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3uauumenvuas xpynkocmo u HUKUe Xapakmepucmuku CONPOMUENIeHUs BOTHOBIM HAZPY3KAM, He-
CMOMPsL HA BbICOKYIO MEXAHUYECKYIO NPOYHOCHb, 00YCI08UNU HEOOCIAMOYHO UWUPOKOE NPOMbIULTCH-
HOe NpuMeHeHue SMOKCUOHBIX CMOJ. B pabome ucnonvsyemcs Hogoe couemanue mepMoniacmuyHbIx u
OUCNEPCHBIX HAHOHANOTHUMENEU 8 Kauecmee MOOUPUKAmopa 015 0OHOBPEMEHHO20 NOBLIUUEHUS NPOU-
HOCMU HA paspelé U OeMROUPYIOWUX CE0UCME HAHOKOMNO3ZUMA HA INOKCUOHOU OCHOBE NpU HASPY-
JHcenuU no nepeotl u 6mopotl mooe. [lis nOIyUeHUs MmpexKOMNOHEHNHO20 HAHOKOMIO3UMA HA 9NOKCUO-
HOU OCHO8€ UCNONL3VIOMCS YOAPONPOUHbBIIL NOTUCIUPONL 8 KAYecmee MePMONIACMUYHOl hasvl u
Hamoyacmuybl U3 KpemHesemda 6 kavecmee Oucnepchoi ¢aszvl. [l peanuzayuu OUCNEPCUOHHO20
MEXAHUZMA NPUMEHAEMCS. MemOoO NepeMeuusanis pacmeopa OJisk NPUSOMOGIEeHUs. OOHOPOOHOU CMeCU,
obecneyusarowuil adekeamuoe nepemMewiusanye Ha MoaeKkyaapHom yposHe. TIpouHnocms Ha paspwlé u
Odemnupyrowue c60UCM8a MAMePUaIa NPU €20 HAzPYIHCeHul no nepeoll i 6Mmopol Mooe OYeHUusau
npu nposedeHul 08YX PA3IUYHBIX MEXAHUYECKUX UCILIMAHULL C Yelblo OOCMUMICeHUs: 60Jlee 8blCOKOU
NPOUHOCU U YOApHOU éa3Kocmu 6e3 yXyouleHus mpebyemvix Mexanuieckux ceoticms. Ilpu cozoanuu
Mamemamuyeckux mooeneti Ol NPOSHOUPOSAHUA MEXAHUYECKO20 NOBeOeHUs HAHOKOMNOZUMA U3
9NOKCUOHOU CMOTbL, YOAPONPOYHO2O NOIUCIIUPONA U KPeMHe3eMd KAK (DYHKYuu Qusuieckux @axkmo-
P08 UCNONB3YEeMCs YEHMPATbHYIL KOMRO3UYUOHHBLI NAaH. B kauecmese spdpexmuenvix napamempos
UCCIe008ANI0CH NPOYEHMHOE COOepHCanUe YOaponpouHO20 NOTUCIIUPOId, KDEMHE3eMAd U INOKCUOHO20
omeepoumens. Ha ocnose mamemamuueckux (yHkyuil, noayyeHHuIX ¢ NOMOUbIO MOOEIU YEeHMpPaib-
HO20 KOMRO3UYUOHHO2O NIAHA, ObL1 UCNONIb306AH 2eHEMUYECKUll aleOpumM, KAk OOHO U3 MOUHbIX
cpeocms onmumuzayuy, 0151 ONpeoesieHus. ONMUMANbHBIX 3HAYEHULl MexaHuyeckux ceovcms. Ilony-
YeHHble Pe3ybMamyvl NOKA3bIEAIoN, 4mo COYemaHue HAHOYacmuy yOaponpouHo20 NOIUCMUPOA C
KPEMHE3eMOM 3HAUUMENbHO YEeIuuUsaem npedei NPOYHOCmU HA paspblé U XAPAKMePUCmUKU O0emn-
@uposanus snoxcuonoti cmonvl na 69, 42 u 91% coomsemcmeenno. Mopghonoeuio nosepxnocmeii
Pa3pyweHus: usyuaau ¢ noMowblo CKAHUPYIoOwWe20 31eKMmpPOHHO20 MUKPOCKONA.

