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Abstract—Epoxy-silica based hybrid nanocomposite coatings have been developed with different organic-
inorganic contents by sol—gel process. Various ratios of ceria and zirconia colloidal dispersions as inorganic
nanoparticles are uniformly distributed in the hybrid sol. The hybrid sols are prepared by hydrolysis and con-
densation of 3-glycidoxypropyltrimethoxysilane (GPTMS) and tetraethylorthosilicate (TEOS) in acidic
solution using bisphenol A (BPA) and 1-methyl-imidazol (MI). A thin layer of each sol is coated on a micro-
glass slide and 1050 aluminum alloy as substrates. The effect of alkoxysilane precursors (i.e. TEOS and
GPTMS) and inorganic to organic molar ratio are investigated. Nanoindentation and dynamic mechanical
analysis (DMA) performed to characterize the mechanical properties of the coatings in nanorange scale. It is
revealed that all hybrid nanocomposite coatings had appropriate flexibility and strong interfacial interaction
with the aluminum alloy substrate. It is proposed that the ceria and zirconia nanoparticles can be bonded to
the surrounding of siloxane ring which can be induced high restriction in polymeric chain mobility in
dynamic mechanical analysis. Nanoindentation tests showed that by increasing the inorganic phase in the
nanocomposite, both elastic modulus and hardness increase, especially they are very intense in the higher

levels of inorganic content.
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INTRODUCTION

Aluminum and its alloys are among the most-used
metals in the world [1]. The natural oxide layer can be
formed on the surface of aluminum alloy in the atmo-
sphere. However, this oxide layer is not able to protect
the underlaying metallic substrate from corrosion in
aggressive media [2]. In addition, the mechanical
properties of natural oxide layer cannot resist against
an abrasion or scratch condition. Therefore, any
defects can be created on the coating, and the metal
surface is exposed to an aggressive media, the metallic
substrate will immediately start to corrode with serious
effects on the adhesion of the coating and the integrity
of the coated object. Such mechanical defects can not
only occur when a product is used in service but also
already during its production, for example, during
forming processes of coated metallic sheets.

Therefore, a wide range of protection methods are
developed to prolong lifetime or delay corrosion dam-
ages in metallic objects such as alloying, passivation,
cathodic protection, sacrificial coatings, barrier coat-
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ings and corrosion inhibitors [3]. The addition of inor-
ganic nanoparticles to the coating system is an estab-
lished approach to improve the corrosion protection
and mechanical resistance. The application of
organic-inorganic nanocomposite coatings not only
inhibits corrosive species from reaching the metal sur-
face but also improves processability, scratch and
abrasion resistant. In this regards, organic-inorganic
hybrid nanocomposite coatings can provide outstand-
ing corrosion protection and also mechanical resis-
tance.

Nano inorganic particles such as SiO,, TiO, and
710, in thermoset resins, have improved scratch and
abrasion resistance of the coatings significantly [4, 5],
without an important side effect on the transparency
[6]. However, a key factor in the coating properties is a
good dispersion of inorganic nanoparticles in the
polymeric matrix [7].

The inorganic particles can be used in sol—gel pro-
cess by silane coupling agents due to their bi-func-
tional structure which can be reduced inorganic
nanoparticles agglomeration by grafting organic
groups on them. The results are an improvement in the
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dispersion of inorganic particles because of the steric
repulsion of grafted organic groups, and also an
improvement in scratch and abrasion resistance of
coatings [8—11].

