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Abstract. Using filler and impact modifiers for balancing stiffness and toughness properties is a common strategy for mod-
ification of polymer matrices’ performance. Nanocomposites based on poly lactic acid/polyolefin elastomer/including multi-
walled carbon nanotubes/carbon black nanoparticles (PLA/POE/MWCNTs/CB) were produced using an internal mixer.
Fuzzy rule- based system (FRBS) was applied to predict and simulate of mechanical properties of the samples. The field-
emission scanning electron microscopy (FESEM) was applied to determine the state of nanofillers distribution. The FESEM
images showed that the carbon black and MWCNTs individually were well distributed. But, the simultaneous addition of
nanofillers by more than 1 wt% from each one led to their agglomeration. The results illustrated that the presence of MWCNTs
and carbon black separately and simultaneously led to an increase in tensile strength and Young’s modulus. The simultaneous
presence of them led to an improvement in impact strength by 30%. Also, by incorporating POE into the PLA matrix, a sig-
nificant increment in impact strength was obtained by 110%. The obtained surface plots from FRBS revealed that there is
an interaction between nanofillers effects on the mechanical properties. Finally, a good agreement between the predicted
mechanical properties using FRBS and evaluation tests led to extract accurate models with proper R? and standard error for
all responses.
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1. Introduction incorporation of fillers are well-known methods for
Poly lactic acid (PLA) is obtained from renewable = modification of PLA performance [4-6].

materials such as beets and corn. This biocompatible ~ To improve impact strength and toughness, the brit-
thermoplastic shows better mechanical properties tle polymers are usually blended with polymeric ma-
compared to general-purpose petroleum-derived poly-  terials with elastomeric properties [7]; such as poly-
mers [1]. PLA can be a good candidate for use inthe  ethylene (PE) [8], ethylene-propylene-diene monomer
packaging of food products, medicine, electrical tools, (EPDM) [9], poly butylene adipate-co-terephthalate
and automotive industries. PLA is a brittle polymer (PBAT) [10], Polyolefin elastomers (POEs) [11] and
with low impact strength and elongation at break  so on. Many efforts have been made to improve the
[2, 3]. Many efforts have been made to improve the impact properties of PLA. For example, adding
PLA properties. Copolymerization, blending, and 4 wt% of polyurethane to PLA leads to a significant
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increase in its impact strength from 11 to 80 J/m and
areduction in its tensile strength by 2%. [12]. It was
found that the addition of thermoplastic polyure-
thane elastomer (TPU) to PLA improves its elonga-
tion at break and impact strength but decreases its
strength and modulus significantly [13].

Recently, toughening of brittle polymers by POE has
been considered because of its superior elasticity and
toughness. Using POE as an impact modifier in poly-
propylene and polyamide has been reported [7]. Zhou
et al. [11] reported that adding POE up to 20 wt%
was associated with 71% increase in PLA impact
strength. Interestingly, the presence of 5 wt% of POE
not only did not reduce the tensile strength of the
PLA but also improved it by 7%. Also, Yang et al.
[14] showed that the presence of 20 wt% POE into
Polybutylene terephthalate matrix led to an increase
in its impact strength by 37%, whereas the tensile
strength decreases only slightly. The results of Guo
et al.’s work [15] show that adding 20 wt% POE to
the polystyrene matrix significantly increases its im-
pact strength by 266%. By comparing the perform-
ance of POE and other impact modifiers in the dif-
ferent matrices, one can find that POE can reduce
the brittleness significantly and does not show a se-
vere reduction effect on stiffness [16].

The incorporation of nanomaterials as a third com-
ponent to balance between toughness and stiffness
of the compound has been reported in the literature
[17, 18]. Nanomaterial with different shapes includ-
ing MWCNTs [19, 20], graphene nanoplatelets [21],
graphene oxide [22], carbon black [23], titanium diox-
ide [24], nano clay [25] and silica [26] have used in
PLA matrix. da Silva ef al. [17] examined the mod-
ulus and elongation at break of PLA/PE/TiO, nano-
composites and showed that the addition of TiO,
nanoparticles to the PLA/PE matrix increased the
modulus from 817 to 1490 MPa and reduced the elon-
gation at break from 1.9 to 1.1%. Chieng et al. [18§]
concluded that the addition of graphene nano-
platelets up to 1 wt% to the PLA/PEG binary matrix
was associated with an increase in tensile strength
(from 22 to 30 MPa), Young’s modulus (from 420 to
780 MPa), and elongation at break (from 400 to
500%).

Simultaneous addition of nanofillers to a polymer ma-
trix and the fabrication of polymer hybrid nanocom-
posites has led to the achievement of a balance among
mechanical properties [27]. The hybrid nanocom-
posites properties are exclusively related to factors
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like matrix, type of nanofillers and their dimensions,
nanofillers shape, and fillers-matrix adhesion [28].
The mechanical and thermal properties of PLA/
TPU/nano silica/ nano clay hybrid nanocomposites
were studied by Palawat et al. [29]. Their results
showed that the simultaneous presence of 2 wt%
nanoclay and 3 wt% nano SiO, into PLA/PU binary
matrix led to an increase in elastic modulus by 16%.
In addition, impact strength and elongation at break
were reduced slightly.

