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The aim of the present work is to investigate the effects of nanoclay (NC) on the mechanical properties of polypropy-
lene (PP)/microcrystalline cellulose (MCC) composites modified by maleic anhydride grafted PP (PP-g-MA). Polypropy-
lene/microcrystalline cellulose nanocomposites were prepared using a twin screw Brabender Plasticorder, the weight percent of
the MCC was varied at 0, 0.5, 1, 2, 5, 10, 20, and 40wt%, and the NC content was varied at 0, 0.05, 0.1, 0.5, 1.0, and 2.0 wt%.
The results showed that consistent and uniform PP/MCC nanoclay composite can be produced easily with the presence of PP-g-
MA. Compression molding technique was used to produce tensile and impact testing samples; all samples were characterized by
tensile and impact tests. It is observed that increasing the amount of either the MCC or the NC will decrease the tensile strength,
elongation at break, and impact strength; much more reduction in the same properties was obtained in case both MCC and NC
exist within PP composites. Compared with neat PP, a loss of over 75% in both elongation and impact strength was obtained for
nanoclay composites which contain 60wt% PP/40wt% MCC. The most significant enhancement in the mechanical properties of
polypropylene/microcrystalline cellulose nanocomposites is in Young’s modulus where an increment of more than twofold can
be achieved for 60wt% PP/40wt% MCC nanocomposite. Polarized light photomicrographs showed that MCC particles play a
nucleating agent rule in terms of intensity of nucleation and crystal growth acceleration.

1. Introduction

Plastics are inert and nondegradable materials and cannot
break down innature and this leads thewaste to be aggregated
and thereby causes environmental pollution. Due to the huge
amount of plastics waste and with increasing environmental
concerns to preserve our environment, ecofriendly materials
have gained the attention of many researchers [1, 2]. Utilizing
degradable plastics can decrease the amount of plastics in
landfills that is why the use of biodegradable polymers has
increased recently up to 30% of the total plastic production.
Recently and to achieve this type of materials, researcher’s
interest has focused on degradable thermoplastic composites
reinforced with lignocellulosic based materials (e.g., kenaf,
bagasse, bamboo, tobacco, and cereal straws). Such materials
are favored as a new generation of reinforcing agents in
thermoplastics as they represent renewable, abundant, and
biodegradable natural resources [3–6].

Thermoplastics materials and composites are attractive
for a variety of applications due to many features including
low weight and cost, ease of processing and shaping, and
corrosion resistance in addition to many other advantages.
Enhancement of mechanical and physical properties of poly-
mers was achieved by the discovery of new nanoscaled
materials such as nanoclays [7], carbon nanotubes [8],
and micro- and nanocellulose [9]. Thanomchat et al. [10]
studied the morphology and crystallization of polypropy-
lene/microfibrillated cellulose (MFC) composites and found
that, for the PP/MFC composite, faster crystallization and
higher spherulite growth rate can be achieved. In addition to
that, the authors reported that the degree of crystallinity was
fairly independent on the MFC-loading.

Ummartyotin and Pechyen [11] prepared polypropylene
composites by integrating a small amount of cellulose of
10 𝜇m in diameter andmaleic anhydridewhichwas employed
as a coupling agent. Crystallization temperature and
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compressive strengthwere estimated to be 130∘Cand 5.5MPa,
respectively, while the crystal percentage was therefore
estimated to be 50%. Nakagaito et al. [12], Suryanegara et al.
[13], and Iwatake et al. [14] studied microfibrillated cellulose
(MFC) polylactic acid (PLA) nanocomposites. Their results
revealed that MFC can reinforce PLA 40% and MFC acts as
a nucleating agent and increases the crystallinity, accompa-
nied with a tensile modulus increase by 42% [14]. Polyure-
thane was successfully reinforced by the addition of micron-
and nanosized cellulose to the PP matrix in a work carried
out by Seydibeyoğlu and Oksman [15]. Their results showed
the importance of the nanosize reinforcement by tensile
testing and dynamic mechanical testing coupled with
significant thermal stability. Nakagaito and Yano [16]
prepared micro- and nanocomposites of cellulose fibers and
phenol formaldehyde. They modified the surface by NaOH
treatment, which resulted in a superior performance of the
nanosize fibers and a further improvement in the toughness
and percentage elongation.

