/UP 125 387 3.9 196 V2
5.0% A, sZrP/UP 183 399 8.3 20.8 V2
7.5% A sZrP/UP 185 404 15.2 23.6 V1
10.0% Ay sZtP/UP 192 412 23.9 27.1 VO

10.0% A, (ZrP/UP 111 326 0 - -

200 °C is attributed to the removal of moisture present in
the composites. However, the temperature corresponding
to the primary decomposition of UP carbon matrices was
postponed to a higher temperature (from 300 to 400 °C)
particularly composites with A, sZrP concentration beyond
5.0 wt%. The second step degradation corresponds to the
oxidation of the organic polymer networks. The compos-
ites with 10.0 wt% A, sZrP exhibited a higher yield of char
residue (25.3%). This is due to the presence of a homog-
enous concentration of reinforcement within the matrices.
Besides, the inset of Fig. 10, shows the decomposition
behavior of 10.0 wt% A (ZrP/UP composites. The 10.0
wt% A, ZrP /UP completely decomposes below the tem-
perature 410 °C with zero char yield. This phenomenon is
due to the presence of a higher concentration of allylamine
and the lower amount of a-ZrP in the resulting composites.

Further, to study the flame retardant nature of the UP
matric and A, sZrP/UP composites, the LOI values were
determined along with the performance of UL-94 rating
analysis and the resulted data are presented in Table 2.
The LOI value of the neat UP matrix is only 17.5% and
shows no rating in the UL-94 test. The incorporation of 1.0
wt% A, sZrP reinforcement results only minor difference
in LOI value, thereby it also could not reach any rating in
the UL-94 tests too. However, reinforcing 5.0 wt% A sZrP
with UP, the LOI value significantly increased to 20.8%
and attained the V-1 rating. On ignition, the propagated
fire gradually drops, which also results in the formation
of a minor quantity of char. Upon further incorporation of
AsZrP (7.5 and 10.0 wt%), the resulting composites offer
an improved LOI value of about 23.6% and 27.1% respec-
tively. Surprisingly, the 10.0 wt% A, sZrP/UP composites
result in a V-0 rating with self-extinguishing behavior.
The flame retardant property of the A, sZrP/UP could be
ascribed to the uniform distribution of ZrP within the UP
matrix. The results suggested that the incorporation of
layered zirconium phosphate acts as a stable barrier thus
inhibits the transmission of heat into the polymer matrices
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Fig. 11 XRD patterns of neat UP and A sZrP/UP nanocomposites

[55]. The observed result is in accordance with layered
structure that promote the flame retardancy [56].

3.5 Diffraction Analysis of UP and A, ;ZrP/UP
Matrices

Figure 11 shows an X-ray diffractogram of a neat UP matrix
and A, sZrP/UP composites. The neat UP matrix shows a
broad peak at 19.9°, attributed to the semi-crystalline ten-
dency of UP matrices that arise due to the formation of
molecular symmetry after polymerization [57]. Similar dif-
fractions are also observed even after the incorporation of
A, 5ZrP into the UP matrix. Though the patterns are similar,
minor changes in peak position and increase in the d spac-
ing values of the composites are noticed with the increase
in the concentration of A sZrP. As a result, the d spacing
value reaches a maximum of 4.5 nm for 10.0 wt% A sZrP,
whereas the neat UP shows only 4.0 nm. Besides, the com-
posites with 10.0 wt% A, sZrP shows the diffraction peak at
33.7°, which corresponds to the peak of a-ZrP. These results
suggest that the presence of partially exfoliated a-ZrP within
the UP matrix at higher concentration

3.6 Micrograph and Elemental Composition
Analysis of UP and A, ;ZrP/UP Matrices

Fracture surfaces observed from the SEM analysis of neat
UP matric, A, sZrP/UP/composites are shown in Fig. 12.
The neat UP matrix displays a smooth and compact surface
(Fig. 12a). The composites with a lower concentration of
Ay sZrP (1.0 and 2.5 wt%) also show similar smooth surfaces
(Fig. 12b, c). This phenomenon is due to the homogeneous
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Fig. 12 FE-SEM images of
fracture surfaces a neat UP, b
1.0 wt%, ¢ 5.0 wt%, d 10.0 wt%
A 5ZrP/UP nanocomposites
and e-h elemental mapping of
10.0% A sZrP reinforced UP
nanocomposites
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dispersion of a-ZrP achieved through the co-polymerization.
At the same time, UP composites with higher wt% (5.0 and
10.0 wt%) of A sZrP, shows rigid and rougher surfaces. The
occurrence of channelized crack propagation at the inter-
faces during the applied forces leads to the formation of
rough fracture surfaces [25, 57]. Here, the a-ZrP present
within the polymer matrices performs as a covered barrier,
which hinders the path of crack propagation due to strong

SE MAG: §T8x WV 208V WD . Tmm

interfacial interaction and renders high tensile strength.
Figure 12e—h, shows the presence of elements such as Zr
(2.81%), P (4.77%), C (56.14%), N (0.41) respectively,
whereas the remaining percent attributes for the presence
of O (35.87%) in the resulted composites.

Further, to ascertain the homogenous dispersion of a-ZrP
at the molecular level, the TEM analysis was performed.
TEM images presented in Fig. 13a—c show the two different

@ Springer
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Fig. 13 a—c TEM images of
10.0 wt % A sZrP reinforced
UP nanocomposites

sized a-ZrP particles existence in the UP matrix. The coex-
istence of smaller particles over the higher one in layered
form confirms the partial exfoliation of a-ZrP in UP matri-
ces (Fig. 13b). The resulting nanocomposites deliver dif-
ferent sizes of a-ZrP ranging from nano to micro-level as
supported by SEM (Fig. 5). Thus, the a-ZrP present at the
molecular level performs the catalytic activity and contrib-
utes to flame retardant behavior, in addition to the enhance-
ment of mechanical strength.

4 Conclusions

In summary, the flame-retardant A, sZrP/UP composites
were prepared using different ratios of A, sZrP (wt%) and
studied for their thermal and mechanical properties. 10.0
wt% A, sZtP reinforced UP composite exhibits an improved
flame retardant nature with V-0 rating and higher thermal
stability offering LOI value of about 27.1%. The catalytic

@ Springer

action of a-ZrP favors the rapid formation of stable char with
swollen mass. Similarly, the 10.0 wt% A sZrP also shows
enhanced mechanical properties and better tensile strength
(56%) and flexural strength (61%) due to the transfers of
applied stress. Thus, the developed flame retardant AxZrP
reinforced UP composites can be applied in the form of coat-
ings, adhesives, sealants, and matrices.
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