The fuzzy rule- based systems (FRBSs) method has
been used for various purposes, such as modeling
the mechanical properties of concrete [30], mechan-
ical properties of polymeric nanocomposites [31],
and optimizing the different parameters in different
fields [32]. FRBSs method reduces the number of
tests that must be carried out, which saves time and
money. In addition, this method is able to recognize
the effect of the simultaneous presence of two input
parameters on a response with the help of surfaces.
The particular advantage of the FRBSs method over
other methods is its rules section. In this section,
many outputs can be obtained by changing the input
variables in the defined domain. This leads to extract
an accurate regression model [33].

This work is motivated by current researches in the
field of balancing between toughness and stiffness
of PLA using nanofillers and impact modifiers. The
main goal of this work is to investigate of the effect
of hybrid nanofiller instead of one filler in the com-
pound. A fuzzy rule- based systems method was used
to predict and model the mechanical properties of
nanocomposites based on PLA/POE/MWCNTs/ Car-
bon black. Nanocomposites samples including MW-
CNTs (at 0-3 wt%), carbon black (at 0-3 wt%), and
POE (at 0-20 wt%) were made by an internal mixer.
The effect of hybrid systems on mechanical proper-
ties, including the tensile and impact strength and
Young’s modulus, were studied using FRBS method.

2. Experimental

2.1. Materials

Poly(lactic acid) (05 BIOKAS based grades) em-
ployed in this work with density 1.25 g/cm?, melt flow
index 7 g/10 min (210°C/2.16 kg), tensile strength
45 MPa, elongation at break 3% and impact strength
4 J/m was provided from CHEMIE KAS GmbH, Vi-
enna, Austria; Polyolefin elastomer (Tafmer DF640)
with melt flow index of 3.6 g/10 min (190°C/
2.16 kg,), tensile strength 3 MPa purchased from
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Mitsui Chemicals, Tokyo, Japan; Multi-walled car-
bon nanotubes with 25 nm diameter, 10 um length
and 220 m?/g specific surface area were provided
from united nanotech, Karnataka, India. Carbon black
with density0.38 g/ml and nano-size of 50 nm were
prepared from US-nano, Houston, TX USA.

2.2. Sample preparation

The materials were blended by melt-blending using
a Haake internal mixer type HBI SYS 90 (Thermo
Fisher Scientific Company, Loughborough, United
Kingdom) at 60 rpm and 180 °C for 10 min. First, the
polymeric materials were mixed for 3 minutes until
they melted and formed a polymer alloy, then the
nanofillers were added to the mixing chamber for
7 minutes. The samples were formed into sheets with
3mm thickness at 190 °C by hot-press molding with
square steel mold (200x200 mm?) under 50 MPa
pressure. Finally, the samples for tensile and impact
tests under D638 type IV (with 9.53%63.5%x3 mm?
dimensions) and D256 (with 63x12.7x3 mm?® di-
mensions) standards from the sheets were prepared
by a special punch. The samples were produced in
30 different modes, as shown in Table 1.

Five sample replications were considered for testing
each compound.

2.3. Characterization

RESIL IMPACTOR instrument (Torino, Italy) was
used to perform the Izod notch method impact test-
ing at room temperature according to ASTM D256.
The energy obtained from the impact test for each
sample was divided on the width of the sample, and
thus, the impact energy of each sample was extracted
in terms of J/m. Zwick/Roell-Z100 instrument (Fiir-
stenfeld, Germany) also was used to carry out the ten-
sile test according to ASTM D638 with a crosshead
speed of 5 mm/min at room temperature. The output
of the Zwick/Roell-Z100 instrument provided a
stress-strain diagram and a PDF file including
T-strength, Young’s modulus, and deformation at
break for each sample tested. In addition, the average
of the three runs was reported for impact and final
tensile results. To observe the quality dispersion of
nanofillers in the polymer field, VEGA TESCAN
FESEM (Kohoutovice, Czech Republic) with volt-
age 20 kV, in a vacuum was used. Before extracting
the FESEM images, the surfaces of the samples were
coated with gold.
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Table 1. Blend samples states.

Sample PLA POE MWCNTs | Carbon black
No. [wt%] [wt%l] [wt%] [wt%]
1 100 0 0 0
2 90 10 0 0
3 80 20 0 0
4 99 1 0
5 98 2 0
6 97 3 0
7 89 10 1 0
8 88 10 2 0
9 87 10 3 0
10 79 20 1 0
11 78 20 2 0
12 77 20 3 0

13 99 0 1
14 98 0 2
15 97 0 3
16 89 10 0 1
17 88 10 0 2
18 87 10 0 3
19 79 20 0 1
20 78 20 0 2
21 77 20 0 3
22 99 0.5 0.5
23 98 1 1
24 97 1.5 1.5
25 89 10 0.5 0.5
26 88 10 1 1
27 87 10 1.5 1.5
28 79 20 0.5 0.5
29 78 20 1 1
30 77 20 1.5 1.5

2.4. Fuzzy inference system

Fuzzy inference is a method that interprets the values
in the input vector and, based on some sets of rules,
assigns values to the output vector. Fuzzy inference
is the process of formulating the mapping from a
given input to an output using fuzzy logic. The map-
ping provides a basis from which decisions can be
made or patterns discerned. The fuzzy inference pro-
cedure requires membership functions, fuzzy logic
operators, and if-then rules [34].

