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Thermoplastic elastomer of PA6/NBR reinforced by various nanoparticles have wide application in
many industries. The properties of these materials depend on PA6, NBR, and nanoparticle amount and
characteristics. In this study, the simultaneous effect of NBR and graphene nanoparticle content on
mechanical, thermal properties, and morphology of PA6/NBR/Graphene nanocomposites investigated
by Central Composite Design (CCD). Thermal properties and morphology of PA6/NBR/Graphene
nanocomposites were investigated by Differential Scanning Calorimetry (DSC), X-Ray Diffraction
(XRD), and Scanning Electron Microscopy (SEM). The results indicate that a small percentage of error
between predicted values of mechanical properties and experimental values was achieved. An increase
in graphene content have a positive impact on the tensile strength but increasing the NBR phase has the
opposite effect. A maximum tensile strength of 35.3 MPa for PA6/NBR/Graphene nanocomposites was
obtained at the NBR and graphene content of 20 %wt and 1.5 %wt, respectively. The thermal behavior
of the PA6/NBR blend improved with addition graphene. With the addition of 1.5 % graphene content
to PA6/NBR blend, the crystallization temperature and melting temperature increased from 192.1 to

196.2 °C and 221.1 to 223.4 °C, respectively.

doi: 10.5829/ije.2020.33.09c.15

1. INTRODUCTION

Polyamide 6 (PA6) as one of engineering thermoplastics
have wide application in various industries such as
automobile, aerospace, and shipbuilding due to its
chemical and wear resistance, stiffness, excellent
strength properties, low friction and high melting points
[1, 2]. The properties of PA6 can be enhanced by mixing
with fillers and rubber material such as ethylene-
propylene-diene monomer (EPDM), poly
(epichlorohydrin -co-ethylene oxide) (ECO) and nitrile
butadiene rubber (NBR) [3]. Blending PA6 and NBR
leads to thermoplastic elastomer (TPE) material with
better toughness. In research conducted by Fagundes et
al. [3], the mechanical and morphology of PAG6/NBR
blend (vulcanize and unvulcanize) as influenced by
sulfur content was investigated. They concluded that the
mechanical performance of PA6/NBR vulcanizes blends
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depends on the curing system and morphologies. In
addition, the blends of PA6/NBR have good resistance to
non-polar solvents. Nakhaei et al. [4] also studied the
dynamic crosslinking of PAG6/NBR thermoplastic
elastomer. The results show that the curing system and
dynamic crosslinking in thermoplastic elastomer blends
increases the torque which, causes more improvement in
mixing. In addition, cured blends have higher tensile
strength, elongation, and hardness compared to uncured
blends, while cured blends have lower modulus and
swelling. The addition of very low content of nanofillers
such as nanoclay, carbon nanotube, and graphene
enhances mechanical, thermal, and barrier properties
dramatically [5, 6]. TPE and TPV nanocomposites are
widely consumed in many industries such as automotive,
airplane, and ship parts. The effectiveness of
nanoparticles such as nanoclay, carbon nanotube, and
graphene strongly depends on the uniform dispersion in
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the base material [7]. The rheological and morphological
properties of PA6/ECO nanocomposites reinforced by 6
% nanoclay was studied by Taghizadeh et al. [8]. They
concluded that the increase in ECO content from 0 to 40
% wt increased the melt yield stress from 500 to 22000
Pa. Paran et al. [9] conducted experiments on the
PA6/NBR/HNT nanocomposites. The results show that
by adding the NBR phase to the PA6 matrix, the impact
strength of both unfilled and HNT filled with these
materials increased by 22% and 41%, respectively. The
crystallization temperature of base material increased
with the addition of HNTS, whereas the increase in NBR
content decreased this property.

