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ARTICLE INFO ABSTRACT

Keywords: Flexible graft-interpenetrating polymer networks (IPNs) were synthesized out of polyurethane (PU) and acrylic-
Graft-interpenetrating polymer networks based copolymers using two co-monomers, styrene and methyl methacrylate (MMA). Chemical bonds between
Polyurethane

the two polymers participating in the interpenetration network were utilized to decrease the system’s phase
separation. The effect of changing the composition of the two co-monomers on the properties of the IPN system
was studied. Dynamic mechanical analysis (DMA), tensile, and shear tests were used to characterize the ther-
momechanical and mechanical properties of IPNs sheets/plates and IPNs as an adhesive. A scanning electron
microscope (SEM) was utilized to characterize the failure mechanism of the tensile dog bone samples. Moreover,
impact tests were performed on a sandwich structure with synthesized IPN as an inter-layer adhesive to char-
acterize the toughness and stiffness of the IPN samples. Overall, excellent transparency and impact resistance in
visible light range with a wide range of thermo-mechanical properties (from extreme elastomeric to more
ductile) was observed in IPN samples, which shows their tremendous potential in various transparent, high-

Acrylic-based copolymers
Viscoelastic properties
Impact resistance
Elastomeric materials
Adhesives

performance applications.

1. Introduction

Transparent impact-resistant materials can be used in different ap-
plications such as electronic devices, windshields, protecting enclosures
[1], canopies [2], and many general applications. Excellent trans-
parency, impact resistance, ballistic resistance, and low density are some
of the essential features which each transparent protective material
should have. Sands et al. indicated that, while transparent protective
materials cover just 15% of the whole surface of body armors, they
contribute to 30% of the entire weight of body armor [3].

Traditionally, bulletproof glass (laminated glass) was used in high-
performance transparent applications. Laminated glasses consist of a
couple of glass layers with plastic layers between them [4]. Plastic layers
with high toughness could withstand the harsh projectile and make the
whole system impact resistance. However, laminated glasses lose their
transparency after experiencing several strikes [5]. Transparent ce-
ramics, which have better thermomechanical properties, are other op-
tions for the high-performance transparent application [6]. Nonetheless,
the manufacturing process, price, and availability are the most

important disadvantages of ceramics [5].

The recent transparent protective materials consist of three layers, a
hard strike face, an intermediate layer, and a backing layer called a
“spall” layer. The strike face is disturbing the energy, while the inter-
mediate layer objection is absorbing the energy. Finally, the spall layer
prevents outer and intermediate fractured layers from spraying or
“spalling” into the passenger compartment or inside layer [7]. These
layers stick to each other by an adhesive interlayer, usually manufac-
tured from polyurethanes (PUs) [7]. Transparent protective materials
are taking much attention due to their unique properties [8]. Acrylates
such as Plexiglas® and polycarbonates (PC) such as Lexan® are two
main groups of amorphous polymers used for transparent impact resis-
tant applications [5]. Amorphous polymers are mostly used in the in-
termediate and adhesive interlayer, where low density and transparency
are critical [7]. However, PC, for instance, has low ultraviolet light (UV)
resistance, chemical resistance, scratch resistance, and high price [9].
Vinyl ester resins (VER) such as bisphenol-A based dimethacrylate resins
are widely used in military, high-performance applications, and as a
matrix in composites due to the excellent thermomechanical properties
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Fig. 1-a. Free radical polymerization of acrylic copolymer out of MMA and BisGMA.

[10-12]. However, due to high viscosity, mostly lower viscosity co-
monomers such as styrene, which has excellent transparency and low
price, and methyl methacrylate (MMA) are mixed with the vinyl ester
resins to increase processability [11,13]. Poly(methyl methacrylate)
(PMMA) is an amorphous polymer widely used in transparent applica-
tions due to the high similarity to glass [7]. Chemical resistance, wearing
resistance, ease of processability, relatively high stiffness, and UV
resistance are some of the desirable properties of PMMA in high-
performance transparent applications [7].