Knrouegvle cnoea: snokcujgHas CMoJla, BA3KOCTb pa3pylLIeHHs, YAApONpPOUYHBIN
MOJMCTUPOIT, KPEMHE3EM, PacTshKEHHE, JIeMIT(PUPOBAHNE, LICHTPAITBHBIN KOMITO3HIIU-
OHHBI IJ1aH, FTEHETUYECKUI aJITOPUTM, CKAHUPYIOIIHUHA 3JIEKTPOHHBI MUKPOCKOTI.
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Introduction. Epoxy polymer is one of the most applicable thermoset matrices
used for reinforced composite materials, due to its high elastic modulus, considerable
rupture strength, low creep and good performance at elevated temperature[1-3].
Despite the above improved characteristics, epoxy materials have a brittle nature,
low toughness, and poor damping characteristics[4]. Blending of various kinds of
thermoplastic polymers [5, 6] or microphase dispersed rubber [7-9] has been a
conventional way to increase impact strength of epoxy matrices for many years. In
applications of rubber and thermoplastic phases aimed at improval of impact
strength, in view of dramatic effects on other mechanical properties, quite popular
is the material toughening by engineering thermoplastic, such as polysulfone [10],
polyether amide [11], ABS [12], and polyethersulfone [13]. Although, in many
cases, presence of elastomeric phase in epoxy matrix enhances toughness and,
consequently, damping properties, but on the other hand, it provides an increase in
viscosity and drastic reduction of strength, elastic modulus and stiffness [14—17].
In the last years, one of the well-known proposed ways to increase the material
stiffness implied usage of rigid inorganic particles with glass or ceramic base,
having diameter between 4 to 100 um [18, 19], but due to large size of these
particles, the viscosity of the epoxy resin was also increased, which made the
product processing quite problematic [20]. In the last decade, application of
nanophase structures in polymer matrices, in order to improve mechanical properties,
such as tensile, compressive and flexural strength, have opened new horizons, in
comparison with conventional composite materials [20]. Usage of nanoparticles
such as silica, resulted in no considerable viscosity enhancement, due to their small
sizes [21]. The distinction between nano- and microparticles is mainly due to their
high specific surface (relation of the surface to the mass) [22—24]. Previous studies
have shown that addition of relatively cost-effective nanosilica into epoxy matrix
can considerably improve the mechanical strength [20, 25]. It is noteworthy that
addition of nanoparticles may strongly affect the mechanical strength, it has no
considerable effect on impact strength improvement of epoxy-based composites
[26]. Also some studies have shown that usage of both soft particles, and rigid
fillers in epoxy resin as a hybrid composite, may enhance simultaneously the
strength and toughness. For instance, adding micron-size glass spheres, including
rubber particles into epoxy matrices, has shown a synergistic toughening effect
with acceptable strength enhancement [27, 28]. In order to study the mechanical
properties and hybrid mechanism of epoxy-based nanocomposite, the effective
quantitative factors must be introduced. Conventionally, based on numerous
studies [29-31], it can be found that the weight percentage of reinforcement such
as toughening agent and nanofiller is the most critical parameter, which controls
the mechanical behavior of epoxy-based nanocomposites. Another important factor
in epoxy/thermoplastic/nanoparticle sample preparation is a weight percentage of
hardener. Although determination of appropriate amount of this factor is based on
stoichiometric ratio, one can expect that presence of thermoplastic phase as
toughening agent, as well as of nanofiller in epoxy resin, would dramatically
reduce the probability of complete mixture of epoxy monomers and hardener, and
hence hinder the complete polymerization. Mirmohseni and Zavareh [12] have
determined the optimum amount of hardener according to the maximum tensile and
impact strength of the prepared epoxy samples. This type of optimization is called
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OVAT (one variable at a time) [32]. Leardi [32] concluded in his research that 93%
of scientific publications on optimization, development, and improvement of these
materials was based on the OVAT model. Due to the fact that in many approaches
the optimized variables are interrelated with each other, these interrelations need to
be determined, but the OVAT model cannot guarantee that the real optimum point
is reached [32]. Moreover, prediction of the nonlinear effect of each parameter
requires availability of at least three experimental points as parameter levels, which
increases the number of required experiments for model prediction and,
consequently, increases the costs. The central composite design (CCD), which was
introduced by Box and Wilson [33], is one of very useful types of sequential
second-order experimental design, with provides simultaneous reduction of the
number of experiments, predicts a probable nonlinear effect of each parameter, as
well as interrelations of coupled parameters. Within framework of the mathematical
model, one of optimization methods should be used to predict the optimum values.
Based on the famous research of Charles Darwin, genetic algorithm has been
applied as a powerful tool for solving complex problems [34]. Many researchers
used this method for optimization of numerous case studies in engineering [34-36].
Genetic algorithm is a global optimization method, which codes the design
variables by individual genes or chromosomes [35]. The result based on this
algorithm has feeble associations with the original problem. This method can find
the answer to a wide range of problems and can govern a large number of
responses at the same time. This feature reduces the possibility that the algorithm is
being trapped in the local optimum points. This algorithm is easily applied for
solving problems that have a large number of variables. Moreover, the genetic
algorithm is simple, needs no auxiliary information like derivative of the objective
function, and can be used for optimization of intricate objective functions,
discontinuous or non-differentiable function or systems which have no specific
mathematical definition [34].