In order to promote matrix-filler dispersion and com-
patibility, Spoljaric et al. [17] used poly(propylene-graft-
maleic anhydride) (PP-g-MA) andMCC treatedwith silicone
oil, stearic acid, or alkyl titanate as coupling agents in
the preparation of polypropylene-microcrystalline cellulose
(MCC) composites. It has been found that tensile stress-strain
analysis revealed increased modulus with MCC content, PP-
g-MA, alkyl titanate, and stearic acid. Also, storage modulus,
lossmodulus, and glass transition temperature increasedwith
MCC concentration due to effective interaction between PP
and MCC. Cellulose reinforced polypropylene composites
were obtained using polyethylenimine (PEI) as a coupling
agent in González-Sánchez et al. work [18]. The author
reported that the use of PEI as a coupling agent allows
significant increases in both tensile strength and elongation
at break. In a trial to improve mechanical properties of
PP/cellulose nanofibril (CNF) composites, Yakkan [19] used
a twin screw extruder to prepare the composites. It has been
reported that about 87% improvement in both the tensile
strength and Young’s modulus was achieved.

Although cellulose and natural fibers in composite mate-
rials have many advantages, also there are some drawbacks.
One of the main problems is the adhesion at the interface
of the composites which leads to poor properties. However,
there are many challenges to be solved for cellulose compos-
ites. To overcome the incompatibility of biocomposites, many
researchers suggested the use of different coupling agents
[20], such as silane [21], isocyanates [22], and titanate as
coupling agents [17].

In spite of the broadworks that have been done in the area
of recycling or producing degradable plastics, there is a little
work that has been reported on the mechanical properties
of polypropylene-microcrystalline cellulose composites. This
work, therefore, was intended to provide an understanding
of the effect of microcrystalline cellulose on the mechanical
properties of polypropylene. Since the addition of cellulose
to polypropylene may deteriorate its mechanical properties,
nanoclay particles will be used in combination with the
microcrystalline cellulose in a trial to inhibit the effect of
cellulose on polypropylene’s mechanical prosperities.

2. Materials and Methods

2.1. Materials. The followingmaterials were used throughout
the present work.

2.1.1. Polypropylene. The polypropylene used was Moplen
HP525J homopolymer, having a melting temperature
between (160–163)∘C and a melt flow index of 3 g/10min;
it is manufactured by PMC Polymer Products under
the license of BASELL using the Spheripol process. This
product has excellent processability and stretchability, high
transparency and gloss, high stiffness and strength, good
barrier properties, and excellent metallizability.

2.1.2. Cellulose. Microcrystalline cellulose 20𝜇m (supplied
byAldrichChemistry) is fine, white or almostwhite, odorless,
and free-flowing crystalline powder. It is used in this study as
it is biodegradable carries hydrophilic hydroxyl group; these
groups interact with oxygen atoms from another cellulose
chain. Hence, these chains build up microfibrils with a high
tensile strength.

2.1.3. Nanoclay. The nanoclay (NC) used in this work was
supplied by Sigma-Aldrich Chemical Co.; it is a surface
modified montmorillonite clay base material and contains
25–30wt% trimethyl stearyl ammonium with a particle size
of ≤20𝜇m.

2.1.4. Maleic Anhydride Grafted PP. Is a crystalline, isotactic,
modified homopolymer supplied by Sigma-AldrichChemical
Co. in a form of pellets. It has a density of 0.934 g/cm3,
molecular weight of 9100, and Brookfield viscosity of 4.0
poise at 190∘C.