Since VER resins are brittle, blending with rubbery materials such as
PU is required to increase the toughness [14]. PU is an elastomeric
material with high impact resistance better than PC. PU has tailorable
properties that make it a great candidate in various applications,
including protective applications [15,16]. The choice of the molecular
weight of monomers, catalysts, chemical configuration of isocyanate,
and the synthesis method affect the final morphology of PU [17],
therefore changing the structural properties [17-19].

Blending polymers is considered one method to enhance the desir-
able properties for specific applications [20,21]. However, blending
polymers has its challenges due to the low entropy of mixing in big
molecules [22,23]. Different methods such as copolymerization, graft-
ing, and interpenetrating polymer networks (IPNs) were introduced to
solve the immiscibility of the polymers [24,25].

IPNs include two polymers where both networks are physically
entangled, and it is not possible to separate them without breaking their
bonds [25]. IPNs are classified as semi-IPN, full-IPN, and graft-IPN based
on their structure. Semi-IPN consists of a crosslinked polymer and a
linear polymer trapped inside the crosslinked network. Full-IPN includes
two crosslinked polymer with physical entanglements [26]. Finally,
graft-IPN is similar to full IPN. However, selected chemical bonds be-
tween the two polymers are utilized to enhance the compatibility even
further [24,27].

IPNs can also be classified into simultaneous and sequential IPNs
based on the polymerization method.

In sequential IPNs, the polymerization of the first polymer occurs
first, while the monomers of the second polymer swell the system. Once
the initial polymerization occurs, the polymerization of the second
polymer begins. Simultaneous IPNs are different in that the polymeri-
zation of two polymers coincides with no interfering reaction
[23,28,29].

Many different research groups, including authors, such as Millar
et al. [27] and Frisch et al. [30], studied different aspects of IPNs
[12,23,31-37]. Factors such as changing the composition of two poly-
mers, curing profile [38-42], grafting two polymers [43], synthesis
method [40], and choice of monomers and catalysts [39], were studied.
It was mentioned that utilizing a sequential polymerization method with
linear isocyanate rather than aromatic isocyanate, and using chemical
bonds, synthesize the IPNs with the best compatibility, and therefore
enhancing the transparency and fracture toughness [5,11,40,43-47].

In this research, flexible graft-IPNs out of PU and styrene and MMA
based acrylic copolymer were synthesized for the first time. Excellent
transparency and impact properties were obtained in all samples.
Different properties of the IPNs, such as impact resistance, shear
strength, thermomechanical, and tensile strength, were studied.
Furthermore, the polymerization reaction between the two networks
was analyzed using the FTIR method. The final results confirmed the
potential of the synthesized novel flexible IPNs in high-performance
applications such as interlayer adhesives in bulletproof transparent ap-
plications, windshields, and many other high-performance applications
where high transparency, impact resistance, and elastomeric behavior
are required.

2. Experimental
2.1. Materials

In this research, the polyurethane phase was synthesized by 2-ethyl-
2-(hydroxymethyl)-1,3-propanediol (TRIOL, MW = 134.18 g/mol) as a
crosslinker purchased from Acros Organics, poly(tetramethylene ether)
glycol (Tetrathane® 1400) (PTMG, MW = 1400 g/mol) donated from
Lycra. Hexamethylene diisocyanate (DCH) was purchased from TCI.
Moreover, dibutyltin dilaurate (DBTDL) and triphenyl bismuth (TPB) as
catalysts were purchased from Pfaltz & Bauer and Alfa Aesar, respec-
tively. Both catalysts were dissolved in ethyl acetate, purchased from
Alfa Aesar. Styrene, purchased from Alfa Aesar, Methyl methacrylate
(MMA) purchased from Acros Organics, and bisphenol A bis(2-hydroxy-
3-methacryloxypropyl) ether (BisGMA), purchased from Esstech, was
used to synthesized acrylic copolymer phase. 2,2'-azobis(2-methyl-pro-
pionitrile) (AIBN, thermal initiator) was purchased from Matrix Scien-
tific. 4 A molecular sieves, purchased from Alfa Aesar, were utilized to
remove the moisture from DCH, styrene, MMA, TRIOL, and PTMG.
Polycarbonate (PC) sheets (3.175 mm and 6.35 mm thickness) were
purchased from the US sealing.