In the current work, addition of the combination of thermoplastic (HIPS) and
particulate nanofiller (silica) to epoxy matrix is provided, in order to ensure
simultaneous improvement of tensile strength and damping characteristics. Central
composite design is applied for elaboration of a model for predicting the mechanical
behavior of the above nanocomposite. Based on the obtained mathematical function
from CCD, the genetic algorithm is employed to find the optimum conditions. In
addition, the authors tried to use inorganic nanofillers and commercial thermoplastic
to reduce the total costs of sample preparation and concurrently achieve a
considerable enhancement of the mechanical properties. Morphological and
structural characteristics of the hybrid mechanism are investigated using scanning
electron microscopy (SEM).

1. Experimental.

1.1. Materials. Epoxy resin utilized in current study was an undiluted clear
difunctional bisphenol A, Epon 828 provided by Shell Chemicals Co. with epoxide
equivalent weight 185-192 g/eq. Epon 828 is basically DGEBA (diglycidyl ether
of bisphenol-A). The curing agent was a nominally cycloaliphatic polyamine,
Aradur® 42 supplied by Huntsman Co. The spherical silica nanoparticles with

average particle size 10—15 nm and SSA (specific surface area) 180-270 m2/g
were supplied from TECNAN Ltd. The high impact polystyrene used in this study
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was purchased from Tabriz petrochemical Company in Iran. The solvent used was
tetrahydrofuran (THF) with purity (GC) more than 99% provided by Merck Co
(Germany).

1.2. Sample Preparation. In order to prepare a homogenous mixture, all of
reinforcement-adding procedures into resin were conducted in a proper solvent.
Solution blending is a liquid-state powder processing method that ensures a good
molecular level of mixing and is widely used in material preparation and processing
[25]. Some of the limitations of melt mixing can be overcome if both the polymer
and the nanoparticles are dissolved or dispersed in solution and recovered after
mixing. In order to avoid various solvents’ effects, as well as to achieve the
comparable results, the authors employed THF as an appropriate solvent for
dissolving all mixture components such as epoxy resin, silica and, especially, high
impact polystyrene. For preparing neat epoxy samples, in order to ensure equal
conditions and comparability with other specimens, liquid epoxy resin was poured
into adequate amount of THF solvent and after 30 min mixing by magnetic stirrer
the mixture was poured into vacuum vessel and the solvent evaporated completely
under vacuum conditions using the vacuum pump. At this step, the stoichiometry
ratio of cycloaliphatic polyamine as hardener, i.e., 23 phr was added and mixed
uniformly for 15 min and degassed by a vacuum pump to remove the air bubbles.
The mixture was poured into silicon mould and cured for 24 h at room temperature,
which was followed by post-curing from 50 to 90°C each 2 h at 20°C temperature
enhancement interval and at 120°C for 2 h to ensure complete curing. In order to
prepare epoxy/HIPS/SiO, samples, desired amount of the reinforcements was
dissolved in adequate amount of mentioned solvent and mixed via magnetic stirrer
for 30 min. In the current study, the mixture was homogenized by ultrasonic
treatment (Ultrasonic SONOPULS-HD3200, 50% amplitude, 20 kHz, and pulsation;
on for 10 s and off for 3 s) for 30 min. The required amount of epoxy resin with
the same procedure as mentioned before was added to this mixture and mixed
mechanically at high speed for 2.5 h, and subsequently the mixture was subjected
to ultrasonic treatment by the same procedure for 30 min. The same protocol was
used for the neat epoxy, whereas stoichiometric ratio of hardener content was
varied for each hybrid sample.

1.3. Characterization. The tensile tests were conducted according to ASTM
D638 at room temperature. This test method covers the determination of the tensile
properties of reinforced plastics in the form of standard dumbbell-shaped test
specimens. The dimensions of specimens were chosen according to the type I of
this standard test method. The rate of motion of the driven grip when the testing
machine was running was 5 mm/min. For each sample five specimens were tested.
All of tensile tests are conducted via STM-150 universal testing machine from
Santam Company (Iran) with load capacity 150 kN. For the specimens of damping
test the authors used izod impact unnotched samples according to ASTM D256
with the dimensions of 63.5, 12.7, and 7.2 mm as indicated in standard. The laser
doppler vibrometer OMETRON VH300+, which is shown in Fig. 1, was used for
measuring vibrations. In the current test, calculation of damping coefficients is
based on stochastic subspace identification—data (SSI-data) method, which was
introduced by Van Overschee and De Moor [37] and modified by Peeter and
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Fig. 2. Example of stabilization diagram in SSI-data method for neat epoxy.