The mechanical properties of hybrid thin coatings
are of interest from both technologically and basic
standpoints [12]. Nanoindentation is one of the prom-
inent techniques to characterize the mechanical prop-
erties of hybrid thin layers in the nanometer range [13,
14]. Nanoindentation test has been routinely used to
investigate the elastic—plastic and fracture properties
of thin films [15, 16]. Methods for measuring the
Young’s modulus have been very well established for
time independent materials [17]. Oliver and Pharr [18]
proposed a method to determine the basic material
properties such as Young’s modulus. The method is
based on Sneddon’s solution [19] for the relationship
between the load and displacement for an axisymmet-
ric indenter indenting into a half-space composed of a
linear elastic, isotropic and homogeneous material.
While the method works well for time-independent
materials, applying the methods directly to viscoelas-
tic materials has experienced problems. For example,
the unloading curve in viscoelastic materials some-
times has a negative slope, under situations where a
small unloading rate and a relatively high load were
used for a material with pronounced viscoelastic
effects. Some work in recent years has improved the
methods proposed by Oliver and Pharr [15, 18] for the
determination of Young’s modulus, or Young’s relax-
ation modulus. Cheng et al. [20] investigated elastic
and viscoelastic deformation under flat-punch inden-
tation and derived the analytical solutions for linear
viscoelastic deformation. Lu et al. [21] proposed
methods to measure the creep compliance of solid
polymers using either the Berkovich indenter or the
spherical indenter and they also proposed a new
method to measure the viscoelastic functions in fre-
quency domain using a spherical indenter [22]. Their
methods are applicable to any materials in linear vis-
coelastic domain and are characterized by the general-
ized Kelvin’s model.

The mechanical behavior of coatings can be also
investigated by nanoindentation test at different load-
ing forces. Many important mechanical properties,
such as hardness and elastic modulus can be obtained
from the load—displacement data [23]. In addition,
the fracture toughness of thin coatings can be calcu-
lated [24, 25]. Nanoscratch and wear tests can be also
measured with a tangential force at ramping loads
[26]. Recently, many efforts have been done to
improve the properties of nanocomposite coatings
with unique properties of inorganic compounds such
as hardness and scratch resistance which also possess
the good mechanical properties of organic polymers
such as deformability and toughness [27]. Shokrieh et
al. [28] investigated the effect of graphane nanoplate-
lets on the mechanical and tribological properties of
epoxy based vinyl ester nanocomposite. The effect of
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titanium-based nanoparticle was studied on the
mechanical properties of nanocomposite coating by
nanoindentation methods [29]. Allahverdi et al. [30]
investigated the effect of nanosilica on mechanical
and thermal properties of epoxy resin. They found
the elastic modulus and hardness improve by nanos-
ilica content in the coating composition. Zhai and
McKenna were performing a test sequence that
includes multiple loading rates or indentation rates to
extract polymer’s viscoelastic properties [31].

3-glycidoxypropyltrimethoxysilane (GPTMYS)
could be used as a network former because of its dual
functionality as well as a coupling agent in organic—
inorganic hybrid systems. The results are a better dis-
persion of inorganic nanoparticles in organic matrix
and an improvement in the mechanical properties of
coating as well as a better adhesion to substrates. In the
case of sol—gel-derived GPTMS—TEOS or tetrame-
thoxyorthosilicate (TMOS) hybrid materials, it is
found that organic content and hydrolysis water ratio
have a significant effect on the corrosion resistance of
hybrid coatings [32, 33]. Epoxy ring opening of
GPTMS in sol—gel derived organic—inorganic mate-
rials with titanium and aluminum alkoxides [34], zir-
conium and cerium oxides [6] have been already
investigated in our laboratory for corrosion protection
of aluminum alloys.

In this research, epoxy-silica based hybrid nano-
composite coatings are prepared in the presence of
CeO, and ZrO, water based colloidal nanoparticles by
environmentally friendly sol—gel process. We have
recently investigated the corrosion protection, glass
transition temperature (7;) and morphological prop-
erties of these nanocomposite coatings [6]. This work
is in continuous of our previous study. Here, the
mechanical properties of the nanocomposite coatings
on 1050 aluminum alloy were studied in nanoscale.
The aim of this work is to evaluate the influence of
ceria and zirconia colloidal nanoparticles on the
mechanical properties of the coating in this range. In
each nanoindentation test, a loading history was pre-
scribed to a coating layer and the resulting response
was recorded, subsequently the experimental load—
displacement curve was analyzed to determine the vis-
coelastic properties as a function of time.

