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Abstract

Aim of study: In this study, XRD and Vickers microhardness analyses of wood polymer nanocomposites
(WPNs) materials are carried out in detail. Especially, we are focused on the mechanical analysis.

Area of study: Pine wood flour (40 mesh) as lignocellulosic filler obtained from a commercial WPC
manufacturer (sema wood) in Tekirdag, Turkey are used.

Material and Methods: Polypropylene, nano TiO2 and coupling agent are used in the experiments.
Depending on the nanocomposite groups, granulated polymer, wood flour, nano TiO> and MAPP are mixed.
Then this mixture is compounded in a laboratory scale twin-screw extruder at 40 rpm screw speed.

Main results: According to the obtained hardness results, all of the materials show RISE (Reverse
Indentation Size Effect) behavior. Experimental microhardness results are compared with the mathematical
models (Meyer's law, Proportional sample Resistance (PSR), Elastic/Plastic Deformation (EPD) and
Indentation-Induced Cracking (IIC) models) used in the microhardness analysis of materials in the literature
and the most suitable model for microhardness values of materials was determined. According to the models,
IIC model is the most suitable to determine the micromechanical properties.

Research highlights: Structural and mechanical properties of WPNs materials are investigated. The increase
in the microhardness values of the all sample depends on the increase of applied load. In addition, the
microhardness values decrease with increased TiO: concentration in the samples and microhardness values
reach a saturation region at around 1.5 N for the samples.

Keywords: WPNs, Vickers microhardness, IIC model, RISE, XRD

Ahsap polimer nanokompozit (WPN) numunelerinin mekanik
davramslarinin statik vickers mikro sertlik test cihaz1 kullanilarak

incelenmesi

Ozet

Calismanin amaci: Bu ¢alismada, ahgap polimer nanokompozit (WPN) malzemelerinin XRD ve Vickers
mikrosertlik analizleri detayli bir sekilde gergeklestirilmistir. Ozellikle mekanik analizler iizerine
odaklanilmigtir.

Calisma alam: Tekirdag'da ticari bir WPC {ireticisinden (Sema Ahsap) elde edilen lignoseliilozik dolgu
maddesi olarak ¢am kerestesi kullanilmugtir.

Materyal ve Yéntem: Deneylerde polipropilen, nano TiO2 ve birlestirme maddesi kullanilmgtir.
Nanokompozit gruplara bagli olarak, graniil haline getirilmis polimer, odun unu, nano TiO2 ve MAPP
karistirilmigtir. Daha sonra bu karigim, 40 rpm'lik vida hizinda laboratuar 6lgekli ¢ift vidali bir ekstriiderde
birlestirilmistir.

Temel Sonuglar: Elde edilen sertlik sonuglarina gore, tiim materyaller RISE (Ters Centik Boyutu Etkisi)
davranigint gostermektedir. Deneysel sonuglar, literatiirde malzemelerin mikrosertlik analizlerinde kullanilan
matematiksel modeller (Meyer Kanunu, Orantili Numune Direnci (PSR), Elastik/Plastik Deformasyon (EPD)
ve Centici Kaynakli Yarilma (IIC) modelleri ile karsilagtirilmig ve en uygun model belirlenmistir. Bu modellere
gore, IIC modeli, malzemelerin mikromekanik 6zelliklerini belirlemek i¢in en uygun modeldir.

Aragtirma vurgulari: WPN'lerin yapisal ve mekanik 6zellikleri arastirilmistir. Tiim numunenin mikrosertlik
degerlerindeki artis uygulanan yiikiin artmasina baglidir. Ek olarak, numunelerde TiO2 konsantrasyonun
artmasi ile mikrosertlik degerleri azalmakta ve yaklagik 1.5 N'de doyma bdlgesine ulagsmaktadir.

Anahtar kelimeler: WPN, Vickers mikrosertlik, IIC modeli, RISE, XRD
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Introduction

Wood is one of the most important
renewable structural material in the world.
Wood material is effectively used in many
areas due to its durability and natural beauty.
Nevertheless, however, some disadvantages
such as high moisture absorption, biological
degradation and physical and mechanical
properties which change with environmental
variations that wood has shown are limiting
its use area (Piccardo and Magliocco, 2013;
Okoh, 2014). Various methods have been
developed to eliminate the negative
characteristics of the wood. Wood
modification using appropriate chemical
treatments, such as the formation of wood
polymer composites (WPCs), has shown
some potential in improving wood properties
(Ozmen et al., 2013; Cetin et al.,, 2015;
Kaymakei et al.,, 2017). Many chemicals
such as styrene, epoxy resin, urethane,
phenol formaldehyde resin, urea
formaldehyde resin, methyl methacrylate,
vinyl, and acrylic monomer are widely used
for the improvement of wood properties.