Brinker [38, 39]. Based on this method, the specimen was treated as cantilevered
beam with environmental excitation. All time-dependent responses were accumulated
in Block Henkel Matrix and converted into individual Past and Future matrices. At
this step, in order to make connection between responses, the future matrix was
projected on past matrix and created the projection matrix [37-39]. By severance
singular value decomposition (SVD) of projection matrix, observability matrix and
Kalman states are calculated, and the collection of polar system matrix is achieved.
At this step, as it is shown in Fig. 2, in order to calculate damping coefficients and
natural frequencies, the stabilization diagram is used. The stabilization diagram is a
tool to shows polars of systems of different order [33—35]. To display and analyze
the measurement results on a workstation, the Polytec Vibrometer Software
(VibSoft) was optionally used. A scanning electron microscope (SEM 1530) from
TECNAN was utilized to observe the dispersion of fracture surfaces of the cured
composites. The fracture surface was gold-coated prior to SEM studies, in order to
avoid charging, and was examined at 15 kV accelerating voltage.

1.4. Design of Experiment. In order to present the mathematical model,
central composite design is used as one of the well-known experimental designs
[40, 41]. Based on this type of design, N experiments should be executed for f
factors, according to the following formulation:
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N=N;+N,+ N, (D

where N , = 2/ represents two-level full factorial points and N, =2f corresponds

to extra star points located at + « from the center of the experimental domain.
Also N is the number of experiments repeated at the center of the design carried
out to provide an independent estimation of the “pure” experimental error variance.
This value must be calculated by considering the rotatability and orthogonality of
the design. If the variance of responses for all variables at distance « from the
center of the experimental domain is constant, a design would be rotatable [40].
The required value « for rotatability is calculated via the following equation:

a==(N )" )

The STATISTICA software as statistical package version 7.0 (Stat Soft Inc.,
Tulsa, USA) was used for experimental design analysis and data processing. In
current study, the CCD is employed to predict models for tensile and damping
properties of epoxy-based hybrid nanocomposite. The input variables investigated
were HIPS, SiO, and Hardener contents. Actual and coded levels of the design
parameters are described in Table 1.

Table 1
Actual and Coded Levels of the Design Parameters
Factors Levels Star points a = 168179
Low (=1) | Central (0) | High (+1) —a +a
(X,) HIPS content (wt.%) 4.0 7.0 10.0 2 12
(X,) SiO; content (Wt.%) 2.8 5.5 8.2 1 10
(X3) hardener content (Phr) 23.0 26.0 29.0 21 13

As shown in Table 2, 16 samples with different compositions for 3 factors
with 2 replications at the center point have been designed. Noteworthy is that, in
order to avoid random errors, all treatments were set in a random order. The
responses obtained from mechanical tests including coded value are presented in
Table 2. According to central composite design model, the result should be fitted to
the following basic second-order polynomial equation:

S S = s
Y=b0+2bl~xi+2biixi2+zEbijxixj’ (3)
i=l1 i=l1

i=1i=l

where b is constant, b; shows the linear effect of x;, b; shows the quadratic
nonlinear effect of x;,and b;; indicates the interaction between parameters. Also
in central composite design analysis of variance (ANOVA) is used to determine the
significance of model terms. After elaboration of the mathematical model, different
optimization algorithms can be used to optimize the results. In order to validate the
optimized results, the optimum condition should be satisfied.
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Table 2
Experimental Design and Corresponding Responses
Run Experimental factors (coded value) Responses of mechanical tests
No. HIPS SiO, Hardener Tensile First mode |Second mode
content content content strength damping damping
(MPa) (o) (%)

1 (C) 0 0 0 654 349+ 0.22 435+0.13
2 —1.68179 0 0 68%5 3.67+0.09 433+ 016
3 —1.00000 1.00000 1.00000 63+2 3.69+0.12 | 4.44=*0.08
4 1.00000 1.00000 1.00000 50+3 335+ 016 3.98+0.05