EXPERIMENTAL
Materials and Reagents

Nanocomposite hybrid coatings were prepared
using sol—gel precursors. Tetraethylorthosilicate
(TEOS), was used as the inorganic network former
and 3-glycidoxypropyl-trimethoxysilane (GPTMS),
was used as the network modifier and coupling agent,
supplied by Merck and Fluka, respectively. Both pre-
cursors were used as received. In addition, CeO, and
710, in aqueous colloidal dispersions were used as
inorganic particles from Alfa Aesar. Bisphenol A
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Table 1. Some characteristic data of the used materials

Linear chemical

Material
formula

Description Form

Tetraethylorthosilicate (TEOS) (C,H50),Si

3-Glycidoxypropyl-trimethoxysilane |CoH,(O5Si
(GPTMS)

Cerium oxide CeO,

Zirconium oxide Zr0O,
1-Methylimidazol (MI) C,HgN,

BiSphenOl A (BPA) (CH3)2C(C6H4OH)2
Or Synonym

2,2-Bis(4-hydroxy phenyl) propane

Inorganic network former Liquid

Trifunctional silane epoxy ring |Liquid
monomer network modifier

Inorganic nanofiller, low pH, |Liquid, 20% in H,O
<5.0 nm nanoparticle dispersion

Inorganic nanofiller, 5—10 nm |Liquid, 20% in H,O
particles in liquid nanoparticle dispersion

Catalyst for curing reaction Liquid

Curing agent Solid

(BPA) as curing agent, 1-methylimidazol (MI) used as
catalyst for curing reaction, Sodium chloride and
hydrogen chloride were supplied from Merck com-
pany. All materials were used without further purifica-
tion. Some information regarding the characteristic of
the materials used in this study including sol—gel pre-
cursors, inorganic particles, curing agent, initiator and
catalyst is given in Table 1.

Sol Preparation

Firstly, GPTMS and TEOS are mixed in a beaker
with 0.01 M HCI and ethanol in 1 : 2 H,0/ethanol
molar ratios at ambient temperature. Water to alkox-
ides is considered in the range of stoichiometric molar
ratio. Then, a transparent sol was obtained by stirring
two-phase solution at a rate of 240 rpm for 3 h. Sec-
ondly, ZrO, and CeO, colloidal nanoparticles disper-
sion in water were added to the sol while stirred during
30 min. Then, 1 : 1 molar ratio of bisphenol A (BPA)
to epoxy silane was dissolved in the stirring sol. It was
allowed the hydrolysis and polycondensation reac-
tions in the sol by stirring at a rate of 240 rpm for 4 h at
room temperature. In the following, 1-methylimid-
azol (MI) was added in the stirring sol as a cross-link-
ing network catalysis (1 wt.% vs. GPTMS). Finally,
the hybrid sol was coated on the 1050 AA and glass
substrates after 5 min stirring. Table 2 shows the molar
ratio of components in the prepared nanocomposite
samples.

Substrate Preparation

The 1050 aluminum alloy and soda lime glass slides
were used as substrates in this study. 1050 AA was pol-
ished by abrasive papers (number 400 and 600) to
remove any oxide layer on the surface. The substrate
was initially rinsed with Deionized water (DI H,0),
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cleaned with ethanol to remove any excess dirt and
other pollution. The etching solution was 5 wt %
NaOH and the substrates were immersed into the
solution for approximately 3 min at 60°C. Then, they
were washed by deionized water to remove the etching
solution remaining on the surface. After this step, the
sample was immersed in a diluted HCI aqueous solu-
tion for 1 min at ambient temperature to desmutting.
Finally, the substrate was rinsed with DI H,O, cleaned
with methanol/hexane to remove any excess probable
pollution and dried before coating.

Coating

The hybrid sols were coated on the etched and
cleaned substrates (i.e. 1050 AA and soda lime glass
slides) through the spin-coating process with a spin
rate of 1200 rpm, dried for 24 h at ambient tempera-
ture, and heated in oven for 2 h at about 130°C. The
coating procedures may be repeated to obtain higher

Table 2. Prepared nanocomposite samples (in mol ratios?)

Szgllpe]e pﬁ;ﬁ:,ftlf% Ce0,/Zr0,¢| GPTMS/TEOS
GP1 100 0:0 1:0
GP2 66.6 0:0 2:1
GP3 62.5 1:0 2:1
GP4 58.8 101 2:1
GP5 55.5 2:1 2:1
GP6 33.3 0:0 1:2
GP7 0 0:0 0:1

2 All mol fraction are based on 1 mol of GPTMS.

b Organic content (%) = ((mol GPTMS)/(mol GPTMS +
mol TEOS + (mol CeO, + ZrO, nanoparticles)/5)) % 100.