Wood based composite products such as
wood polymer composites, particleboard,
Medium density fiberboard (MDF) and
plywood are generally used in panel furniture
production in the furniture industry in the
world. But factors such as the reduction of
natural raw  material resources, the
development of environmental awareness,
the development of new production
technologies, and the difficulty of global
competition make furniture manufacturers
think that new materials should be used.
Because of this situation, the wood based
composite manufacturers have been directed
to search for alternative raw materials and
novel manufacturing methods.

The composite can be defined as a new
product resulting in a physical mixture of
multiple components. Thus, the two
materials in the different properties can form
a new material complementing each other. In
order to improve the mechanical properties
of polymer composites, many different
lignocellulosic and mineral based fillers and
reinforcing  materials ~ with  different
properties are used. Wood plastic composites
are used in exterior coating materials, in
room panes, windows and door frames,
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automobile interior parts and many other
products.

Nanotechnology is primarily used in
medicine, biotechnology, medicine,
materials, electronics, defense, textile,
automotive, construction, energy and so on.
Various researches are continuing in the
direction of wusing them in the fields.
However, the use of nanotechnology in the
forest products industry is quite new. In
nanocomposites, at least one dimension of
the fillers is in the order of nanometers.
Various nanomaterials such as carbon
nanotubes, SiO,, MgO, boron nitrides and
TiO, are evaluated in the production of
polymer nanocomposites as filler. The use of
nano fillers in nanocomposite production
significantly =~ improves  the  physical,
mechanical, thermal and optical properties of
the composite materials (Candan and
Akbulut, 2013).

According to most nanocomposite
researchers, TiO, nano filler is increasingly
being investigated because of high specific
properties such as non-toxic, chemically
inert, low cost, corrosion resistant and has a
high refractive index and high hardness.
Literature has also demonstrated that
nanoscale TiO, reinforcement  brings
attractive properties attained at very low
TiO, content, which make polymer TiO,
nanocomposites a promising new class of
materials (Farhoodi et al., 2012; Ahmed et
al., 2016; Deka and Maji, 2011).

The process of preparing a polymer
nanocomposite involves the blending of
polymer and nano materials in a manner that

nano materials are distributed
homogeneously throughout the polymer
matrix. The success of a polymer

nanocomposite related within the degree of
cooperation of individual nano materials
within the polymer matrix, which is directly
proportional to the total surface area between
the nano materials and the polymer. The
more contact area between the nano materials
and the polymer matrix resulted
extraordinary mechanical, thermal and
electronic properties of nano materials in the
resulting composite.

There are a lot of studies on the effects of
nanofiller such as nanoclay, graphene, silicon
dioxide (SiO3), and carbon nanotube on the
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mechanical performance of wood polymer
composites. However, the hardness and
crystallinity of the wood polymer composites
containing titanium dioxide (TiO,) were not
extensively investigated. Also combination
of wood flour and TiO, on properties wood
polymer nanocomposites (WPNs) is aroused
interest by wood composite scientist. For this
reason, this study focused on the effect of
TiO, on the mechanical and crystallinity
properties of wood polymer nanocomposites
(WPNSs).

The behavior of a material under a
specific load depends on the mechanical
properties of the material (Sahin et al., 2007;
Sangwal, 2002; Graaf, 2004; Lopesa, 2011).
Mechanical properties vary according to the
type of applied load. Generally, there are two
different load types as static and dynamic.
The wvarious mechanical properties of
materials are determined depending on the
load type applied. For example, fatigue
toughness is one of important properties of
the materials and is identified by the
behavior of the material under applied
dynamic load. Other material properties such
as tensile strength, yield strength, fracture
toughness, toughness, ductility, elastic
modulus and hardness are determined by the
behavior of the material under applied static
load (Tosun et al., 2014; Ozturk et al., 2014;
Arda et al., 2013).

There are many test methods are used to
determine the mechanical properties of
materials. The most common static load test
methods are the tensile, compression, torsion,
bending, hardness and creep tests. The most
common dynamic load test methods are the
fatigue test and notch impact test.

The aim of this study is investigation of

micromechanical and microstructural
properties of materials. The X-ray
Diffractometer (XRD) are used to

determination of structural properties and
Vickers microhardness measurements are
used to determination of micromechanic
properties of materials. These measurements
and obtained results are given in the Result
and Discussions.