5(0) 0 0 0 62+5 3.53+0.04 442+ 0.19
6 —1.00000 —1.00000 1.00000 68+3 3.68+0.07 | 4.52+0.06
7 1.00000 1.00000 —1.00000 334 247x0.19 340+ 0.24
8 0 0 —-1.68179 52+2 2.58+0.24 379+ 016
9 0 1.68179 0 43+3 331x016 4.18+011
10 —1.00000 —1.00000 —1.00000 62+1 328+0.08 | 4.22+0.09
11 1.00000 —1.00000 —1.00000 48+ 4 256+ 0.05 2.81+0.18
12 0 —1.68179 0 64+2 330+ 0.15 375+ 016
13 0 0 1.68179 66+ 2 369026 | 4.54+022
14 1.00000 —1.00000 1.00000 62+1 340+ 0.19 339+ 015
15 1.68179 0 0 48+ 5 2.64+0.27 276+ 0.12
16 —1.00000 1.00000 —1.00000 55+ 4 298+ 0.13 4.03+0.21

Note. C is central point.

2. Results and Discussion.

2.1. Statistical Modeling. As it was mentioned before, in order to reduce the
number of experiments, required for elaboration of the mathematical model and
final optimization of the results, the CCD method was used, and the results of
tensile and damping tests in the first and second modes were obtained and
tabulated in Table 2. The important fact is each treatment response was replicated
five times, the average values being listed in Table 2. Using STATISTICA software
for predicting responses, the following equations were proposed:

Y, = 63.626— 6.490( X | ) — 2.248(X | ) — 5.442(X ;) — 3.839(X,)> +5.019(X 3 ) —

—1.895(X 3)2 — 1.875(X | X 5 )+ 2.125(X X 3) + 0.625(X , X 3 ),

4)

Y, =3.51—0.26(X,)—0.126(X ;)% = 0.03(X,)— 0.073(X ,)? + 0.344( X 3 ) —

—0.133(X3)% +0.0187(X X, )+ 0.0762(X X 3 )+ 0.0437(X , X 3),

152

)
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Yy = 4386—0.459(X,)— 0.3(X,)> +0.119(X ) — 0.151(X,)? +0.229( X 3) —

—0.081(X )% +0.181(X,X,)+0.056( X, X3)+0.0137(X,X5), (6

where Y}, Y,,and Y3 correspond to the ultimate tensile strength (UTS), damping
ratio at first and second modes of epoxy-based ternary nanocomposite, respectively.
At this stage, in order to demonstrate the effectiveness of each parameter, the
ANOVA tables listed Table 3 should be used. Based on the ANOVA results, the
confidence level was determined at 95% and the significance of each parts of
model was evaluated based on their probability (P-value). If the terms have a
significant effect on response, the probability value will be less than 0.05 and the
null hypothesis () will be rejected [40]. The terms having no significant effect
(i.e., with P-value higher than 0.05) are eliminated from the final equation of the
model. The final results that illustrate the effective or non-effective terms are
presented in the form of pareto charts and are shown in Fig. 3. After determining
the effective terms, Egs. (4)—(6) are reduced to the following forms:

¥, =63.626— 6.490( X | ) — 2.248( X ;) — 5.442(X ,) — 3.839( X, )* +
+5.019(X 3)— 1L.895(X 3)? — L875(X | X, )+ 2125(X X 3), (7)
Y, =3.51-026(X,)—0.126(X;)* — 0.073(X,)* +
+0.344( X 3)— 0.133(X3)? +0.0762( X, X ), (8)
Y3 = 4386—0.459(X,)— 0.3(X)* +0.119(X,)—0.151(X,)* +
+0.229(X 3)— 0.081(X3)* +0.181( X, X, )+ 0.056( X | X 3). )

Another criterion for evaluating the ability of reduced model to predict results
is coefficient of determination (Rz). When this value is close to 100%, the model
provides an accurate estimate of the results. The value of (R2 ) related to each
model is shown in the predicted-observed diagram for each model in Fig. 4. Using
STATISTICA software, the 3D and contour graphs related to mechanical behavior
of nanocomposite depending on variable parameters were plotted in Figs. 5-7.

2.2. Optimization of the Mechanical Properties. In this study, one of the main
goals is to optimize the effective factors to obtain the best content of new hybrid
epoxy-based nanocomposite. One of the common techniques for achieving the
optimum conditions within framework of the central composite design is usage of
profiles for predicted values and desirability functions shown in Fig. 8 , which are
provided by STATISTICA software that can be a proper tool for controlling the
behavior of each parameter and its effect on responses. But in this study upon
elaboration of the final mathematical model for each mechanical property, a
genetic algorithm provided by Matlab software is used to find more accurate
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Fig. 3. Pareto chart of standardized effects: (a) tensile; (b) damping ratio-first mode; (c) damping
ratio-second mode.