Two main types of fuzzy inference systems can be
implemented: Mamdani-type and Sugeno-type. In
both Mamdani and Sugeno types, the membership
function must be defined for the input and output
variables at first. Then, the If-Then rules must be writ-
ten based on defined inputs and outputs functions.
Mamdani-type and Sugeno-type fuzzy inferences
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have the main difference, so that, for the Sugeno-
type fuzzy inference, the output membership func-
tions are only linear or constant [33, 35]. We used
the Sugno-type because the outputs in this study are
the results of mechanical tests and constant values.
The input parameters, namely POE, MWCNTs, and
carbon black, were considered at different levels
(each nanofiller at four and POE at three levels) are
given in Table 2.

Membership functions for input variables are shown
in Figure 1. The Gaussian membership functions
were determined in the range of 0-3 wt% for nano-
fillers and 0-20 wt% for POE, respectively. Gauss-
ian membership functions have been used for several
reasons;

— Local, although not strictly compact,

Table 2. The range of input variables.

Input Levels use

parameters [wt%]
MWCNTs 0.5 1 1.5 3
carbon black 0.5 1 1.5 3
POE 10 20 - - -
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Figure 1. Membership function plots for inputs: a) MWCNTSs,
b) carbon black nanoparticles and c¢) POE.
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— The output is very smooth

— And not a probability.

Also, Gaussian fuzzy membership functions are quite
popular in the fuzzy logic literature, as they are the
basis for the connection between fuzzy systems and
radial basis function (RBF) neural networks.

As shown in Figure la and 1b, six input membership
functions are determined based on the number of
levels specified for each nanofiller. In addition, three
input membership functions are defined for the POE
(Figure 1c¢).

In the following, the fuzzy rules must be written. If-
Then rule statements are used to formulate the con-
ditional statements that comprise fuzzy logic. A sin-
gle fuzzy If-Then rule assumes the form:

Ifxis A Thenyis B

where 4 and B are variables defined by fuzzy sets on
the ranges (i.e., the universe of discourse) X and Y,
respectively. The If-part of the rule ‘x is A’ is called
the antecedent or premise, and the Then-part of the
rule ‘y is B’ is called the consequent. According to
Table 1 and based on 30 combined states, 30 rules
are written for mechanical properties the form:

If (POE is A and MWCNTs is B and carbon black is
() Then (tensile strength is X and Young’s modulus
is ¥ and impact strength is Z)

where A, B, and C represent the values of the input
variables (POE, MWCNTs, and carbon black) ac-
cording to Table 2, and the X, Y, and Z illustrate the
results of the tested mechanical properties based on
A, B, and C values.

3. Results and discussion

3.1. Morphology

It is useful to start with an explanation of the mor-
phology. It is well known that interfacial interaction
between the nanofillers and polymer matrix is an im-
portant factor affecting the mechanical properties of
polymer nanocomposites. In other words, suitable me-
chanical properties are obtained when the nanofillers
(with a high aspect ratio and surface area) are well
dispersed in the polymer matrix [36, 37]. The mor-
phologies of polymer nanocomposites are highly
controlled by the interactions between polymer ma-
trix and nanofillers.

Figure 2, show the FESEM micrographs of the nano-
composites samples containing 1, 2, and 3 wt% of
MWCNTs with three different magnifications
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(1000%, 5000%, and 15000x%) at constant 10 wt% POE
content.

As expected, a droplet-matrix morphology of PLA/
POE has been formed, and POE particles have dis-
persed in PLA matrix and improve the toughness be-
cause of its lower modulus through the well-known

SEM HV: 20.0 KV WD: 12.76 mm
View field: 41.5 ym Det: SE

SEM HV: 20.0 KV WD: 12.73 mm

View field: 207 pm Det: SE
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>
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WD: 13.45 mm

mechanisms such as shear banding cavitation and
multi crazing [38]. On the other hand, MWCNTs are
clearly exhibited as a tubular shape and a similar
structure observed in all nanocomposites systems.
According to the various parts of Figure 2, MWCNTs
on all three levels are well dispersed in the polymeric

WD: 12.73 mm
Det: SE 2 ul
Eher

: 15.0 kx| Date(m/dly): 02/01/20

WD: 13.28 mm
Det: SE

WD: 13.45 mm

Det: SE 2 H‘

Figure 2. FESEM images at three different magnifications for: a) sample with 10 wt% POE and 1 wt% MWCNTs (a; with
1000x magnification, a, with 5000x magnification and as with 15000x magnification), b) sample with 10 wt%
POE and 2 wt% MWCNTs (b; with 1000% magnification, b, with 5000 magnification and bs with 15000x mag-
nification), and c) sample with 10 wt% POE and 3 wt% MWCNTs (c; with 1000x magnification, ¢, with 5000%

magnification and c3 with 15000x magnification).
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matrix, and no agglomeration or clumping is ob-
served.