2.2. Samples Preparation

2.2.1. Preparation of Composites. A Haake Poly Drive Twin
Screw Brabender Plasticorder was used to prepare forty
blends having various compositions of PP/MCC and clay
nanoparticles. Specific materials quantities were added in
sequence through a hopper and the mixing was carried out
for 5 minutes, at a temperature of 220∘C and a speed of
60 rpm. The resulting blend was taken from the cavity of the
Brabender and left to naturally cool, and then its size was
reduced using a Wanner 3-Blade Cutter to facilitate further
sample preparation needed. Forty samples were prepared as
shown in Table 1. To increase the combinability between the
hydrophobic PP and the hydrophilic NC and MCC, 2wt% of
maleic anhydride grafted PP was used for all composites.

2.2.2. Preparation of Tensile Testing Samples. Tensile testing
sampleswere prepared by a hot compressionmolding (Carver
Auto Series Press). Each processing cycle gives 14 tensile
samples using a copper square mold. Overhead projector
sheets were used to prevent the composite tensile testing
samples from sticking to the machine surface. The hot press
molding temperature was set at 220∘C and the hot pressing
cycle lasts for five minutes to ensure complete melting of the
composite particles.Molten samples under compressionwere



International Journal of Polymer Science 3

80 mm

2mm
25 mm

4.15 mm
10 mm

Figure 1: Dimensions of the tensile testing sample.

Angle of notch 45∘

12.7
63.5 mm

3mm

Figure 2: Dimensions of the impact testing sample.

Table 1: Composition of PP/MCC nanocomposites.

Sample PP wt% MCC wt% NC wt%
G1 100 0 0, 0.1, 0.5, 1.0, 2.0
G2 99.5 0.5 0, 0.1, 0.5, 1.0, 2.0
G3 99 1 0, 0.1, 0.5, 1.0, 2.0
G4 97.5 2.5 0, 0.1, 0.5, 1.0, 2.0
G5 95 5 0, 0.1, 0.5, 1.0, 2.0
G6 90 10 0, 0.1, 0.5, 1.0, 2.0
G7 80 20 0, 0.1, 0.5, 1.0, 2.0
G8 60 40 0, 0.1, 0.5, 1.0, 2.0

left to solidify and cool naturally. Figure 1 shows the exact
dimensions of the tensile testing sample used in the present
study [23].

The prepared tensile testing samples were analyzed via
a Hounsfield H50K-S UTM tensile testing machine using
a transducer load force of 5 kN and a testing speed of
10mm/min. Approximately 10 replicates of each group were
tested; the average of these results was used to represent the
final result.

2.2.3. Preparation of Impact Testing Samples. Impact testing
samples were prepared by exactly the same machine and
procedure used to prepare the tensile testing samples. Using
a steel square mold 14 impact rectangular samples were
obtained each hot pressing cycle. Figure 2 shows the exact
dimensions of the impact testing samples used in this study
according to ASTM 256 [24].

The prepared impact samples were analyzed via a 6545
Ceast Impact Tester.The sample was cantered for testing, and
a 7.5 J pendulum hammer was used to hit the sample. The
energy needed for breaking each of the samples was recorded
for further calculations; the results are expressed in energy
lost per unit of thickness (J/m) at the notch or energy lost per
unit cross-sectional area at the notch (J/m2). Approximately
10 replicates of each sample were tested; the average of these
results was used to represent the final result.

3. Results and Discussion

The dispersion of the microcrystalline cellulose and the
nanoclay particles in the polypropylene matrix in addition
to their effects on the tensile and impact properties will be
presented and discussed in this part.

3.1.MCCandNCParticles Dispersion. Although a twin screw
Brabender Plasticorder was used to prepare the composites,
it has been found that when the concentration of MCC is
high, the obtained PP/MCC composites were not perfect
and homogenous in terms of MCC particles distribution.
Figure 3 shows the distribution of the MCC particles within
the PP matrix at different MCC concentration. Photomi-
crographs A, B, and C show the good distribution of the
MCC particles, while micrographs D, E, and F show the poor
distribution of the MCC particle. The images prove that, at
MCC concentration less than 5wt%, the particles are well
dispersed within the matrix and there is no agglomeration
while at high concentration (≥5wt%) the agglomeration of
the particles and the poor dispersion are clearly seen. This
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Figure 3: Polarized light photomicrographs showing the intensity and distribution of MCC particles within molten PP: (a) 0.5, (b) 1, (c) 2,
(d) 5, (e) 10, and (f) 20wt% MCC [magnification = 133x].

poor distribution can be attributed to the fact that MCC is
hydrophilic in its nature whereas PP is hydrophobic, and this
caused a weak interaction and compatibility [25, 26].