conditions on content instead of those provided by the desirability function. At
first, genetic algorithm starts working with a population of chromosomes, which
are randomly selected. In order to obtain better generation, genetic operators are
applied to the population. Reproduction, mutation and crossover are the most
common genetic operators, which can be described as follows. Reproduction
operator selects a couple of people that will produce the next generation. Persons
with higher fitness have more chances for reproduction, but chance of being
selected is also given to persons who have lower fitness conditions because they
may have valuable genes. Crossover operator is applied to the two selected
chromosomes so that they share their structure based on a specified probable value.
This operation creates a pair of new chromosomes that includes characterization of
their parents. After reproduction and crossover, mutation operator is applied to each
of the produced chromosomes. When the above algorithm is applied to the problem
under study, the following maximal mechanical properties for the optimal
conditions were obtained: for the ultimate tensile strength, HIPS content of 4.54%,
Si0O, content of 4.15%, and hardener content of 28.6 phr. These optimal condition
values for damping ratio in the first mode are 4.87% for HIPS, 5.5% for nanosilica
and 29.25 phr for hardener. Finally, the best concentrations of modifiers and
hardener for damping ratio in the second mode are: 5.05% for HIPS, 5.51% for
nanosilica, and 29.56% phr for hardener. The maximal values of mechanical
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Fig. 4. Predicted vs observed data for tensile (a), damping ratio-first mode (b), and damping ratio-
second mode (c).

Hardener
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Ultimate tensile strength of epoxy/HIPS/SiO,

Fig. 5. 3D and contour plots of UTS at HIPS = —0.82 (a), SiO, = —0.5 (b), hardener = 0.87 (c).
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Fig. 6. 3D and contour plots of damping ratio-first mode at HIPS = —0.71 (a), SiO, = 0 (b), hardener
=109 (¢).
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Damping ratio-second mode of epoxy/HIPS/SiO,

Fig. 7. 3D and contour plots of damping ratio-second mode at HIPS =—0.65 (a), SiO, =0 (b),
hardener =119 (¢).

properties predicted by the model at the optimal values of variables were, as follows:
69.8 MPa for UTS, 3.79% for damping ratio in the first mode, and 4.67% for
damping ratio in the second mode. Upon preparation of samples, according to the
optimal conditions, they were tested, in order to provide verification of the
predicted results. By using five replications for each experiment, the following
average results have been obtained: 68.5 MPa for UTS, 3.75% for damping ratio in
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the first mode, and 4.61% for damping ratio in the second mode. Analysis of the
results obtained shows that the experimental values have a close fit with those

predicted by the model.
simultaneous addition of

Similar to results of previous studies, it was found that
nano- and thermoplastic phases to epoxy resin results in

higher toughness of the material. Mirmohseni and Zavareh [42] have shown that by

adding 2% clay and 20%

polyamide, the material toughness can be increased up to

115%. Mirmohseni and Zavareh [43] demonstrated that with incorporation of 2.5%

clay nanolayered and 4

phr ABS into epoxy matrix, 133% improvement was

observed for impact strength.
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Profiles for predicted values and desirability
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Fig. 8. Profiles for predicted values and desirability function for UTS (a), damping ratio-first mode (b),
damping ratio-second mode (c).

2.3. 3D and Contour Plots for Mechanical Behavior of Epoxy-Based Hybrid
Nanocomposite. In this study, in order to show the dependence of mechanical
properties of epoxy-based hybrid nanocomposite on such effective parameters as
design factors, the 3D response surface and contour plots are employed.

2.3.1. Effect of Hardener and Silica Loading on Mechanical Properties.
Figures 5a, 6a, and 7a present 3D response surface and 2D contour plots of the
ultimate tensile strength and damping ratio at the first and second modes of epoxy/
HIPS/Si0, ternary nanocomposite as a function of hardener and silica nano-
particles contents, while HIPS factor was at its optimal concentration for each
property. As one can see from the results, in similar cases silica content and
hardener loading have significant effects on the measured mechanical properties.
The tensile and damping values in the first and second modes increased with
increasing silica content to some extent and decreased with higher loading. This
amount varied between 4.15-5.51%. As Mirmohseni and Zavareh reported in [43],
the above figures indicate that the best concentration of hardener in hybrid
mechanism does not correspond to stoichiometric ratio (23 phr), whereas the
optimal loading for hardener occurs in the range of 28.40-29.56 phr. Also it can be
concluded that hardener and silica nanoparticles provide no significant interaction
effect on the results. A possible reason for these phenomena may be attributed to
the fact that due to small size and low concentration of silica nanoparticles, these
particles cannot inhibit the performance of hardener in polymerization of epoxy
monomers.