¢ Ce0, and ZrO, are used as 20% nanoparticle dispersion.
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thickness. The soda lime glass slide was used as sub-
strate to produce a transparent thin coating.

Transmission Electron Microscopy (TEM) Analysis

The three dimensional morphology of nanoparti-
cles in the coated substrates were characterized by a
Transmission electron microscopy (TEM Phillips
CM-120 The Netherlands).

Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis (DMA) experi-
ments were measured on the powdered samples using
DMTA-PL instrument, Tritic 2000 England in single
cantilever bending mode in the temperature range
from 0to 200°C and 1 Hz frequency with a heating rate
of 3 grad/min under nitrogen atmosphere according to
ASTM E1640-04. In this study, nanocomposite coat-
ings were scrapped from the surface and prepared as
fine powder. The powdered samples were filled in the
special steel mold with width 7.45 mm, length 30 mm
and thickness of 1.2 mm. The steel mold has an elastic
modulus at about 10" Pa in the whole range of the
experimental range of temperature. Therefore, the vis-
coelastic properties of samples can be attributed to the
powdered samples.

Nanoindentation Test

Nanoindentation experiments were performed by
using a Hysitron Inc. USA TriboScope® Nanome-
chanical Test Instrument with 2D transducer, com-
plete software and Berkovich diamond indenter was
used for performing indentation tests on the coated
samples on 1050 aluminum alloy substrates. The
thickness of the coating samples was in the range of
10 = 2 um to obtain intrinsic coating properties and to
avoid the substrate effect.

For each sample, the five indents were performed
at different points on the sample’s surface according to
the procedure described in ISO 14577 and the average
values were reported in this study [35]. The normal
load (P) was 300 uN with constant rate of 10 WIN/s.
The maximum load was kept constant for 10 s in order
to minimize the viscoelastic behavior of the coating
during the unloading segment i.e. creep or relaxation
behavior. In the unloading step, the indenter tip was
withdrawn from the sample surface at the same rate.
Prior to nanoindentation tests, the calibration of
Berkovich indenter area function was performed by
using Oliver and Pharr methods [18] and a standard
fused quartz sample. Figure 1 shows a typical load-
ing—unloading nanoindentation curve as a function
of displacement of indenter head [21, 36]. In Fig. 1,
ha indicates the displacement of indenter in the sam-
ple at the maximum load P,,, A, and A are the depth
of the indenter in contact with the sample under load
and after complete unloading, respectively. € is a con-
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stant with a value of 0.75 for a Berkovich indenter and
depends on the geometry of indenter [18, 36].

Hardness and elastic modulus can be calculated
from the indentation data, according to Oliver and
Pharr method by Eq. (1) [18]. Thus, the hardness H
could be measured from the maximum applied load
P...; divided by the projected contact area A at the
maximum load:

P |
y (1
In this method, S is the initial unloading contact
stiffness and is defined as a slop of unloading curve at
the maximum load on load-displacement curve (see
Fig. 1) [18]. The standard formulas for the evaluation
of hardness and elasticity are given based on the
assumptions according to the contact geometry
sketched in Fig. 1 [18, 37].

H =

RESULTS AND DISCUSSION
Hybrid Formation

3-glycidoxypropyltrimethoxysilane (GPTMS) as
organically modified precursors with epoxy functional
groups can react by hydrolysis and condensation via
sol—gel processing with bisphenol A (BPA) and in the
meantime condense with Tetraethoxy silane (TEOS)
as inorganic precursors to produce organic—inorganic
hybrid nanocomposite coatings. By the sol—gel pro-
cess, two organic—inorganic incompatible phases are
connected together with strong covalent bonds. The
compatibility of two phases in nanocomposite net-
work induces an improvement in optical transparency
and mechanical properties of coating.