Also, the MWCNTs show reasonable dispersion in
random orientations among the polymeric matrix for
different loadings. It can be said that the MWCNTs
not only did not pulled out of the samples after they
were broken but also were embedded in the matrix
and stick to it [19]. Fabrication of nanocomposites
containing MWCNTs in the range of 0 to 3 wt% by
internal mixer has led to their proper mixing in the
matrix. Proper dispersion of MWCNTs has resulted
in good filler-matrix interactions. This allows the
nanotubes to fit snugly into the matrix and adhere to
it as well. Proper adhesion, wetting, and filler-matrix
interaction are well observed in the Figure 2a,, 2as,
2b, and 2c,.

FESEM images of samples from surface broken sec-
tions of nanocomposites samples including carbon
black nanoparticles different loading in the three mag-
nifications (1000%, 5000%, and 10000x) at constant
10 wt% POE content are depicted in Figure 3. Sim-
ilar to previous samples, a droplet-matrix morphol-
ogy is observed from PLA/POE blend. As can be
seen from different parts of Figure 3a and 3b, the pres-
ence of carbon black nanoparticles at two levels of
1 and 2 wt% have a good and uniform distribution
in the PLA/PEO matrix. On the other hand, at 3 wt%
loadings (Figure 3c) of these nanofillers, the particles
are stuck together, and agglomeration has occurred.
The location of the agglomeration of the particles in
the 3 wt% loadings are shown in Figure 3¢, and 3c¢;
by white arrows. Figure 3¢, shows that by increasing
the amount of carbon black nanoparticles up to 3 wt%,
there are no proper filler-matrix interactions, and the
nanoparticles have a severe tendency to accumulate
due to the existence of oxygen-containing groups on
their surface. The poor dispersion and aggregation
of carbon black nanoparticles may lead to the poor
mechanical performance of nanocomposites.
FESEM images of the simultaneous presence of
MWCNTs and carbon black nanoparticles in the
PLA/10 wt% POE matrix are shown in Figure 4.
The mechanical properties of these samples may be
affected by filler-filler and filler-matrix interactions.
Figure 4a shows the dispersion of the sample with
0.5 wt% MWCNTSs/0.5 wt% carbon black nanopar-
ticles with three different magnifications 1000%,
15000x%, and 35 000x%. It seems there is no consider-
able interaction between two fillers at the contents

of the nanoparticles, and the simultaneous presence
of them in the matrix has been associated with good
distribution.

In Figure 4b, the simultaneous presence of 1 wt%
MWCNTs/1 wt% carbon black nanoparticles in the
matrix are observed. The dispersion of both of the
nanofillers, in this case, is also almost appropriate
and acceptable. Nanotubes with good dispersion and
short lengths are still visible in Figure 4b, and 4bs.
On the other hand, Figure 4b; with larger magnifi-
cation shows that carbon black nanoparticles and
MWCNTs with short lengths have started to stick to-
gether. The interlocking parts of both nanofillers can
be seen in Figure 4bs with the help of an arrow. In-
terlocking parts form a more uniform reinforcing
phase which leads to better mechanical performanc-
es. It seems the empty spaces between MWCNTs are
filled by carbon black particles and a mechanical
percolation threshold has been created at these con-
ditions.

In addition, some severe aggregations are detectable
in the sample, including 1.5 wt% MWCNTs/1.5 wt%
carbon black nanoparticles (Figure 4c). The simul-
taneous presence of 1.5 wt% of each of the nano-
fillers has created two types of agglomerations. One
agglomeration is related to the separate aggregation
of each of them, and the other type of agglomeration
is related to the sticking of two nanofillers to each
other.

Accumulation of carbon black nanoparticles and the
adhesion of both nanofillers are illustrated in
Figure 4c; using arrows and circles, respectively. Due
to the intense accumulation of nanofillers in the ma-
trix, it is expected that these aggregations act as im-
purities and porosity in different places of the matrix
and reduce the mechanical properties of the structure.
The distribution of nanofillers in polymeric phases
is also important in the toughness and stiffness of the
samples. The location of nanofillers is balanced by
the thermodynamic affinity of the components and ki-
netic of nanofillers’ migration between two polymer-
ic phases, which is influenced by mixing time. Selec-
tive distribution using surface treatment of nanofiller
is a well-known strategy for modification of mor-
phology [39, 40]. In this study, it seems due to the
matching of fillers and POE structures, the existence
of nanofillers in POE is more probable. In this case,
POE phase shows more elasticity and causes to form-
ing finer dispersed phase and more toughness.
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Figure 3. FESEM images for: a) sample with 10 wt% POE and 1 wt% carbon black (a; with 1000% magnification, a, with
5000% magnification and a3 with 15000x magnification), b) sample with 10 wt% POE and 2 wt% carbon black
(b; with 1000 magnification, b, with 5000% magnification and b; with 15000x magnification), and c¢) sample
with 10 wt% POE and 3 wt% carbon black (c; with 1000x magnification, ¢, with 5000x magnification, and c3 with

15000% magnification).