2.3.2. Effect of Hardener and HIPS Loading on Mechanical Properties.
Figures 5b, 6b, and 7b depict the response surface and contour plots, which
demonstrate the effects of HIPS and hardener factors on the ultimate tensile
strength, damping ratio at the first and second modes of epoxy/HIPS/silica hybrid
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nanocomposite, whereas the SiO, loading is fixed at its best concentration for each
property. It is seen from the figures that the hardener behavior is similar to that
described in the previous section. It seems that the main processing defects in
epoxy-based nanocomposites are related to the entrained voids and incomplete cure
during the cross-linking phase. Noteworthy is that HIPS loading yields the
optimal mechanical strength values at different contents. The optimal amount of
HIPS for tensile loading is 4.54%, for damping ratio at the first mode — 4.87% and
finally, for damping ratio at the second mode — 5.05%. In these results, the main
feature is a considerable interaction effect between HIPS and hardener for the
ultimate tensile strength and lower interaction for damping ratios at the first and
second modes, as compare to that in tensile mode. This behavior may be related to
the large size of HIPS particles that inhibit complete involvement of epoxy
monomers by hardener and reduce the chance of all epoxy monomers to participate
in polymerization and network forming that lead poor strength of epoxy. But
insofar as rigidity is a negative parameter from the standpoint of damping
properties, this interaction has a feeble effect on the latter.

2.3.3. Effect of HIPS and SiO; Loading on Mechanical Properties. The effect
of HIPS and nano-SiO, contents upon mechanical strength of epoxy-based nano-
composite is depicted in Figs. Sc, 6¢, and 7c. As it follows from the results, they
are strongly affected by these factors. Increase in toughness by usage of
thermoplastic particles results in the matrix shear bonding and matrix dilation from
the plastic zone in front of the crack tip [8, 9, 44, 45], which provide the
improvement of damping properties. A localized plastic zone during vibration can
absorb these waves, limiting the high local stresses and thereby can reduce the
probability of vibration growth. Also this strategy may ensure absorption of more
energy than it would be required for the equivalent propagation in brittle materials.
Noteworthy is that interaction between HIPS and SiO, affects the tensile and
damping strength values at the second mode, whereas this interaction is not
observed in case of damping at the first mode. This behavior may be attributed to
the fact that the simultaneous presence of HIPS and SiO, increases the viscosity
and decreases the possibility of homogeneous mixture formation. This may lead to
agglomeration of SiO, nanoparticles and formation of large particles, which cannot
absorb the energy of vibration in the material.

The results obtained indicate that the ultimate tensile strength of epoxy/
HIPS/Si0O,; ternary nanocomposite is increased up to 69% for the optimal levels of
parameters The damping ratio at the first mode, in comparison with neat epoxy
sample, is enhanced by 42%, while damping ratio at the second mode can be
increased by 91%. This result shows the synergistic effect of silica and HIPS
modifiers on damping strength of hybrid nanocomposite. These results indicate
that addition of rigid nanoparticles (silica) enhances tensile strength, whereas
addition of HIPS, as a thermoplastic phase, improves the vibration-absorbing
ability of composite. In general, it may be concluded that simultaneous addition of
HIPS as a thermoplastic modifier and silica as a nanoparticulate material can
considerably improve the mechanical and damping strength values concurrently.
The micrograph depicting the fracture surface of tensile specimen at the optimal
amount of HIPS, SiO, and hardener is shown in Fig. 9. In epoxy materials,
cross-link density plays a vital role in achievement of good mechanical properties.
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Fig. 9. Scanning electron micrographs of fracture surface for specimens: neat (a), with 3.5 wt.% SiO,
and 4 wt.% HIPS (b, c, d).

As seen from Fig. 9, good dispersion of silica nanoparticles and high impact
polystyrene as thermoplastic phase with small-scale agglomeration takes place.
Moreover, phase separation of nano- and microparticles in epoxy-rich matrix is
observed. Thus, modifier with homogenous dispersion can act as crack stopper
and reinforcement, enhancing the mechanical strength [46, 47].

Conclusions. A new combination of thermoplastic-nanofiller as a modifier for
epoxy-based composite is proposed. In this study, tensile and damping properties at
the first and second modes have been investigated. The central composite model is
applied for prediction and optimization of the results. A genetic algorithm is used
to optimize the models provided by CCD. In addition, the effects of parameters on
mechanical strength of epoxy/HIPS/SiO, ternary nanocomposite are described by
3D response surface and 2D contour plots. As follows from the results obtained,
combination of HIPS and silica nanoparticles significantly increases the epoxy
resin tensile strength, as well as damping properties at the first and second modes
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by 69, 42, and 91%, respectively. Correlation between morphology and mechanical
properties is observed via the SEM technique.