Material and Method
Polypropylene (Borealis Incorp), nano
TiO, (Grafen company), and coupling agent
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(Optim-425, MF1/190°C; 2,16 kg = 120 g/10
min, density: 0,91 g/cm®) are used in the
experiments. Some physical and technic

properties of nano TiO, are presented in
Table 1.

Table 1. Specification of the TiO»

Properties TiO;
Apperance White Powder
Average Particle Size  10-25 nm
Purity 99.5 %
Surface Area > 50 m"2/g
Pine wood flour (40 mesh) as
lignocellulosic ~ filler obtained from a

commercial WPC manufacturer (sema wood)
in Tekirdag, Turkey. Experimental design of
the study is presented in Table 2.

Table 2. Experimental design of the study

WPN  Polypropylene Pine TiO2 MAPP
Groups (Wt%) Wood  (wt%)  (wt%)
Flour
(Wt%)
A 50 50 0 3
B 50 50 1 3
C 50 50 2 3
D 50 50 3 3
E 50 50 4 3
F 50 50 5 3

Depending on the nanocomposite groups,
granulated polymer, wood flour, nano TiO;
and MAPP are mixed. Then this mixture is
compounded in a laboratory scale twin-screw
extruder at 40 rpm screw speed. Extruder
temperatures are set as 170, 180, 185, 190,
and 200 °C for 5 heating zones. The
extrudates are collected, cooled and
granulated into pellets. Finally, pellets are
injected at injection pressure between 5 and 6
MPa with cooling time about 30 s. The
specimens are conditioned at a temperature
of 23 °C and relative humidity of 50%.

Result and Discussion
XRD Measurements

X-ray Diffraction measurements were
performed by Bruker D8 Advance X-ray
powder diffractometer device using Cu Ka
radiation source (A= 0,154 nm). Scanning
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rate and scan speed were 4° < 20 < 45° and
2°/min, respectively. The XRD analyses of
samples are shown in Figure 1. The XRD
graph (Fig. 1) evidently shows that all
diffractograms  exhibited sharp  peaks
between 20 = 14°-22°. The crystalline peak
intensity of the polymer nanocomposites
appeared in the range of 20 = 14-22° is not

change with the increase in the level of
incorporation of TiO,. However, the
intensities of peak nanoparticles is not
significantly changed with higher
concentration of TiO in the composite. This
indicates that the crystal structure of polymer
is preserved with TiO» concentration.
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Figure 1. XRD patterns of all samples

Vickers Microhardness Measurements

Vickers hardness test is developed to
measure the hardness of materials. It can be
used for all materials and has one of the
broadest scales among hardness tests.
Hardness is determined when force is applied
by an indenter to the surface area. In our
study, the hardness unit is taken as GPa.

In this study, the mechanical
characterizations of nanocomposites
materials are performed using Shimadzu
brand HMV-2 model digital microhardness
tester. The Vickers microhardness
values (Hy) of different applied loadings in
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the range of 0.245-2.940 N for 10 s can be
calculated using Eqn.1. This process is
repeated five times and average value of
hardness is found. F is applied load on the
surface of the material. A is the surface area
in terms of micrometers square.

18544 F

H,=F/A = 72

GPa

D

The change of the load dependent
microhardness values as a function of the test
loads are shown in Figure 2 in detail.


http://www.sciencedirect.com/science/article/pii/S0144861710008532#fig0035

Kastamonu Uni., Orman Fakiiltesi Dergisi, 2018, 18 (1): 62-74

Kastamonu Univ., Journal of Forestry Faculty

Asikuzun and Kaymaket

0,15
L]
014 - I ——
- T Ta
e — — — — —e
— o - —— - -aA
0,13 - . ] -
- - v
< L
F 012 o
e
>
T o011 -
01 e 0
= 1
/ ¢ 2
009 -/ . 3
S o4
+ 5
0,08 | | | |
0 0,5 1 15 2 2,5 3
F(N)

Figure 2. The variations of microhardness with load for the samples

It can be seen from figure that the
microhardness  values  decrease  with
increased TiO; concentration in the samples.
Microhardness values of all samples are
given in Table 3. In addition, microhardness
values reach a saturation region at around
1.5 N for the samples. The hardness value of
the sample observed RISE behavior depends
on the applied load. It shows that the indenter
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size is associated with applied load. This
nonlinear case is named as Reverse
Indentation Size Effect (RISE) in the
literature (Gong et al., 1999; Elmustafa and
Stone, 2003). Smaller indentation load shows
a smaller hardness value. In addition, optical
trace photos of the indentations for each
sample under 0490 N (50g) load are shown
in Figure 3.
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Figure 3. The optical trace photos under 0.490 N load for the samples
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Table 3. The calculated load dependent Hy for the samples