To enhance the interfacial adhesion between polar
hydrophilic MCC and nonpolar hydrophobic synthetic
polypropylene, maleic anhydride grafted polypropylene (PP-
g-MA) is used. The anhydride groups of MAPP are prone
to compatibilizing with hydrophilic MCC particles, thereby
promoting the dispersion and surface wetting of MCC
particles in the PP matrix. These groups can also improve
the interfacial adhesion between the MCC particles and PP.
Similar phenomenon was observed by Gao et al. [27] and
Zhou et al. [28]. Figure 4 presents PP/MCC composites after
inclusion of 2 wt% of PP-g-MA.The photomicrographs show

the good dispersion of the MCC particles within the PP
matrix and disappearance of the agglomeration except for
PP/40wt% MCC composites, where agglomeration did not
disappear totally. As a result of this finding, all PP/MCC
composites used in the present study were mixed with 2wt%
PP-g-MA.

Figure 5 shows photomicrographs of PP/NC composites
uploaded with different weight fractions of nanoclay. The
micrographs revealed that the nanoclay particles are dis-
tributedwell in the PPmatrixwithout any agglomeration.The
main reason behind this dispersion is the modified surface of
the nanoclay used in the present study.

The distribution of 5 wt% MCC and different weight
fractions of NC particles in the grafted PPmatrix is presented
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Figure 4: Polarized light photomicrographs showing the intensity and distribution of MCC particles within molten PP after inclusion of
2 wt% PP-g-MA: (a) 5, (b) 10, (c) 20, and (d) 40wt% MCC [magnification = 133x].

in the micrographs of Figure 6. It is clearly seen that both
types of particles are dispersed in a good manner without
agglomeration; the addition of the NC particles does not
alter the dispersion of theMCC particles. Similar results were
observed for PP composites uploaded with different weight
fractions of MCC.

3.2. Effect of Clay Nanoparticles. Figures 7 and 8 present the
yield strength, Young’s modulus, percentage elongation, and
impact strength of polypropylene as a function of nanoclay
percentage. The addition of 2 wt% of nanoclay resulted in a
reduction in both the yield strength by about 11% and the
elongation at break by about 19% while Young’s modulus
increased by 49%. On the other hand, the impact strength
decreased by 35% at the maximum nanoclay concentration
used. The addition of the nanoclay to the neat PP increases
the brittleness of PP and this causes the yield strength,
elongation at break, and impact strength to decrease. The
brittleness increases the toughness of PP and hence Young’s
modulus increases. Since PP has a hydrophobic nature and
the nanoclay has a hydrophilic property, the usage of maleic
anhydride grafted PP increased the compatibility and hence
the adhesion between the components of the composite [29–
31].

3.3. Effect of Microcrystalline Cellulose. The effects of the
microcrystalline cellulose on the mechanical properties of

polypropylene are shown in Figures 9 and 10. It is clearly
seen that as the weight fraction of the microcrystalline
cellulose increases, the yield strength, elongation to break,
and impact strength are all decreases. At the maximumMCC
used in the study, it has been found that the reduction
values in the parameters are 33%, 67%, and 45%, respectively.
Figure 9 reveals that Young’s modulus value increases as the
concentration of MCC increases; an increment of 18% was
achieved at the maximum concentration of MCC.

The obtained results show that MCC plays nearly the
same rule as theNC but with greater effects in terms of reduc-
tion in the yield strength, elongation at break, and impact
strength. This result complies with the results obtained by
Yang and Gardner [32], where incompatibility between the
hydrophilic cellulose filler and hydrophobic matrix polymer
was given as a reason for the reduction in the yield strength.
Young’s modulus values continuously increased as MCC
loading increased because the MCC is more brittle than
the PP polymer [33]. Also, the elongation at break values
continuously decreased as MCC loading increased because
of the increased brittleness of the composites [32].