The organic—inorganic hybrid coatings have been
performed in two steps. In the first step, GPTMS and
TEOS are mixed with water and ethanol. In-situ silica
nanoparticles are prepared with silanol from hydro-
lyzed GPTMS and/or TEOS. Accordingly, three prin-
cipal sol—gel processing may occur as the formation of
oxide network by hydrolysis and condensation reac-
tions of TEOS and GPTMS in water and co-solvent
(ethanol) media at low temperature by synthesis route
shown in Scheme 2 in [6]. Therefore, the attachment
of GPTMS and TEOS from their alkoxy side to each
other is highly preferred and acts as a principal role in
connecting organic and inorganic phases to each
other. However, compatibility of organic and inor-
ganic phases can be decreased by increasing TEOS
content (i.e. in sample GP6). By increasing TEOS to
GPTMS molar ratio in the sol composition, inorganic
phase and the formation of Si—O-—Si bond tend to
increase which can be induced the larger inorganic
entanglements in organic—organic network. The
results may be representing a compact structure of
hybrid network with an increasing trend for both of
elastic modulus and hardness in hybrid coatings. For
silicon compounds network connectivity is through
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Fig. 1. (Color online) Schematic illustration of a typical loading—unloading nanoindentation curve.

the structural unit usually represented as 0", where Q
represents Si as a central tetrahedral atom and »n the
number of bridging oxygen (BO) per Si tetrahedron
that varies between 0 and 4 [38].

Structures of organically modified precursors (e.g.
GPTMS) can be represented as Q° [39, 40]. Q" units
can also be used for identifying ring structures in the
glass network. m-fold rings will be used for denoting
cyclic silicates where m represents the number of Q"
units of silicon atoms in a ring [41].

For silica-based glasses obtained by sol—gel pro-
cess, the desirable structure for cyclic silicates is 6-
folded ring, which can be found in quartz and silica
glass. Six-folded ring has bigger bridge angle and is less
tensioned. It is thus kinetically more favorable.

GPTMS by 3 hydrolysable functional groups and
long organic tail cannot form a complete ring structure
and complete the glass network formation. At high
GPTMS to TEOS molar ratio, the final hybrid coat-
ings have less Q° units of silicon atoms in a ring struc-
ture.

Based on our previous research, we proposed a
schema of reaction route for GPTMS and TEOS in
the presence of CeO, and ZrO, nanoparticles based on
4-folded silicon atoms in an amorphous silica struc-
ture [6]. In addition, our TEM study on the sample G5
indicates a homogenously the ceria and zirconia
nanoparticles incorporated in the coating structure
(see Fig. 2).
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Yahyaei et al. [42] also studied silica phase in UV
curable acrylic resin by sol—gel process. Based on this
study, they proposed a “defect structure” for inor-
ganic network based on the vibration of 4-folded silox-
ane ring with the size of inorganic domain between 36
and 58 nm [43]. In our previous study, the average
diameter of inorganic domains was reported 36.8 = 1.6
and 53.6 + 2.3 nm for GP4 and GP6 samples, respec-
tively [6]. This may be indirectly implied a higher sili-

50 nm
| I

Fig. 2. TEM micrograph of coating prepared from GP5
hybrid sol.
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Fig. 3. Transparency of hybrid organic-inorganic nano-
composite coating (sample GP5).

oxane ring in the absence of ceria and zirconia
nanoparticles.

In addition, sol—gel reaction provides opportunity
for good dispersion of the aqueous ceria and zirconia
colloidal nanoparticles with the silica sol in the pres-
ence of BPA as an organic component in water and co-
solvent media at room temperature. In order to show
the good transparency of the hybrid coatings, a coated
glass slide sample was prepared from sol GP5 which
was shown in Fig. 3. As overall result, the nanocom-
posite coating was completely transparent, continu-
ous, and free of micro crack.

The ceria and zirconia nanoparticles can chemi-
cally bond to silanol groups in the sol through covalent
bond formation. It is expected ceria and zirconia
nanoparticles entered the siloxane ring and formed the
core-shell morphology by silica inorganic network
because of their particle sizes (i.e. 5—10 nm) [44].
However, Zr and Ce maps indicate their uniform dis-
tribution around some hollow spaces in the coating
prepared from GP4 sample (see Figs. 7b—7d in [6]).
This observation can be supported this idea that the
ceria and zirconia nanoparticles are bonded to the sur-

w0y (©

4 fold ring

OH
HO\ ZrO:)OH
©
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rounding of siloxane ring as schematic present in
Fig. 4.