Samples F (N) Hy H, (GPa) Samples F (N) Hv Hy (GPa)
(GPa) (in plateau (GPa) (in plateau
region) region)
0.245  0.100 0.245 0.088
0.490  0.118 0.490 0.103
0 0.980  0.135  0.138-0.142 3 0.980 0.123 0.130-0.131
1.960  0.138 1.960 0.130
2.940  0.142 2.940 0.131
0.245  0.094 0.245 0.087
0.490 0.117 0.490 0.101
1 0.980  0.130  0.136-0.140 4 0.980 0.119 0.128-0.127
1.960  0.136 1.960 0.128
2.940  0.140 2.940 0.127
0.245  0.093 0.245 0.085
0.490  0.110 0.490 0.096
2 0.980  0.125  0.133-0.134 5 0.980 0.113 0.117-0.119
1.960  0.133 1.960 0.117
2.940  0.134 2.940 0.119

More detailed analysis is made using data
obtained from all results regarding
microhardness of materials that have RISE
behavior. Therefore, the different models are
presented in order to explain the behavior of
materials in the literature (Arda et al., 2013;
Kolemen et al., 2006; Sahin et al., 2008). In
this section, the comparisons are relevant to
hardness are made using the Meyer Law, the
proportional sample resistance (PSR), the
elastic/plastic ~ deformation (EPD) and
indentation induced cracking (I1C) models.
These models are load independent
microhardness models. Analyses on these
models are given below.

Meyer’s Law

Meyer's law which is an expression of
simple experimental is developed to explain
of ISE (Indentation Size Effect) or RISE
(Reverse Indentation Size Effect) behavior of
materials (Tosun et al., 2014).

F = Kd" (n
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Meyer number n is a measure of ISE or
RISE. If the n value is greater than 2, RISE
behavior is obtained. If the n value is less
than 2, ISE behavior is obtained (Quinn and
Quinn, 1997; Ozturk et al., 2011; Cetinkara
et al., 2009). Obtained results are shown in
Table 4. As shown in table, n values of the
all samples are greater than 2. As a result,
according to results of Meyer’s Law (Figure
4), all samples show RISE behavior.

Table 4. Best-fit results of experimental data
according to Meyer’s law

Samples Meyer InK
number (GPa)
Nk

0 2.31 -11.08
1 2.35 -11.29
2 2.33 -11.24
3 2.38 -11.56
4 2.37 -11.50
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InF (N)

Proportional
Model

According to PSR model, the F/d —d
graphs of the samples are given in Figure 5.
It can be seen from Table 5, the o constant
that is the value where (F/d)—d axis
intersected (Eqn.III) of all the samples shows
only negative values. This result confirms
that the character of the displacement of
these materials is in the form of the RISE
behavior. This situation confirms that the
plastic deformations occur in these samples
which show the RISE behavior.

Sample Resistance (PSR)

F/d=a+pd (m

In this model, load—independent hardness
values are calculated with the Eqn. (IV).
HPSR = 1854.4B (IV)

Quinn and Quinn (1997) show that there
is a transition region to plateau where
hardness remains unchanged after from a
certain of load value in hardness-load change
curves. They indicate that the hardness value

Ind (um)
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corresponds to hardness in this region is
called as the plateau region is true hardness.
When Hy values of samples are analyzed
(Table 3), it is shown that hardness reached
to plateau region after 1.5 N. If Hpsg hardness
values are compared with value that
corresponds to the plateau region, it can be
seen clearly that these microhardness values
are quite far from the plateau region (Table
5). Therefore, it is apparent that the PSR
model is unsuccessful to determine the real
hardness values of the materials
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Figure 5. Plots of F/d versus d for the samples
Table 5. Best-fit results of experimental data according to PSR model
3 5
Samples ax10 Bx10 Hprs H, (GPa)
N) (N/um) (GPa) (in plateau region)
0 -2.09 8.78 0.162 0.138-0.142
1 -2.31 8.79 0.163 0.136-0.140
2 -2.16 8.39 0.155 0.133-0.134
3 -2.51 8.45 0.156 0.130-0.131
4 -2.35 8.16 0.151 0.128-0.127
5 -2.00 7.45 0.138 0.117-0.119

Elastic/Plastic Deformation (EPD) Model

According to  the  elastic/plastic
deformation model (EPD), the relationship
between the applied load and trace is given in
the following Eqn. (5) (Bull et al., 1989; Upit
and Varchenya, 1966).