3. Methods
3.1. Synthesis of graft-IPNs

For the PU phase, TRIOL and PTMG with 0.19 eq. and 0.12 eq.
respectively, were heated and mixed at 60 °C. The mixture was cooled
down first, and then 0.31 eq DCH was added.

For synthesis the acrylic copolymer phase, 20 wt% of BisGMA, was
dissolved into 80 wt% Styrene or MMA. Then 1 wt% of the total mass of
acrylic copolymer, AIBN, was dissolved into the mixture. Afterward, PU
and acrylic copolymer monomers were mixed. Finally, 150 pL, 0.02 M
ethyl acetate solution of DBTDL, and 75 pL, 0.001 M ethyl acetate so-
lution of TPB per 50 g of PU were added to the monomers to catalyze the
poly-addition polymerization of the PU system. The mixture was then
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Fig. 1-b. A schematic of the graft-IPN synthesis.

Table 1
Summary of samples made in this research.

Samples PU (wt Acrylic copolymer (wt%)
%)
PU 100 0
IPN75- 75 25 (80 wt% Styrene and 20 wt% BisGMA as
Styrene monomers)
IPN50- 50 50 (80 wt% Styrene and 20 wt% BisGMA as
Styrene monomers)

IPN75-MMA 75
IPN50-MMA 50
COP-Styrene 0

25 (80 wt% MMA and 20 wt% BisGMA as monomers)
50 (80 wt% MMA and 20 wt% BisGMA as monomers)
100 (80 wt% Styrene and 20 wt% BisGMA as
monomers)

vacuumed under 95 kPa for 5 min, and it was cured at room temperature
in closed glass molds, which was increased gradually to reach 40 °C for
24 h, followed by 24 h at 60 °C, and finally 24 h at 80 °C. The schematic
of two poly-addition polymerizations happening to synthesize the PU
phase and free radical polymerization of a mixture of styrene or MMA
and BisGMA are shown in Fig. 1-a and b. Fig. 1-a shows the free radical
polymerization of MMA and BisGMA to synthesize acrylic copolymer.
Moreover, a simple schematic of the graft-IPN synthesis is shown in
Fig. 1-b. The free radical polymerization of Styrene and BisGMA to
synthesize acrylic copolymer was shown elsewhere [34].

As shown in Fig. 1-b, the poly-addition polymerization of the PU
phase occurs at a lower temperature. The crosslinked polyurethane traps
the monomers of the second polymer inside itself. Moreover, the hy-
droxyl groups of BisGMA started to react with the isocyanate groups to
account for the chemical bonds between the two networks. At 60 °C, the
thermal initiator of the acrylic copolymer decomposes, starting the free
radical polymerization. Samples were post cured at 80 °C to ensure that
all of the active groups were reacted in systems. All samples prepared in
this research were summarized in Table 1.

3.2. Characterization

Modulated differential scanning calorimetry (DSC) experiment was
performed on TA Instruments DSCQ2000. 5 to 10 mg of samples were
used for each test. Samples were first equilibrated at —90 °C for 5 min,
then heated to 200 °C, cooled to —90 °C, and finally heated to 200 °C

with 5 °C/min heating rate in a nitrogen atmosphere.

Thermogravimetric analysis (TGA) was performed on TA In-
struments TGAQ500. Between 10 and 20 mg of each sample was placed
on a platinum pan and were heated from room temperature to 800 °C
with 10 °C/min under a nitrogen atmosphere.