3.2. Fuzzy model prediction

By using the rules section of FRBSs one can
change the input variables in the defined range, and
new output values for responses can be obtained.
Since the results obtained from the rules section are
only predictions and not certain, the system has to
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be evaluated and verified by performing validation
tests. The validation tests were carried out to verify
the feasibility and reproducibility of the FRBSs
method adopted in this work. To evaluate the system
for tensile strength, Young’s modulus, and impact
strength, two new hybrid nanocomposites were
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Figure 4. FESEM images for: a) sample with 10 wt% POE and 0.5 wt% carbon black/0.5 wt% MWCNTs (a; with 1000x
magnification, a; with 15000x magnification and a3 with 35000x magnification), b) sample 10 wt% POE and
1 wt% carbon black/l1 wt% MWCNTs (b; with 1000% magnification, b, with 15000x magnification and b; with
35000x magnification), and c)sample 10 wt% POE and 1.5 wt% carbon black/1.5 wt% MWCNTs (c; with 1000x
magnification, ¢, with 15000x magnification and c; with 35000x magnification).

made, and tensile and impact tests were performed. results using the FRBSs method, which means the
The details of the selected input variable values, the  predicted outputs of this method are reliable for me-
results of the FRBSs predictions, and the results of  chanical properties.

confirmation tests for the mechanical properties are ~ An accurate model could be obtained when enough
presented in Table 3. data are used. After confirming the reliability of the
As can be seen from Table 3, the results of the vali-  results predicted by the FRBSs by performing val-
dation tests are in good agreement with the predicted idation tests for each mechanical property, the
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Table 3. Results of confirmation experiments and prediction values for mechanical properties.

Tensile strength
Selected compounds Confirmation experiment Prediction Error
[MPa] [MPa] [%]
10 wt% POE/1 wt% MWCNTs/2 wt% carbon black 42.65 39.5 8
10 wt% POE/2 wt% MWCNTs/1 wt% carbon black 40.00 374 7
Young’s modulus
Confirmation experiment Prediction Error
[MPa] [MPa] [%]
10 wt% POE/1 wt% MWCNTs/2 wt% carbon black 371 344 8
10 wt% POE/2 wt% MWCNTs/1 wt% carbon black 337 344 2
Impact strength
Confirmation experiment Prediction Error
[J/m] [J/m] [%]
10 wt% POE/1 wt% MWCNTs/2 wt% carbon black 9.38 8.23 14
10 wt% POE/2 wt% MWCNTs/1 wt% carbon black 7.78 8.28 6

contents of input variables, including two nanofillers
and POE, were changed 441 times in the defined
range. Therefore, 441 outputs were obtained for each
mechanical property. In the following, with the help
of a large number of available inputs and outputs,
third-degree regression models for mechanical prop-
erties with three variables (POE, MWCNTs, and car-
bon black) were extracted by Microsoft Excel Office
Software. The results of deriving regression models
for tensile strength, Young’s modulus, and impact
strength are presented in Table 4.

One measure of goodness of fit for presented regres-
sion models is the R? (coefficient of determination),
which in ordinary least squares with an intercept
ranges between 0 and 100%. As can be seen from
Table 4, the range achieved R? for presented models
for tensile strength is above 80%, and for impact
strength and Young’s modulus are above 90%. These
results for R? indicate a good fitting of the experimental

data. One problem in the case of R? as a measure of
model validity is that it can always be increased by
adding the number of input and output variables.
However, the R? close to 100% does not guarantee
the fitting of the model and the data well. Therefore,
other factors should be considered to determine the
validity of the models [41, 42].

The standard error of the regression has several ad-
vantages. Standard error indicates that how far the
data points are from the regression line on average.
The standard error must have lower values because
it signifies that the distances between the data points
and the fitted values are small. The standard error is
also valid for both linear and nonlinear regression
models. This fact is convenient if you need to com-
pare the fit between both types of models [43].
According to Table 4, the standard error only for the
presented model for Young’s modulus is higher than
3. It can be concluded that R? and standard error values

Table 4. Regression models for mechanical properties in terms of POE, MWCNTs, and carbon black contents.

2
Regression model [5 | Standard error
(1]
T-strength (POE, MWCNTs, carbon black)
=43.802 + 11.399x — 7.973x% + 1.651x> + 14.310y — 4.292)? + 0.042) — 1.833z + 0.070z> + 81 291
+ 1.464yx — 6.226xy — 0.069xz — 0.186yz + 0.052xyz — 0.212x)° + 1.792x)% — 0.274yx>
Y-modulus (POE, MWCNTs, carbon black)
=304.655+52.196x — 15.646x> + 4.190x> + 96.020y — 6.198)> — 4.779)° — 4.246z — 0.018xz> + 91 13.27
+20.297yx% — 77.446xy — 0.094xz — 0.672yz + 0.216xyz — 1.925x)° + 17.431x)7 — 3.562yx°
Impact (POE, MWCNTs, carbon black)
=5.712 - 0.816x + 0.203x> — 0.052x> + 1.466y — 1.104)? + 0.188)* + 0.312z — 0.002z> + 0.262xy + 92 0.48
+0.005xz — 0.014yz — 0.029yx? + 0.004x)> + 0.017yx> — 0.040x%% + 0.010x%)°

MWCNT =x,
CB =y and
POE=z
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show that almost all the models presented using the
FRBSs method are reliable for the mechanical prop-
erties of PLA/POE/ nanofillers nanocomposites.