In addition, the bonding of ceria and zirconia
nanoparticles to the outer siloxane ring can be induced
high restriction in polymeric chain mobility. Real part
of storage modulus (£') and tan o curve versus tem-
perature are presented in Figs. 5 and 6, respectively for
sample GP5 containing ceria and zirconia nanoparti-
cles in comparison with GP1 sample containing only
inorganic silica structure. The results show the values
of real storage modulus reduce slightly with the rise of
temperature. However, the decreasing of storage mod-
ulus is more significant in the range of 50 to 80°C that
can be attributed to passage of glass transition tem-
perature region. It is observed that the storage modu-
lus in both glassy and rubber region increased in the
case of GP5 sample containing the silica structure and
ceria and zirconia nanoparticles in compared with
GP1 sample containing neat silica structure. The dif-
ference in real elastic modulus (£") for two nanocom-
posite samples, i.e. CP1 and GP5 at room temperature
was about 10 percent while it increases to about 2 times
in the passage of their glass transition temperatures.
This can be an indication of the reinforcement effect
of ceria and zirconia nanoparticles in both regions
[45]. This higher modulus should be attributed to a
“higher stiffening” induced by higher 7, [46].

As seen in Fig. 6, tan 6 for both of nanocomposites
shows a peak in this temperature range (50—80°C). In
addition, with adding CeO, and ZrO, nanoparticles in
the polymer network, the movement of polymer chain
corresponding glass transition temperature (7,), is
more limited because these inorganic nanoparticles
can decrease free volume and increase interaction in
the polymer matrix and thus make the movement of

Zr0

OH
HO| ZrO2)OH

OH

OH

Fig. 4. (Color online) Schematic presentation of ceria and zirconia nanoparticles around silica ring structure.
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Fig. 5. (Color online) Real part of storage modulus (£")
versus temperature for (/) GP1 and (2) GP5 hybrid nano-
composites samples at 1 Hz.
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Fig. 6. (Color online) tand versus temperature for (/) GP1
and (2) GP5 hybrid nanocomposites samples at 1 Hz.
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Fig. 7. (Color online) Load—displacement curves of nanoindentation experiments on nanocomposite coatings with various inor-
ganic phases: (1) GP1, (2) GP2, (3) GP3, (4) GP4, (5) GP5, (6) GP6, and (7) GP7.

polymer chains more difficult which can be seen by an
increasing in the glass transition temperature [47].
Furthermore, 7, is following by a wide and board peak
in the rubber region as seen in tan & for GP5 in com-
pared with GP1 samples containing only inorganic sil-
ica structure. The similar results have already been
reported for the sample GP4 [6]. In fact, the interfacial
interaction between polymer chains and the nanopar-
ticles can raise T,. Therefore, it can be interpreted as
the viscoelastic behavior of nanocomposite samples.
In the temperature region close to 7, (50—80°C), the
nanocomposite samples containing ceria and zirconia
nanoparticles, i.e. GP5 here, behave like the neat
polymer matrix, i.e. GP1, in colder temperature. This
is perhaps the reason to observe a higher storage mod-
No. 3
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ulus and the limited rubbery state of the hybrid nano-
composite coatings.

Nanoindentation

In order to evaluate mechanical properties of nano-
composite coatings, nanoindentation test was per-
formed on the GP1 to GP7 samples coated on 1050
AA substrate with various silica as well as CeO,/ZrO,
contents. Figure 7 displays load—displacement curves
for nanocomposite coatings containing different inor-
ganic phase ratios of nanoparticles. These curves were
obtained from the nanoindentation test with a normal
force of 300 uN.

By increasing inorganic content in the nanocom-
posite structure, nanoindentation curves shifted to the
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left and the maximum penetration depth is reduced
due to the increasing hardness.

By comparing the maximum penetration depth in
the Load-displacement curves, it was determined a
decreasing trend in A,,,, by increasing in the inorganic
content in the nanocomposite structure. It may be
attributed to the propagation of hard inorganic net-
working in the lattice structure which increases the
penetration resistance of the material. As a result, the
maximum depths indicate a decreasing trend while the
maximum forces show an increasing trend. In addi-
tion, the unloading curve of the GP7 sample shows a
noise. It may be related to the release of stress induced
by unloading in a brittle silica inorganic network. Fur-
thermore, the higher creep in GP5 sample at mainte-
nance for 10 s at the maximum load may be attributed
to the board domain with multiple relaxation peaks as
seen in the Fig. 6.