Fourier transform infrared spectroscopy (FTIR) analysis was per-
formed using Nicolet 6700 FTIR spectrometer from Thermo Scientific
(US) in attenuated total reflection (ATR) infrared mode. FTIR analysis
uses 400-4000 cm ™! wavenumber with 64 scans and 4 cm ™! resolution.

Thermo-mechanical analysis experiments were performed using TA
Instruments RSA 3 dynamic mechanical analyzer (DMA). The flexural
test was performed on samples with 35 x 10 x 3 mm and measurements
from —100 to 200 °C at 5 °C/min heating rate, with a sinusoidal strain
amplitude of 0.5% and 1 Hz frequency, following ASTM E1640 [48]. At
least 5 specimens for each sample were tested.

The tensile test was performed using a universal testing machine
Instron® 5565 with 1 kN static load cell according to ASTM D638 and
Type V dog bone geometry with 63.5 mm overall length, 7.62 mm gage
length, 3.18 mm width of narrow section, and ~ 3 mm thickness [49].
The test was performed under displacement control mode at 10 mm/
min. At least 10 specimens were tested for each composition. Boss Laser
LS 3655 was utilized to cut cured samples to the desired shape for tensile
and DMA tests.

A Zeiss EVO 50 variable pressure scanning electron microscope
(SEM) with digital imaging and EDS was utilized to examine the cross-
section of the tensile specimens after failure on their gauge. The sam-
ples were sputter-coated with an EMS 550X auto sputter coating device
with carbon coating attachment.

PC sheets were cut to 152.4 x 152.4 mm squares in preparation for
impact-resistant tests. Then IPN monomers were added between two
sheets making a sandwich structure. Afterward, 1.2 kg weight was put
on the top of the sandwich to keep the PC sheets together and avoid
introducing air bubbles between PC sheets. Finally, sandwich structures
were cured similarly, as explained in the IPN synthesis section. The
impact-resistant test was performed on the Instron® instrumented
impact testing machine (Dynatup 8250), following ASTM D5420 [50]
(GD geometry) and ASTM D3763 [51]. A mass of 22.58 kg falling from
82 cm height to hit the sample clamped to the platform having a hole of
76 mm by a dart with a hemispherical nose (tup) of 17.6 mm diameter
was used for impact-resistant test.



N. Alizadeh et al.

a)
152.4 mm | 25.4 mm

European Polymer Journal 148 (2021) 110338

Fig. 2. a) A simple schematic b) Top view and c) cross-section view of samples prepared for lap shear test, d) loaded sample on the tensile instrument.
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Fig. 3. FTI-IR spectra of IPN75-Styrene at 5 different times.

A Shimadzu UV-2450 spectrometer was used to verify the trans-
parency of the samples (450-800 nm wavelength). For this purpose,
similar samples prepared for impact resistance were cut into 25.4 x
25.4 mm with a saw. Moreover, Pure Pc sheets were used as background.

The IPNs strength as an adhesive in shear was performed by tension
loading of single-lap-joint assemblies, ASTM D3165 [52]. The samples
laminated assembly was prepared a similar procedure followed for
preparing impact test samples with regard to putting the IPN monomers
between the two layers of 152.4 mm x 152.4 mm squares and cure it.
Then sandwich samples were cut into 25.4 x 152.4 mm specimens.
Finally, prepared specimens were notched twice at the right angle to the
long axis of the specimen at 12.7 mm from the middle of the opposite
sides, providing an area of 25.4 x 25.4 mm joint. The notch depth is to
cut the sheet and the adhesive material in the thickness direction. Fig. 2.
a, b, and c show different views of prepared shear samples, while Fig. 2.
d shows the sample loaded into the tensile testing machine, Instron®
5582, with a 100 kN static load cell. The test performed under
displacement control mode at 1 mm/min. At least 10 specimens were
tested for each composition. Eq. (1) was used to calculate the shear stress
of the samples.

f —F — f
2000 1500 1000 500
F
T=— 1
A @

where 7 is the shear stress, F is the maximum force, andAy is the initial
cross-section.