3.3. Mechanical properties

3.3.1. Tensile strength

The effect of input variables content, including POE
and nanofillers, on the tensile strength of the PLA
matrix, is shown in Figure 5. As seen in Figure Sa,
tensile strength continually increases with the addi-
tion of MWCNTs content from 38 to 52 MPa, an in-
crease by 37%. As mention earlier in Figure 2,
adding MWCNTs in all levels was associated with
proper dispersion into the matrix. In other words, in-
crement of tensile strength may be attributed to good
filler-matrix interactions and the proper mixing of
MWCNTs with high surface area and aspect ratio
[44]. Similar results have been reported by other
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researchers who studied on PLA/MWCNTs nano-
composites [19, 20].

Figure 5b indicates that adding carbon black nano-
particles up to 2 wt% was able to create a significant
increase in tensile strength of the PLA 67 MPa, which
is 76% higher than of the pure PLA. This remarkable
improvement in tensile strength can also be related
to the proper mixing of nanoparticles in the matrix
[45]. Further addition of carbon black content up to
3 wt% decreased of tensile strength to 40 MPa, only
slightly higher than of pristine PLA. This phenome-
non is influenced by the agglomeration of carbo
black that was visible in Figure 3c.

The tensile strength of PLA/MWCNTs/carbon
black hybrid nanocomposites samples is exhibited
in Figure 5c. From Figure 5c, tensile strength illus-
trates enhancing trend from 38 to 59 MPa with the si-
multaneous increase of MWCNTs and carbon black
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Figure 5. Tensile strength of PLA versus: a) MWCNTSs, b) carbon black, c) MWCNTs/carbon black, and d) POE content.
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up to 1 wt% content of each one. Based on the good
dispersion of nanofillers in the hybrid state (as shown
in Figure 4a and 4b), it was expected that this enhanc-
ing trend has occurred in the case of the tensile strength
of nanocomposites. Efficient filling of free spaces
between MWCNTs by carbon black nanoparticles
can be imagined in these samples. Further, increase
in both nanofillers by 1.5 wt% content of each one
because of severe aggregation is declined the tensile
strength of PLLA matrix. This severe aggregation was
indicated in the morphology analysis (Figure 4c).

According to Figure 5d, an increase in POE content
from low (0 wt%) to high (20 wt%) loadings caused
a declining trend in the tensile strength of the PLA
matrix. When the up to 5 wt% content of POE in-
crease in the PLA matrix, the crystallinity of PLA re-
duces, and decreasing the crystallinity is accompanied

Tensile strength [MPa]

60+

55

50 4

45

Tensile strength [MPa]

c)

by reducing in tensile strength [11]. Similar results
in the case of tensile strength of PLA/POE blends
were also achieved by Forghani et al. [46]. With re-
spect to different parts of the Figure 5, it is demon-
strated that the highest value of tensile strength was
obtained by the addition of 2 wt% content of carbon
black into the PLA matrix by 67 MPa. On the other
hand, the lowest value of tensile strength was ob-
tained by the addition of 1.5 wt%/1.5 wt% of MW-
CNTs/carbon black by 29 MPa.

The surfaces extracted from the FRBSs method for
tensile strength are presented in Figure 6. With the
help of these surfaces, it is possible to see how two
input variables simultaneously affect each of the out-
put response. It can also be detected if there is an in-
teraction between two input factors affecting a re-
sponse.

Tensile strength [MPa]

N\ i\

G
O\
N

Figure 6. Surface plots for tensile strength of PLA matrix versus: a) POE and MWCNTs, b) POE and carbon black, and

¢) MWCNTs and carbon black.
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As can be seen from Figure 6a, the addition of
MWCNTs shows two different behavior in the pres-
ence of different POE loadings. From Figure 6a, it
is observed that Young’s modulus considerably in-
creased with increasing the amount of MWCNTs
from 0 to 3 wt% when the amount of POE was low
(less than 5 w.%), while it slightly increased and then
decreased when the amount of POE was high (more
than wt%). In fact, it can be said that there is an
interaction between the MWCNTs with tubular shape
and POE in the case of the tensile strength of PLA.
This result may be due to the saturation of the rein-
forcing action of the filler. As a result, lower values
of POE as an impact modifier were useful for mod-
ifying the surface of MWCNTs and thus improving
the interfacial interactions between the hydrophilic
nanoparticles and hydrophobic polymer [47].