Pe3ome

3HayHa KPUXKICTb 1 HH3bKI XapaKTEPHCTHUKH OIOpPY XBWJIBOBIH Hampysi, He3Ba-
JKarouM Ha BUCOKY MEXaHIYHY MIITHICTh, 00OYMOBHIIN HEIOCTATHRO IIHPOKE IMPOMHUC-
JIOBE BUKOPUCTaHHS CIIOKCUIHUX CMOJI. BUKOPHCTOBYETHCSI HOBE MOETHAHHS TEPMO-
IDIACTUYHHUX 1 JHUCIIEPCHUX HAIOBHIOBAYIB SK MoAudikaTopa I OJHOYACHOTO
MiABUIICHHS! MIITHOCTI Ha pO3pUB 1 JieMI(]ipyBalbHUX BIACTHBOCTEH HAHOKOMIIO-
3WTa Ha CMOKCHIHIA OCHOBI IPM HaBaHTa)KEHHI 3a MEPLIOIO 1 IPyroro Moao0. [
OTPUMAaHHS TPUKOMIIOHEHTHOTO HAHOKOMITO3UTa Ha €MOKCH/IHI OCHOBI BUKOPHC-
TOBYIOTBCS YAAPOMILIHUI MOJIICTUPOI SIK TEPMOIUTACTHYHA (ha3a i HAHOYACTHHKU 3
KpemHe3eMy sK aucrnepcHa (aza. Jlims peamizamii qucnepciiiHOro MexaHi3My BHKO-
PHUCTOBYETBCS METOJ MEPEeMIilllyBaHHS PO3YMHY Ul MPUTOTYBAaHHS OAHOPITHOI
cyMimri, mo 3a0e3nedye aJeKBaTHE IMEpPEMIllyBaHHS Ha MOJEKYJISPHOMY PiBHI.
MinnicTs Ha po3puB 1 JemiipyBaibHi BIaCTHBOCTI MaTepiany mpu HOro HaBaHTa-
JKEHHI 3a TIEPIIOI0 1 JPYTrol0 MOJO0 OIIHIOBAJIH IPH IPOBEICHHI JABOX PI3HHUX
MeXaHIYHUX BUMPOOYBaHb 13 METOIO JOCATHEHHsI O1bII BUCOKOI MIITHOCTI # ynap-
HOI B’SI3KOCTI 0€3 IMOoTipIIeHHs HEOoOXIAHMX MEXaHIYHHUX BilacTuBocTel. [Ipm po3-
poOIli MaTeMaTHYHUX MOJICNICH JUIs MPOTHO3YBAaHHS MEXAHIYHOI MOBEIIHKH HAaHO-
KOMITO3UTa 3 €MOKCHIHOI CMOJIH, yIapOMIIHOTO TIONICTHPOJa 1 KpeMHe3eMy SK
¢GyHKUIi (Qi3MYHUX YMHHHUKIB BHUKOPHCTOBYETHCS ICHTPAIBHUI KOMIO3HIIHHHHA
1aH. 3a eeKTUBHI MMapaMeTpu Opaiy MPOIEHTHUH BMICT yIapOMIIHOTO TOJICTH-
poja, KpeMHe3eMy W EMOKCHIHOIO 3aTBep/pKyBaya. Ha OCHOBI MareMaTHYHHX
¢GyHKLOiH, OTpUMaHUX 3a JOIOMOIOI0 MOJEIl LEHTPaJbHOTO0 KOMIO3HULIHHOIO
IJ1aHy, OyJ0 BUKOPHCTAHO MEHETHYHHUM aJrOPUTM, SIK OJUH 13 TOTYKHHX 3ac00iB
onTUMizauii, JIsI BU3HAUYCHHsI ONTUMAaJbHUX 3HAYCHb MEXAaHIYHHUX BIACTUBOCTEH.
OTpumaHi pe3ynbTaTH CBigdaTh, IO TOETHAHHS HAHOYACTHHOK YIapOMIITHOTO
MOJIICTUPOJIa 3 KPEMHE3EMOM 3HAYyHO 301UIbIIYE TPAHMLIO MIIHOCTI Ha PO3PHB 1
XapaKTepUCTUKH AeMIipipyBaHHS enoKcHIHOI cMonu Ha 69, 42 1 91% BinmosigHO.
Mopdonorito MoBepXoHb PyHHYBAaHHS BHBYAIM 32 JOIOMOTOI CKaHYBaJbHOTO
€JIIEKTPOHHOTO MIiKpOCKOTIA.
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