4. Results and discussion

Heating cycle of DSC experiment indicated no crystallization with a
minimum amount of post-curing in all samples, as shown in Figure S1.

TGA analysis was utilized to study the thermal stability of the IPN
samples. As shown in Figure S2, the degradation for all samples started
at approximately 300 °C and finished at around 450 °C. The degradation
temperature obtained from TGA analysis was much higher than the
application temperature of IPN samples. PU degraded at a higher rate
than other IPN samples due to acrylic copolymer presence, which
increased the samples’ thermal stability. However, All IPN samples
followed the same trend regards to degradation.

The FTIR analysis was utilized to clarify the successful
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Fig. 4. Isocyanate conversion of IPN75-Styrene.

polymerization of each polymer in IPN systems. FTIR spectra of IPN75-
Styrene at 0, 21, 41, 62 min and two days were shown in Fig. 3. As it is
shown, the peak around 3454 cm ™! belongs to the O-H bond and shift to
the lower wavenumber (around 3330 cm™1), which belongs to the
stretching of the N-H bond. It confirms the formation of the PU after
polymerization. The disappearance of isocyanate (NCO) peak around
2257 em ! shows the full consumption of the isocyanate group, and it is
another evidence for the formation of PU. The formation of amide C=0
bond, bending of N-H bond, and C-N bond are other evidence to confirm
the successful synthesis of PU. Peaks around 1627 cm™! belong to the
alkene C=C bond, which disappears after polymerization. The

disappearance of the alkene peak confirms the polymerization of the
acrylic phase in the system. Moreover, peaks around 780 cm ™' and 910
em™ attributed to out-of-plane (oop) bending of —C-H bonds, disap-
pear in IPN75-Styrene due to the free radical polymerization.

To analyze the isocyanate conversion of flexible IPN material during
the polymerization, IPN75-Styrene was chosen. Isocyanate peak, which
happens around 2270 cm ™!, was monitored during the polymerization
while stretching C-H (within 2850-3000 cm’l) was used as standard
due to the constant concentration during the polymerization [53]. Eq.
(2) [54] was used to calculate the isocyanate conversion.

IPN75-Styrene  IPN75-MMA  |PN50-Styrene |PN50-MMA
100
90
80 e PU
i = |IPN75-Styrene
70— + IPN75-MMA
v IPN50-Styrene
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o
®
o -
g
£ 50—
£ i
2
S 40—
'_ -
30
20
10—
o———— 7T T 7 T T [ T T T [ T T T T T T T T T T T
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Wavelength (nm)

Fig. 5. a) Sandwich structures prepared for transparency test b) UV-Visible spectra of the samples.
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Anco
A
p=1-_m o) Table 2 .
<A~co> Summary of thermo-mechanical results.
A 2
/0 Sample Storage modulus E' (GPa) Ty (°C) Tan &
where p is isocyanate conversion, Ayco is integrated absorbance for NCO PU 2.80 +1.08 ~52.44 £ 2.73 0.49 £ 0.01
LT . IPN75-Styrene 3.16 £ 0.19 —2.80 + 2.48 0.47 £ 0.05
peak, Acn,is integrated absorbance for stretching of C-H peak, and IPN75-MMA 3.38 4+ 0.20 10.74 + 5.08 0.37 + 0.04
Anco . . . IPN50-Styrene 3.50 £+ 0.56 39.81 + 2.78 0.43 £ 0.06
( A_CH2)0 is the relative absorbance extrapolated to time zero. IPN50-MMA 3.92 4 0.34 62.86 4 3.04 0.44 + 0.02

As shown in Fig. 3, the isocyanate peak at approximately 2270 cm ™!

starts to decrease during the polymerization due to the reaction between
the isocyanate group and a hydroxyl group, which causes the formation
of the PU structure. Moreover, the C-H stretch peak remains similar
during the polymerization. The result for isocyanate conversion is
shown in Fig. 4.