From Figure 6b it is observed that the tensile strength
first increase and then decrease by increasing the
carbon black content from 0 to 3 wt% in the pres-
ence of all POE concentrations. On the other hand,
tensile strength considerably decreased and then
slightly increased with increasing the amount of POE
from 0 to 20 wt% when the amount of carbon black
was 1 wt%. It seems that the excellent dispersion and
distribution of carbon black nanoparticles at a con-
centration of 1 wt% in the binary PLA/POE matrix
and the proper interaction between PLA, POE, and
carbon black nanoparticles lead to this improvement
in tensile strength. Therefore, it can be said that there
is an interaction between the POE and 1 wt% carbon
black in the case of tensile strength.

From Figure 6¢ (the tensile strength of hybrid nano-
composites) at the absence of POE, different trends
are observed by the simultaneous addition of both
nanofillers. In the way that the tensile strength of the
matrix increase by increasing the MWCNTSs content
in lack of carbon black; while the trend of increase is
not constant and it is changed by the presence of car-
bon black concentration and more altered to a de-
crease rate.

In general, the addition of MWCNTs in the presence
of high content (up to 1 wt%) of carbon black is as-
sociated with a descending trend in the tensile
strength. It can be concluded that because of high con-
centration (up to 2 wt%) and severe agglomeration,
nanofillers are stuck together and by creating more
stress concentration, have not been able to perform
their main role of increasing strength. Therefore, it
can be said that a negative interaction has existed
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between the effect of MWCNTSs and carbon black
nanofillers on the tensile strength. Finally, Figure 6¢
demonstrates that the maximum values for tensile
strength of hybrid nanocomposites are obtained by
2 wt% loading of carbon black.

3.3.2. Young’s modulus

The effect of POE and nanofillers on Young’s mod-
ulus are presented in different parts of Figure 7. As
demonstrates in Figure 7a, by increasing the MW-
CNTs content from low to high into the matrix,
Young’s modulus increases from 300 to 435 MPa
continually. This ascending trend in Young’s mod-
ulus proves that adding of MWCNTs up to 3 wt%
loading deeply affects the stiffness of the matrix
[48]. This improvement in Young’s modulus is con-
sistent with the outcomes of other researches that
were carried out on PLA/MWCNTs compounds
[49, 50].

Figure 7b indicates that Young’s modulus of the PLA
matrix was dramatically raised by increasing carbon
black content up to 2 wt% from 300 to 506 MPa.
Young’s modulus of PLA improves with adding car-
bon black concentration since these spherical nano-
particles are stiffer than polymer matrix [46]. Liu
et al. [45] reported that the addition of carbon black
nanoparticles up to 5 wt% into the PLA matrix had in-
creased its Young’s modulus properly. From Figure 7b,
a decrease in Young modulus is visible by adding
3 wt% carbon black into PLA because of their ag-
glomeration as clearly depicts in Figure 3¢. Howev-
er, it should be noted that this decrease in Young’s
modulus is not severe, and it is still 37% higher than
Young’s modulus of pure PLA.

As shown in Figure 7c, Young’s modulus of the PLA
matrix improves from 300 to 403 MPa with increas-
ing simultaneous MWCNTs and carbon black con-
tent up 1.5 wt% of each one in it. It can be explained
that the simultaneous presence of both nanofillers in
the case of hybrid nanocomposites has been able to
create an increased trend in the stiffness of PLA.
From the Figure 7a—7c, it is clear that the addition
of individual nanofillers comparing to the simulta-
neous presence of them create more appropriate im-
provement in Young’s modulus.

From Figure 7d, it can be observed a continual de-
crease in Young’s modulus of PLA matrix from 300
to 221 MPa with increasing POE content. It is noted,
when a polymer with high elasticity and low modu-
lus at a high level is blended with a high modulus
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Figure 7. Young's modulus of PLA versus: a) MWCNTs, b) carbon black, c) MWCNTs/carbon black, and d) POE.

polymer as a matrix, the resulting product will have
a lower modulus compared to the pure matrix [11].
Forghani ef al. [46] have been reported that the ad-
dition of POE in the PLA matrix reduces its Young’s
modulus.

Figure 8 illustrates the surfaces extracted from the
FRBSs method for Young’s modulus.

It is observed from Figure 8a that Young’s modulus
continually increased with increasing the amount of
MWCNTs from 0 to 3 wt% in the presence of any
amount of POE. The reason for the increase in Young’s
modulus can be attributed to the excellent sticking
at the interface between the matrix and the filler. It
is also observed that Young’s modulus continually de-
creased with increasing the amount of POE from 0 to
20 wt% in the presence of any amount of MWCNTs.
As can be seen from Figure 8b, it is clear that ascend-
ing and descending trends of Young’s modulus by in-
creasing carbon black nanoparticles in the presence
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of the different amount of POE does not change. In
fact, Figure 8a and 8b illustrate that there is no in-
teraction between nanofillers and POE in the case of
Young’s modulus trends.