Graphene nanoparticles (2-10nm) consist of many
graphene sheets stacked, which, due to platelet
morphology, have high tensile strength (130 £ 10 GPa),
high aspect ratio (width-to-thickness) and high young's
modulus (~1 TPa). This nanoparticle has much
application in conductive rubbers and plastics, thermal
polymer composites, and also as a filler to improve
tensile  strength, abrasion resistance, corrosion
resistance, stiffness, and lubricant properties [10].
Reviews of previous literature show that many reports on
the TPEs nanocomposites, but no studies regarding the
effect of graphene on the microstructure, mechanical and
thermal properties on PA6/NBR have been reported. In
this  study, the mechanical properties of
PAG6/NBR/Graphene nanocomposites were investigated
using Response Surface Methodology (RSM). The
central composite design with two factors (NBR and
graphene) and five levels was applied for developing a
mathematical model that is capable of predicting
mechanical properties such as impact strength and tensile
strength. Thermal properties and morphology of
PAG6/NBR/Graphene nanocomposites were investigated
by Differential Scanning Calorimetry (DSC), X-Ray
Diffraction (XRD), and Scanning Electron Microscopy
(SEM). Figure 1 shows the flow chart of the research
methodology.

2. MATERIALS AND METHODS

2. 1. Materials The grade name, company, and
basic specifications of materials in this study are shown
in Table 1.

2.2.Preparation The experiments were designed
based on a two - factor five levels central composite
design (CCD) with three replications. The input variable
parameters are NBR and graphene content. Table 2
shows the level of input variables with their ranges and
notations. The NBR and graphene content was varied
between 10 wt% to 50 wt% and 0.1 wt% to 0.5 wt%,
respectively. For the preparation of the PA6/NBR blend
and their nanocomposites, PA6 granules and graphene
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Figure 1. Flow chart of the research methodology

TABLE 1. List of the materials and their characteristics

Material Company Grade Characteristics
name
Kolon KOPA Density = 1.14 g/cm3 and
PA6 plastics KN136 MFI at 230°C, 2.16 kg =
(Korea) 3.14 g/10 min
Mooney viscosity ML (1+8
Kumho min) 100 °C =41 M
NBR polychem 35L .
(Korea) Acrylonitrile content 34
wt%, Density = 0.98 g/cm3
Thickness: 1 - 20 nm,
) Oxygen content (%): ~10,
Graphene XG xGnP Lateral size (mm): 1-50,

Sciences 750 Specific Surface area

(m2/g): 750

were dried in a vacuum oven for 24 h and 80 °C. For the
preparation of nanocomposites, melt-mixing was
performed using an internal mixer (Brabender Plasti-
Corder, Germany) with the roller blades, chamber
volume 55 cm?, fill factor 0.75, and rotor speed ratio of
2:3. TPO composite with various formulations
(according to Table 3) was mixed at 220°C and 80 rpm
for 7 min. After melt-mixing the materials, they were
dried for about 12 hours at 80 °C in an oven. The suitable
samples for mechanical tests and XRD analysis were
prepared by the hot press (Collin P 200 E-type) at 230°C
for 6 min.

TABLE 2. Parameters, their limits, and levels

Parameters Notification Levels

-2 -1 0 1 2
NBR (%) N 10 20 30 40 50
Graphene (%) G 0 05 1 15 2
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TABLE 3. The formulations of prepared nanocomposites
PA6 NBR GPN Tensile Impact

Code @) %) (%)  (MPa)  (i/m)
PNOGO 100 0 0 79.0 66
PN30G1 69 30 1 62.5 86
PN40GO0.5 59.5 40 0.5 54.2 125
PN50G1 49 50 1 55.1 145
PN30G1 69 30 1 62.4 87
PN30G2 68 30 2 64.0 82
PN30G1 69 30 1 62.7 87
PN30G1 69 30 1 62.4 86
PN30G1 69 30 1 62.6 88
PN30GO 70 30 0 53.3 95
PN20G0.5 79.5 20 0.5 66.1 75
PN40G1.5 58.5 40 1.5 62.3 100
PN10G1 89 10 1 71.0 63

PN20G1.5 78.5 20 15 68.5 68

2. 3. Characterization Impact and tensile strength
specimens prepared according to ASTM D256 and D638
type |1, respectively [11, 12]. Tensile properties of
PAG/NBR/Graphene nanocomposites were performed at
a cross-head speed of Imm/min using a Zuker tensile test
machine (Zwhck Co., Germany). The impact strength test
was performed in a Zwick 4100 machine. At each
experimental condition, which is presented in Table 3,
three specimens were tested, and the average of three
responses is reported in the same table.