As it is shown in Fig. 4, IPN75-Styrene reaches to 50% of isocyanate
conversion approximately after 40 min, and then conversion reaches to
90% after around 90 min. Finally, the conversion becomes 100% at the
end of the polymerization process. IPN75-Styrene follows the same
trend as rigid IPN with a composition of 75 wt% of copolymer and 25 wt
% of PU explained elsewhere [34].

UV-Visible spectrophotometry was utilized to study the trans-
parency of the samples. Fig. 5. shows the sandwich structures (Fig. 5.a),
and results of transparency for different samples (Fig. 5.b). As shown in
Fig. 5, All IPN samples show transparency higher than 80% in a visible
light region. PU shows the lowest transparency in comparison to other
samples. Slight tinting in PU structure decreases the transparency of the
pure PU samples [7]. Adding more acrylic copolymer into the system

increases the transparency of the samples. Furthermore, as it is shown,
IPN75 samples show transmittance between 95 and 100%.
Thermo-mechanical characterization of materials was performed by
dynamic mechanical analysis (DMA). Fig. 6 and Table 2 show the results
for thermo-mechanical characterization. As it is shown, PU shows the
lowest storage modulus (E’) and glass transition due to the higher
flexibility and mobility of the chains in PU structure. Glass transition of
the samples and their storage modulus starts to increase by adding
copolymer to PU and synthesizing IPN samples. The IPN50 sample
shows the highest storage modulus and glass transition temperature due
to the presence of 50 wt% copolymer, which restricts the mobility of
chains. IPN samples with MMA show higher storage modulus and T,.
Aminolysis reaction between the ester group of PMMA and amine
groups of PU, which forms tertiary amine and, as a result, bring higher
interpenetration between two polymer phases, is one of the reasons
behind better thermomechanical properties in IPN-MMA samples [55].
Moreover, the nucleophilicity of double bonds in the MMA and
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Fig. 7. Tensile analysis of PU and IPN samples.

Table 3
Summary of tensile results for PU and IPN samples.

Table 4
Summary of shear test results for PU, COP-Styrene, and IPN samples.

Sample Modulus of Tensile stress at Tensile strain at
elasticity (MPa) maximum load maximum load (%)
(MPa)

PU 2.00 5.16 + 2.49 738.39 + 360.62

IPN75- 2.14 + 0.36 6.12 + 4.36 332.27 + 206.43
Styrene

IPN75- 3.10 £ 0.32 9.01 £+ 4.48 440.41 + 162.72
MMA

IPN50- 19.36 + 3.85 16.89 + 3.23 269.64 + 58.64
Styrene

IPN50- 86.08 + 8.79 25.55 + 3.50 256.23 + 40.14
MMA

BisGMA is relatively similar due to the ester group in their structure,
while the nucleophilicity of BisGMA is lower than styrene. Since the
ester group in BisGMA has higher electronegativity than the benzene
ring in styrene. Accordingly, styrene-based copolymer looks more like
an alternating copolymer, and MMA based copolymer looks more like a
random copolymer. This fact is another reason for the thermomechan-
ical difference in two different systems [56-58]. Wide storage modulus
and glass transition temperature show the potential of synthesized ma-
terials in various applications.

Fig. 6.b shows the tan & vs. temperature of the materials. As it is
shown, all materials show a broad tan § peak due to the several relax-
ation mechanisms occurring in the system [34,40,43,59]. This fact
shows the potential of these materials to be used in damping applica-
tions such as shock absorbers and isolators [60]. Moreover, the height of
tan § is another factor in predicting the damping ability of the materials
[61]. As shown in Table 2, the height of tan & starts to decrease by
adding more copolymer into the IPN system. This result was expected
due to the hindrance provided by acrylic copolymer against chain
mobility and therefore reducing the damping ability of the materials.