Also, from Figure 8c, it observes positive interaction
between the effects of the simultaneous presence of
fillers on Young’s modulus. In fact, it can be said
that by increasing carbon black concentrations from
low to high levels in the presence of different load-
ings of MWCNTs and conversely, Young’s modulus
improves well. Also, Young’s modulus decreased
and then increased with increasing the amount of
MWCNTs from 0 to 3 wt% when the amount of
carbon black was 2 wt%. It seems that carbon black
nanoparticles at 2 wt% concentration with good
dispersion have been able to fill the gap between
MWCNTs and the polymer matrix. Therefore, a syn-
ergy is created between fillers to increase Young’s
modulus of PLA matrix.
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Figure 8. Surface plots for Young’s modulus of PLA matrix versus: a) POE and MWCNTs, b) POE and carbon black, and
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3.3.3. Impact strength

The Izod impact tests were carried out to finding the
effect of POE, MWCNTs, and carbon black nanopar-
ticles on the impact strength of the matrix, and ob-
tained results are shown in different parts of Figure 9.
According to Figure 9a, impact strength of the matrix
decrease with increasing MWCNTSs content from 0
to 3 wt% by 25%. In fact, the addition of MWCNTs
to the matrix not only did not increase the impact
strength but also increased its brittleness. Mat Desa
et al. [50] also reported a descending trend in the
case of impact strength for the PL A matrix modified
by MWCNTs.

Figure 9b demonstrates that with the increase of car-
bon black content up to 1 wt%, the impact strength of
the PLA matrix is improved by 29%. In addition, the
impact strength of PLA decreases with an increase of
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more than 1 wt% of carbon black content. Increasing
the impact strength of PLA by the addition of 1 wt%
content of carbon black is related to the holes created
by them in the matrix (cavitation). These holes helped
the PLA to absorb more energy during the impact tests
and thus decreased its brittleness slightly. da Silva
et al. [51] reported that the impact strength of the PLA
matrix reduced by 9% with the addition of 15 wt% of
carbon black into it, a slightly reducing.

As can be seen from Figure 9c, the impact strength of
PLA/MWCNTs/carbon black nanocomposites has
interestingly increased from 5.21 to 6.74 J/m. This in-
crease, which was achieved by adding 1 wt% of each
filler is not comparable to the impact strength of
PLA/MWCNTs and PLA/carbon black compounds.
It seems the simultaneous addition of MWCNTSs and
carbon black content up to 1 wt% of each one in the
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Figure 9. Impact strength of PLA versus: a) MWCNTs b) carbon black ¢) MWCNTs/carbon black, and d) POE.

PLA matrix creates a mechanism that dramatically
reduces its brittleness. According to Figure 9d,
adding POE from low to high levels dramatically in-
creases the impact strength of PLA from 5.5 to
11.9 J/m, an increase 116%. It is obvious when high-
energy absorbing polymers such as POE is blended
with a brittle polymer such as PLA, the impact
strength of the matrix increases.

Figure 10 illustrates the surfaces extracted from the
FRBSs method for impact strength, as can be seen
from Figure 10a, it is clear that the descending
trend of impact strength for MWCNTs does not
change in the presence of different contents of
POE. This means that there is no interaction be-
tween MWCNTs and POE in the case of impact
strength. From Figure 10b, it is observed that im-
pact strength first increased and then decreased
with increasing the amount of carbon black

166

nanoparticles from 0 to 3 wt% when the amount of
POE altered from 0 to 15 wt%, while the addition
of carbon black nanoparticles from low to high lev-
els in the presence of more than 15 wt% of POE
leads to a descending trends in impact strength. The
reason for the decrease in the impact strength can
be attributed to the poor sticking at the interface be-
tween carbon black nanoparticles and high amounts
of POE in the PAL matrix.

According to Figure 10c, it can be said that by in-
creasing MWCNTs contents from 0 to 3 wt% in the
presence of different concentrations of carbon black
and conversely, the trend of the impact strength of
the PLA matrix does not alter. In addition, the max-
imum value for impact strength in the case of hybrid
nanocomposites is achieved with the addition of
1 wt% carbon black in the lack of MWCNTs con-
tent, as clearly be seen in Figure 10c.
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4. Conclusions

The main objective of this work was to use the

FRBSs method for predicting and modeling POE,

MWCNTs, and carbon black nanoparticles effects on

the mechanical properties of the PLA matrix. A sum-

mary of the results is presented below:

1) Based on the tensile test results, the presence of
carbon black nanoparticles and MWCNTs at the
high-level contents led to improve Young’s mod-
ulus by 68 and 45%, and tensile strength by 76
and 36%, respectively. Furthermore, the adding
of POE to the matrix reduced Young’s modulus
from 300 to 221 MPa.

2) Based on the results of the impact tests, the addi-
tion of POE to PLA resulted in a proper increase
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3)

in impact strength by 128%. In addition, the
simultaneous presence of 1 wt% loading of each
filler led to an increase in impact strength by 30%.
Also, adding carbon black nanoparticles only at
1 wt% content was able to create about 29% in-
crease in impact strength.

The models presented for mechanical properties
in terms of input variables using the FRBSs method
and Microsoft Excel Office Software have a value
of R? close to 1, and their standard error value is
approximately near to 3. Furthermore, the sur-
faces extracted from the FRBSs method showed
that there is an interaction between the carbon
black nanoparticles and the MWCNTs in the case
of mechanical properties.
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