The reduced elastic modulus and stiffness can be
calculated from the top unloading curves by Egs. (2)
and (3):

JnS

re > (2)
VA

where S is the slope of the initial portion of the

unloading curve and A is the indenter project area of
contact [15, 18, 35, 48].

E

2 2

1
where O is the Poisson ratio and F is the elastic mod-

ulus, s and i subscripts related to sample and indenter
properties, respectively. For diamond indenter £; and

U, are 1141 GPa and 0.07, respectively [ 18, 48, 49]. The
value used for the Poisson’s ratio of the nanocompos-
ite coating is considered equal to 0.33.

r S

As a practical matter, it is suggested that the
unloading compliance and stiffness can be computed
from a power relation fit of the unloading curve (see

Eq. (4)) [18].
P =Bh—hp)", C))

where B and m are fitting parameters and stiffness can
be computed in the maximum penetration depth from
Eq. (5) [23]:

S=(L) = Bnhh)™©)
dh/p=n

The Berkovich tip used in practical nanoindenta-
tion testing is not an ideally sharp contact geometry
type, therefore, tip geometry calibration or area func-
tion calibration is made on fused quartz by a series of
indentation tests at depths of interest [23]. A plot of
contact area A, versus contact depth 4, can be curve fit
according to a regression function (usually of power-
law type) fitted to the unloading curve [23, 42]. There-

max
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fore, contact depth can be calculated from load-dis-
placement from the Eq. (6).

h,=h € —max (6)

c max

where € is a constant and depends to the indenter
geometry type. It is considered € = 0.75 for Berkovich
indenter tip. Figure 8 shows a column diagram for
contact depth changes of different nanocomposite
samples. As seen from statistical analysis of 4. in
Fig. 8, the higher values for A4, are observed in GP1
and GP2 while GP7, GP4 and GP5 have the lower val-
ues, respectively. As the samples in this case are in the
glassy region, such behavior should be attributed in
their elastic properties. By adding inorganic phase, the
elasticity of samples increase and the contact depth is
reduced.

The maximum of stiffness values can be computed
from the slope of the unloading curve in A,,,.
Figure 9a is shown the stiffness changes for the differ-
ent nanocomposite samples. As clearly seen from this
graph, the stiffness is following upward trend with
increasing percentage of inorganic phase in the nano-
composite.

By obtained stiffness values and using Eq. (2), the
reduced elastic modulus F, is calculated and by using
the Eq. (3), the elastic modulus of samples (£, or E)
are determined. Figure 9b is shown the elastic modu-
lus for the different nanocomposite samples. The
hardness values can be calculated from Eq. (1). Statis-
tical analysis of elastic modulus and hardness data (see
Fig. 9c) showed that by increasing the inorganic
phase, they follows an increasing trend, especially it is
more intense at higher levels of inorganic phase. This
phenomenon can be explained as the elastic modulus
can be significantly affected by adding hardener inor-
ganic nano particles. However, hardness (H) may be
partially related to the cross link density and the adhe-
sion energy. As seen for the hardness, by adding
nanoparticles to GPTMS and curing, crosslink den-
sity can be increased resulting in increasing hardness
values. It is interesting to compare the indentation
modulus with the modulus values that are obtained by
using DMA experimental technique. Figure 5 shows
that the storage moduli of GP5 is about 10% higher
than its of GP1 at room temperature but it increases up
to 2 fold in passage of 7,. Figure 9b indicates that
indentation modulus of GP5 sample almost double
that of GP1 sample. It is related to the difference in the
type of modulus information that can be obtained with
two techniques, i.e. DMA and nanoindentation.
DMA experimental technique provides a bulk modu-
lus for the whole sample depending on the amount of
nanoparticles and their dispersions in the matrix, but
nanoindentation test represents a local modulus
related to a very small zone influenced by the
nanoparticles. For this reason, nanoindentation shows
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Fig. 11. (Color online) The bar chart of changes in (/) total work Uy, (2) elastic work U, and (3) plastic work Up for the investi-

gated nanocomposite samples.

a large stiffing modulus and DMA doesn’t indicate
much change at room temperature.

Another important parameter is the recovery elas-
tic that is proportional with plastic deformation during
the penetration process. The recovery elastic Ae can be
obtained from loading-unloading curve, and defines
as following equation:

Ae = Pina = e x100%,

max

where 4,,,, is the maximum penetration depth and 4 is
the residual plastic depth after completing unloading.