5. Tensile strength test

All tensile test IPN samples were failed in the gauge section, which
shows the validity of the test. Fig. 7 shows the tensile test graphs, while
results are summarized in Table 3. As expected, PU shows the highest
elongation and lowest tensile stress than other materials due to the
higher mobility of the chains in the PU structure. It can be observed that
the IPN75 samples show an increase in tensile strength and a decrease in
elongation due to the 25 wt% of copolymers into IPN systems.

Sample Shear stress (MPa) Tensile strain at maximum load (%)
PU 2.44 +0.32 4.10 + 0.47
IPN75-Styrene 2.20 +0.33 2.78 +£0.38
IPN75-MMA 1.94 £ 0.40 2.54 £ 0.50
IPN50-Styrene 2.13 £ 0.37 2.59 + 0.51
IPN50-MMA 2.02 +0.39 2.46 + 0.51
COP-Styrene 1.30 £ 0.43 1.57 £ 0.47

Copolymer acts as reinforcements and therefore increases the tensile
strength and, at the same time, decreases the flexibility of the samples.
Modulus of the elasticity follows the same trend as it increases by adding
more COP into the system. Finally, IPN50 samples show the lowest
elongation with the highest tensile strength due to the reason mentioned
above. PU shows completely elastomeric behavior in the tensile test,
while the tensile behavior of IPN samples becomes more ductile by
adding more copolymer as reinforcement. IPN-MMA samples exhibit
higher modulus and tensile strength in comparison to IPN-Styrene
samples due to the aminolysis reaction and different copolymer struc-
tures between IPN samples, which was discussed in the DMA section.

The cross-section of the fractured surface area was studied using
SEM. Mirror-like surfaces with no specific features were observed for all
the analyzed samples, as shown in Figure S3. The flat surface of all the
IPN samples with no textured properties, similar to PU surface, is also
evidence of good homogeneity with no phase separation between two
phases [38].

6. Tensile shear test

All samples were failed in shear through the adhesive. Table 4 shows
a summary of the shear results for all the samples. In this experiment,
COP-Styrene was used as the reference, which has the highest rigidity in
comparison to other adhesive materials. As expected, PU shows the
highest shear stress and displacement values due to higher free volume
and mobility of the chains in the PU structure. Shear stress value starts to
decrease by synthesizing IPN samples out of PU. Reduction in the
amount of PU in the system and the presence of acrylic copolymer into
the system, which acts as a hindrance against free movement of polymer
chains, are the reasons behind the decrease in shear stress. Surprisingly,
IPN75-MMA shows smaller shear stress and displacement in comparison
to IPN-50 samples. However, as is shown in Table 4. the difference is not
considerable for IPN samples. Finally, COP-Styrene shows the lowest
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Fig. 8. Impact resistance results a) Load vs. Time b) Energy absorbed vs. Time.

displacement and shear stress due to the low free volume and less
mobility of the chains in the acrylic copolymer structure.

7. Impact resistant

The impact-resistant graphs for sandwich structures and a pure PC
with similar thickness are shown in Fig. 8 and summarized in Table 5.
Initially, force fluctuation was observed in all samples, as shown within
the dotted ellipse (Fig. 8.a). The initial force fluctuation occurred due to
the initial contact of the striker and the sample’s surface. Elastic
deformation, followed by elastic reflection, is the reason for the initial
fluctuation. Next, the striker penetrates the sample and continues
forming a neck shape on the other side. The slope of the load vs. time
curves follows similar trends with approximately a similar slope for all
samples. It shows that all samples show the same contact stiffness,

determined by the slope of load vs. time curves [62]. It should be noted
that the slope of load vs. time curves for pure PC is lower; therefore, it
has lower contact stiffness in comparison to IPN sandwich structures.
After elastic deformation and yielding, samples show a steep drop in
load, indicating that the samples experienced permanent plastic
deformations.