Figure 11 proves the efficiency of MCC particles in
nucleation of the crystallization process of polypropylene.
Using a polarized light microscope, the presented images
were taken during an isothermal process at 145∘C for a
virgin polypropylene and for polypropylene/microcrystalline
cellulose composite. The difference in intensity per unit area
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Figure 5: Polarized light photomicrographs showing the intensity and distribution of NC particles within molten PP: (a) neat, (b) 0.05, (c)
0.1, (d) 0.5, and (e) 1 (f) 2 wt% [magnification = 133x].

and the size of the crystals for samples containing MCC
particles when compared with neat PP is clearly seen.

3.4. Combined Effects of MCC and Nanoclay. Yield strength,
Young’s modulus, elongation at break, and impact strength
of PP/MCC nanoclay composites are presented in Figures
12–15 as a function of nanoclay weight fraction. Compared
with a neat polypropylene, the addition of nanoclay to
the PP/MCC composites leads to further reduction in the
yield strength and a maximum reduction reaches 85% at
the highest MCC weight fraction employed in this study
and this can be seen clearly in Figure 12. The elongation
at break did not improve at all by the nanoclay addition;
PP/MCC nanoclay composites behave like a brittle material

and lost about 76% of its elongation at break when compared
with the virgin polypropylene. Figure 14 reveals that Young’s
modulus increased from 0.6GPa for the neat polypropylene
to 1.43GPa for composites consist of 60wt% PP and 40wt%
MCC nanoclay composites. Further deterioration in the
impact strength is shown in Figure 11 and 73% reduction
in the impact strength was obtained for PP/MCC nanoclay
compositeswhen a 2wt%of the nanoclay is added to a 60wt%
PP and 40wt% MCC composite.

It is obvious that the addition of nanoclay particles to
the PP/MCC composites did not improve the yield strength,
elongation at break, or the impact strength. Increasing the
amount of the MCC and the NC leads to a large amount of
agglomerated particles among the composite samples, which
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Figure 6: Polarized light photomicrographs showing the intensity and distribution of 5wt%MCC and NC particles within molten PP: (a) 0,
(b) 0.05, (c) 0.1, (d) 0.5, (e) 1, and (f) 2 wt% NC [magnification = 133x].

might explain the brittle behavior due to stress concentrated
points and nonuniform stress transfer. Also, increase in filler
loading (NC andMCC) restricted themobility of the polymer
chains and this presumably caused a decrease in the elonga-
tion at break. This obtained result is in good agreement with
previous research results that attributed this reduction to the
numerous irregularly shapedmicrovoids ormicroflaws in the
composite structure [34–36]. On the other hand, the increase
in nanoclay and MCC content restricted the mobility of the
PP chain and this was reflected in tensile Young’s modulus
values, the more the weight fraction of nanoclay added to the
PP/MCC composite, the higher Young’s modulus obtained
[37, 38].

The presence of both MCC and nanoclay particles within
PP composites enhances the nucleation and accelerates the
growth of the crystals. Thus, the intensity of the crystals
per unit area increases dramatically and the size of the final
crystals is much smaller as shown in Figure 16. It is concluded
that MCC and nanoclay particles can play similar rules as
nucleating agents.

To summarize the effect of the combined additives on
the mechanical properties of polypropylene, the loss and
gain percentages were calculated and presented in Table 2;
negative values mean loss while positive values mean gain.
It is clearly seen that, for all combinations of PP/MCC/NC,
the yield strength, elongation at break, and impact strength
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Figure 7: Yield strength and Young’s modulus of neat PP as a function of nanoclay wt%.
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Figure 8: Elongation at break and impact strength of neat PP as a function of nanoclay wt%.
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Figure 9: Yield strength and Young’s modulus of neat PP as a function of MCC wt%.
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Figure 10: Elongation at break and impact strength of neat PP as a function of MCC wt%.
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Figure 11: Isothermal crystallization images at 145∘C during and at the end of the crystallization step for neat PP ((a) and (b)) and for 98wt%
PP/2wt% MCC ((c) and (d)) [magnification = 133x].

values are all negative (loss) while Young’s modulus values
are all positive (gain). Increasing the weight fraction of NC,
MCC, or the combination of both of them leads to a further
loss in the yield strength, elongation at break, and impact
strength and leads to further gain in Young’s modulus.