Figure 10 exhibits the graphical changes of elastic
recovery samples. The elastic recovery samples show a
maximum for the GP3 to GP5 samples containing
ceria and zirconia nanoparticles. The results of two

(7)

samples, GP6 and GP7, can be explained by high per-
centage of silica inorganic networking induce an elas-
tic-brittle behavior of the samples. As seen in the
unloading curve of GP7 in Fig. 7, the noise in unload-
ing curve may be related to brittle behavior in the sam-
ple.

The total amount of work as well as elastic (visco-
elastic) part and plastic part, can be calculated respec-
tively based on the area under the load-displacement
curve, unloading curve corresponding the elastic (vis-
coelastic) part, and the plastic part which is a differ-
ence between total work and elastic part (see Egs. (8)
and (9)).

Uyr = [ Fyan, (8)
U,=Ur— Uy 9)
POLYMER SCIENCE, SERIES A Vol. 59 No. 3 2017



EFFECT OF CERIA AND ZIRCONIA NANOPARTICLES ON MECHANICAL

U,/ Uz, %

80 61.33

-" 59.01

48.27

435

60 - J T -[ 45_.[56 41-.[27
40 + l J_ l
20} L I
0 1 1 1 1 1 1 1

GP1 GP2 GP3

GP4

GP5 GP6 GP7

Samples

Fig. 12. The changes of plasticity index for different nanocomposite samples.

Figure 11 shows the bar chart of changes in total
work (Uy), elastic work (Ug) and plastic work (Up) for
the prepared nanocomposite coatings. As seen in this
figure, by increasing silica content in the nanocom-
posite composition, total work (Uy) and elastic work
(Ug) follow up an increasing trend while plastic work
(Up) under goes an opposite trend. This may be indi-
rectly implied a higher silioxane ring networking by
increasing silica content in the samples that has high
susceptibility of Si—O—Si bonds in the segment move-
ments, and their high elasticity. However, increasing
inorganic phase by adding ceria and zirconia nanopar-
ticles does not provide important changes in trend of
elastic work (Up) and plastic work (Up). This observa-
tion can be also supported the proposed idea that the
ceria and zirconia nanoparticles are bonded to the
outer surrounding of siloxane ring. Therefore, they are
not expected to have a significant role in propagation
of silica networking.

U, % = (U,/Ur) x 100%. (10)

Furthermore, the plasticity index can be calculated
by normalization of the plastic to total work according
to Eq. (10).

As seen in Fig. 12, the plasticity indexes exhibit a
decreasing trend by adding the inorganic phase for dif-
ferent nanocomposite samples. Reduction in plasticity
indexes with increasing inorganic content in the nano-
composite samples can be an indication of recovery in
reversible response of sample to applied load. In addi-
tion, comparison of GP3 to GP5 samples shows that
the samples with different ZrO, and CeO, contents
but constant TEOS/GPTMS ratio have similar plastic
deformation. This also corresponds to a less inorganic
networking structure in constant TEOS containing
nanocomposite samples.
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CONCLUSIONS

Nanocomposite coatings were prepared using
silane precursors (i.e., TEOS and GPTMS), BPA,
and CeO, and ZrO, colloidal nanoparticles by sol—gel
process. According to the results, the ceria and zirco-
nia nanoparticles homogenously incorporated in the
silica based nanocomposites. The results support this
idea that the ceria and zirconia nanoparticles can be
bonded to the surrounding of siloxane ring by a core
shell structure.

In addition, the coatings are uniform and transpar-
ent. Silica based nanocomposite coatings modified
with CeO,-and ZrO, nanoparticles can be used as fill-
ers to improve the mechanical properties of 1050 alu-
minum alloy as well as its corrosion resistance in the
previous electrochemical studies. DMA results indi-
cated that real part of storage modulus (£') increased
and the relaxation process corresponding to 7, value
decreased and following by a wide and board peak with
adding the ceria and zirconia nanoparticles in the
nanocomposites composition. The elastic recovery
results showed that among the prepared samples, the
GP3 to GP5 had the higher values, owing to the pres-
ence of two distinct nanoparticles and the high portion
of the organic phase.
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