F=A4,(d, +d,) )

Where A, is a constant, d, is related to the
plastic deformation (d,). A, and d, values

can be calculated from graph of F/?-dp
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(Fig.6). In this model, load independent
microhardness value is calculated from
Eqn.6.

Hgpp = 1854.44, (©6)
When this model is applied, as seen in Table
6, d, value found from the point where the
graph intersects the y axis is negative for all
samples. Because there is no elastic
deformation for the applied loads. This result
is evidence of the RISE behavior of the
material.
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Figure 6. Plots of diagonal length versus square root of applied loads for the samples

Microhardness values that are calculated
by EPD model are so far from plateau region
(Table 6). As a result, it is clearly observed
that EPD model is not successful to
determine the microhardness of the samples.

Table 6. Best-fit results of experimental data
according to EPD model

Samples  Ax'? de Heor  H,
(GPa) (um)  (GPa)  (Gpg)
0 0.00944 -0.12  0.165  0.138-
0.142
1 0.00946 -0.14  0.165  0.136-
0.140
2 0.00923 -0.13  0.157  0.133-
0.134
3 0.00929 -0.16  0.160  0.130-
0.131
4 0.00912 -0.15  0.154  0.128-
0.127
5 0.00870 -0.13  0.140  0.117-
0.119
Indentation-Induced  Cracking  (11C)

Model

IIC model is developed to explain the
RISE behavior in the samples (Li and Bradt,
1996). According to the model, the applied
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test load is offset by the total resistance of
the sample at maximum depth. According to
this model, while the friction and elastic
effects led to normal ISE behavior,
indentation cracks led to RISE behavior. Li
and Bradt reported the importance of the
elastic and frictional effects in the PSR
model. Microhardness values calculated by
this model is given by,

5
H, = 2Ky () + K; (2—2)

is given by the equation. Here, d is the trace's
diameter and A1, K; and K; are constants.
While, K; value is dependent on the applied
load, K value is dependent on the geometry
of the indenter.

While, Hy=K1(F/d?), M=1 and
Ko(F*®/d®)=0 for ideal plastic materials,
Hy=K, (F**/d®) and A,=0 for ideal brittle
solids. If the investigated material is a brittle
material only second part of the equation is
used,

O]
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H,=K (;) ®)

Values of K and m are load independent
constants and are obtained from the In(H.)-
In(F**/d® graph (Fig. 7). m is used to
determine the ISE or the RISE behaviors. If

m>0.6 the material shows a normal ISE
behavior, however if m<0.6 the material
shows RISE behavior (Awad et al., 2011).
These values are given in the Table 7.
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Figure 7. Variation of from In(Hv) with In(F**/d%) according to IIC model

Analyzing data in Table 7, it can be seen
that 11C model hardness values are close to
the hardness values of the sample. This result
confirms that only plastic deformation is
observed in the samples. As can be seen from

the table 8, 11C model is the most appropriate
model for all other samples showing
RISE behavior (Asikuzun et al., 2015).

Table 7. Best-fit results of experimental data according to 11C model

Samples m InK Hic Hy
(NGSm3/ymG3m) (GPa) (GPa)
0 0.372 3.37 0.141 0.138-0.142
1 0.395 3.62 0.134 0.136-0.140
2 0.383 3.42 0.124 0.133-0.134
3 0.405 3.72 0.123 0.130-0.131
4 0.410 3.63 0.128 0.128-0.127
5 0.37 3.31 0.121 0.117-0.119
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Table 8. The results of load dependent Vickers microhardness at the plateau region and load

independent hardness values calculated using PSR, EPD and 11C models

Samples Hepp Hipo Huc Hy
(GPa)  (Gpa)  (GPa) (GPa)

0 0.165 0.162 0.141 0.138-0.142

1 0.165 0.163 0.134 0.136-0.140

2 0.157 0.155 0.124 0.133-0.134

3 0.160 0.156 0.123 0.130-0.131

4 0.154 0.151 0.128 0.128-0.127

5 0.140 0.138 0.121 0.117-0.119
Conclusion Journal of Nano Science and

In this section, the results of Engineering, 6, 111-119.

microhardness measurements of wood Bull, S.J., Page,T.F., Yoffe, E.H. (1989). An

polymer nanocomposites are reported. The
increase in the microhardness values of the
all sample depends on the increase of applied
load, which shows RISE behavior. In
addition, the microhardness values decrease
with increased TiO, concentration in the
samples and microhardness values reach a
saturation region at around 1.5 N for the
samples. Among the applied models, the IIC
model is identified as the most suitable
model for Vickers microhardness analysis of
wood polymer nanocomposites.
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