For example, increasing the weight fraction of the NC
within the PP/NC nanocomposites from 0 to 2wt% increases
the loss in the yield, elongation, and impact strength to 11.4,
18.7, and 35.0, respectively. Increasing the weight fraction of

the MCC within the PP/MCC composites from 0 to 40wt%
increases the loss in the yield, elongation, and impact strength
to 32.9, 67.4, and 45.4, respectively. On the other hand,
increasing the weight fractions of both the NC from 0 to 2
and increasing theMCC from0 to 40 increase the loss further
in the yield, elongation, and impact strength to 57.1, 76.1, and
72.9, respectively. Regarding the gain achieved by the addition
of either the NC or MCC or both is represented by Young’s
modulus, where increasing the weight fractions of both NC



10 International Journal of Polymer Science

10

15

20

25

30

35

40

Yi
el

d 
str

es
s (

M
Pa

)

10 20 30 40 500
Microcrystalline cellulose (wt%)

0.1 wt% NC
1.0 wt% NC

0 wt% NC
0.5 wt% NC
2 wt% NC

Figure 12: Yield strength PP/MCC composites as a function of NC
wt%.

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

El
on

ga
tio

n 
at

 b
re

ak
 (%

)

10 20 30 40 500
Microcrystalline cellulose (wt%)

0.1 wt% NC
1.0 wt% NC

0 wt% NC
0.5 wt% NC
2.0 wt% NC

Figure 13: Elongation at break of PP/MCC composites as a function
of NC wt%.
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Figure 15: Impact strength PP/MCC composites as a function ofNC
wt%.

from 0 to 2 and increasing the MCC from 0 to 40 increase
the gain in Young’s modulus to 138.3.

It seems that the addition of the NC particles to the
PP/MCC composite turns the whole composite to a more
brittle one and hence does not improve the mechanical
properties if we excluded Young’s modulus. Generally speak-
ing, the addition of the MCC deteriorates polypropylene’s
mechanical properties more than the deterioration caused
by the addition of the NC. The existence of both of the NC
and the MCC in polypropylene composites deteriorates its
mechanical properties more.

4. Conclusions

Polypropylene/microcrystalline cellulose nanoclay compos-
ites can be produced easily with the presence of a small
quantity (2 wt%) of maleic anhydride grafted polypropylene.
The most significant improvement in mechanical properties
of MCC reinforced polypropylene nanoclay composite is in
Young’s modulus. The elongation at break and the impact
strength decreased dramatically when both MCC and nan-
oclay particles exist together in the composite. Compared
with neat PP values, PP composites containing 40wt%
MCC and 2wt% nanoclay lost about 75% of both values of
elongation at break and impact strength. Although maleic
anhydride grafted PP is used but it could not prevent the
agglomeration of MCC particles at very high concentration
and enhance the adhesion within the matrix. The addition
of the hydrophilic nanoclay and MCC to polypropylene
increased the brittleness of the resulting composites and
hence decreased the yield strength, the elongation at break,
and the impact strength due to the restricted mobility of the
polymer chains in addition to the formation of numerous
irregularly shaped microvoids or microflaws within the com-
posite as the quantity of NC and MCC increases. Polarized
light microscope images prove that MCC and nanoclay
particles are both played similar rules in terms of intensity of
nucleation, acceleration of growth, and crystal size and type.
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Figure 16: Isothermal crystallization images at 145∘C for 95wt% PP/5wt% MCC nanoclay composite after (a) 5 minutes, (b) 10 minutes, (c)
20 minutes, and (d) 30 minutes [magnification = 133x].

Table 2: Yield strength, elongation at break, and impact strength % loss and Young’s modulus % gain of polypropylene/nanoclay as a function
of MCC wt%.