Fig. 8. b shows the energy absorbed vs. time for different sandwich
samples in the impact test. All samples show the linear region of energy
absorption showing the elastic deformation, followed by the plateau,
which shows the permanent plastic deformation. From Fig. 8 and
Table 5, it could be observed that the PU sandwich sample shows the
highest energy absorption, deflection, and time before failure due to the
higher mobility and free volume of the chains in the PU structure. All of
these factors start to decrease by synthesizing IPN out of PU. As shown,
PC sheets with IPN products between them show a little higher energy
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Table 5
Summary of impact resistance results.
Sample Time to Deflection at Maximum Energy to
max load max load (mm) load (kN) max load (J)
(ms)
PU 7.02 £+ 0.26 22.47 + 0.48 11.37 + 0.44 149.95 +
6.81
IPN75- 6.61 £+ 0.33 21.55 + 0.58 11.17 £ 0.33 141.56 +
Styrene 8.33
IPN75- 6.15 £ 0.35 20.67 + 0.77 10.77 £ 0.22 129.64 +
MMA 8.08
IPN50- 6.62 + 0.29 21.45 + 0.53 11.11 + 0.45 143.31 +
Styrene 7.73
IPN50- 6.18 £ 0.45 20.57 + 1.00 11 +£0.28 132.98 +
MMA 10.80
COP- 1.15 + 0.44 4.56 + 1.73 1.69 £+ 0.50 4.96 + 2.92
Styrene
PC 6.58 £ 0.28 22.12 + 0.64 10.44 + 0.37 131.10 +
7.35

absorption compared to the PC sheets alone. IPN-Styrene sandwich
samples show higher energy absorption due to the higher stiffness in
IPN-MMA samples coming from aminolysis reaction between the ester
group of PMMA and amine groups of PU, and different copolymer
structure of IPN samples [55]. COP-Styrene sample shows much lower
values of force and energy absorption compared to the pure PC and IPN
sandwich structures. This fact shows the applications of these novel
graft-IPN systems where high toughness is required. It also shows the
capability of these materials to be used as an adhesive with high impact
resistance properties. It should be noted that energy absorption is
indicative of the toughness of the material, which could be defined as an
optimum number for strength and ductility in different materials
[38,63].

Fig. 9. shows the photograph of the samples before the test (first
row), the top surface after the test (second row), and the bottom surface
after the test (third row). As it is shown, all the samples except COP-
Styrene show excellent resistance against the strike due to the high
toughness coming from PC sheets and IPN samples in between them. The
striker made a hole in all of the samples; however, no crack propagation
was observed in any of the samples. This fact shows the massive po-
tential of these graft-IPN materials in high toughness applications. COP-
Styrene sandwich, however, shows the catastrophic failure. Circular
opening with cracks propagating all over samples is evidence of
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spallation failure mode in this sample.
8. Conclusions

Flexible graft-IPNs were successfully synthesized out of PU and
acrylic copolymer. The effect of changing the composition of the two
polymers was studied on different strength properties. Two different
graft-IPN with two different monomers (Styrene and MMA) in the
acrylic copolymer structure were synthesized in this research. Two
polymers in the IPN system were grafted to minimize the phase sepa-
ration and maximize the properties of the graft-IPNs. FTIR analysis
confirms the successful synthesis of two phases in graft-IPN. DMA,
Tensile, and shear analysis show a wide range of properties from elas-
tomeric properties to more ductile properties. IPN samples with a higher
percentage of PU show more elastomeric behavior, while adding more
acrylic copolymer into the system changed the behavior to more ductile.
Impact analysis shows high toughness impact resistance for IPN sand-
wich structures. Moreover, shear analysis shows the potential of syn-
thesized IPN to be used as an adhesive. Finally, excellent transparency
was observed in all IPN samples. These results indicate the considerable
potential of the novel synthesized IPNs in transparent, high impact
applications.
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