NC wt% NC wt%
0.0 0.1 0.5 1.0 2.0 0.0 0.1 0.5 1.0 2.0

MCC% Yield strength loss Young’s modulus gain
0 0.0 −0.6 −5.7 −10.0 −11.4 0.0 3.3 21.7 43.3 48.3
0.5 −5.0 −14.5 −23.1 −30.7 −37.7 −5.0 5.4 30.2 62.7 60.6
1 −9.8 −18.8 −26.9 −34.2 −40.0 6.7 7.5 39.0 79.8 72.3
2 −14.3 −20.0 −30.6 −37.5 −42.9 5.0 9.7 48.2 95.2 83.2
5 −18.5 −26.7 −34.0 −40.6 −46.6 0.0 11.9 57.6 109.5 93.2
10 −25.7 −30.4 −34.9 −43.6 −49.2 8.3 14.1 67.3 122.7 102.4
20 −26.5 −33.8 −44.6 −46.4 −51.8 21.7 16.4 77.4 135.2 110.7
40 −32.9 −45.7 −48.6 −49.1 −57.1 18.3 18.7 63.3 120.0 138.3
MCC% Elongation at break loss Impact strength loss
0 0.0 −4.3 −6.5 −17.4 −18.7 0.0 4.2 −16.7 −25.0 −35.0
0.5 −4.3 −7.8 −8.3 −19.1 −21.7 −4.2 −4.2 −12.5 −20.8 −29.2
1 −3.5 −10.9 −13.0 −21.7 −23.9 −10.4 −6.3 −12.5 −24.6 −32.1
2 −8.7 −10.0 −19.6 −23.9 −27.0 −12.5 −16.7 −25.0 −27.9 −35.8
5 −13.0 −26.1 −27.4 −29.6 −33.0 −21.3 −25.0 −31.7 −31.7 −42.5
10 −26.1 −36.1 −34.8 −34.3 −37.4 −37.5 −33.3 −35.0 −36.7 −51.7
20 −60.9 −57.4 −63.0 −65.7 −65.2 −43.3 −41.7 −42.5 −47.5 −60.0
40 −67.4 −74.8 −76.1 −71.7 −76.1 −45.4 −46.7 −51.3 −60.4 −72.9
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66–71, 2008.



Corrosion
International Journal of

Hindawi
www.hindawi.com Volume 2018

Advances in

Materials Science and Engineering
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Journal of

Chemistry

Analytical Chemistry
International Journal of

Hindawi
www.hindawi.com Volume 2018

Scienti�ca
Hindawi
www.hindawi.com Volume 2018

Polymer Science
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Advances in  
Condensed Matter Physics

Hindawi
www.hindawi.com Volume 2018

International Journal of

Biomaterials
Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Applied Chemistry
Journal of

Hindawi
www.hindawi.com Volume 2018

Nanotechnology
Hindawi
www.hindawi.com Volume 2018

Journal of

Hindawi
www.hindawi.com Volume 2018

High Energy Physics
Advances in

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Tribology
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemistry
Advances in

Hindawi
www.hindawi.com Volume 2018

Advances in
Physical Chemistry

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research InternationalMaterials

Journal of

Hindawi
www.hindawi.com Volume 2018

N
a

no
m

a
te

ri
a

ls

Hindawi
www.hindawi.com Volume 2018

Journal ofNanomaterials

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijc/
https://www.hindawi.com/journals/amse/
https://www.hindawi.com/journals/jchem/
https://www.hindawi.com/journals/ijac/
https://www.hindawi.com/journals/scientifica/
https://www.hindawi.com/journals/ijps/
https://www.hindawi.com/journals/acmp/
https://www.hindawi.com/journals/ijbm/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/jac/
https://www.hindawi.com/journals/jnt/
https://www.hindawi.com/journals/ahep/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/at/
https://www.hindawi.com/journals/ac/
https://www.hindawi.com/journals/apc/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jma/
https://www.hindawi.com/journals/jnm/
https://www.hindawi.com/
https://www.hindawi.com/