The X-ray diffraction (XRD) of graphene and
PA6/NBR nanocomposites was evaluated using a
diffractometer (Philips X'Pert PRO, Netherlands) at a
scan rate of 1</min. XRD data were collected using a
diffractometer with 50 kV voltage and 40 mA current at
room temperature.

The morphology of the specimens was examined
using a VEGATESCAN scanning electron microscope.
Cryofracture specimens were etched by acetone to
extract the NBR phase. The size of the rubber particles
was calculated as follows:

D, = Lt 1)
where N; and D; are the numbers of particles and their
diameters, respectively.

3. RESULTS
3. 1. XRD Analysis X-ray diffraction (XRD)

patterns for graphene and the PN30G1 and PN30G2
nanocomposites illustrated in Figure 2. The diffraction

patterns of graphene demonstrate a sharp peak at 26 =

o H 2 — l
25.8°. According to Bragg’s law (d = zsine)’ the

interlayer spacing of graphene is 3.45 A. For the PN30G2
and PN30G1 nanocomposite, the peak at 25.8° has
shifted to 22.6° (3.93 A) and 18.55° (4.77 A),
respectively. The lower angle of PN30G1, and PN30G2
nanocomposite compare to graphene show that the
penetration of polymer chain into the graphene layers and
better dispersion of graphene in the polymer matrix. For
these nanocomposites, it can be seen the significant
decrease in peak intensity. The decrease in peak intensity
attributed to the exfoliation of graphene layers [12, 13].
This result is consistent with the previous study on
PP/EPDM/graphene and elastomer/graphene
nanocomposites [10, 13].

3. 2. Analysis of Variance (ANOVA) of Responses
The objective of ANOVA is to determine the significance
of model and process parameters in the factorial design
technique. In RSM methods, Fisher's variance ratio (F-
value) is the measure of variation in the data about the
mean and estimated by the sum of square data (SS) [14,
15]. The highest F-value reveals a more signicant effect
of the parameters on responses. The Design-Expert V7
Software was used to determining the best regression
models that fits experimental data. The results of
ANOVA tables of three responses (tables 4-6) show that
the NBR was the most significant parameter affecting the
tensile  strength and  impact  strength  of
PAG/NBR/graphene nano-composites. According to
ANOVA tables, when the P-value for molds is less than
0.05 (for 95% confidence level), it indicates that the
parameters or model terms are significant on the response
[14]. According to the theory of ANOVA and ANOVA
tables for tensile strength and impact strength, it is seen
that linear effects of NBR (N) and graphene (G) content
and also the interaction effects of NBR and graphene
(NxG) are significant for three responses. The quadratic
effect of NBR (N?) is significant on impact strength,
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Figure 2. XRD curves of graphene, PN30G2, and PN30G1
nanocomposite
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whereas the quadratic effect of graphene (G?) is
significant on tensile strength. In addition, the R?
adjusted R?, and predicted R? are shown these tables. It
can be seen, in all the three responses, that the R? values
are in reasonable agreement and are close to 1, which is
desirable. The high values of adjusted R? and predicted
R? in Tables 4 and 5 shows that the regression models
have the great predictive ability.

TABLE 4. ANOVA for the tensile strength

Source Sum of df Mean F- -
Squares Square Value value
Model 334.84 5 66.96 12159 <0.0001
NBR (N) 212.15 1 212.15 358.89 < 0.0001
Graphene (G) 88.02 1 88.02 159.83 < 0.0001
NxG 7.56 1 7.56 13.73  0.0076
G? 22.36 1 22.36 40.61  0.0004
N2 0.43 1 0.43 0.78 0.4060
Residual 3.86 7 0.55
Lack of Fit 3.79 3 1.26 121 0.5703
R? 0.989 Adj R? 0.981
Pred R? 0.913 Adeq Precision 36.37
TABLE 5. ANOVA for the Impact strength
Source Sum of df Mean F- P-
Squares Square Value value
Model 6416.39 5 1283.28 10844 <0.0001
NBR (N) 5808.01 1 5808.01  490.78  0.0018
Graphene (G)  280.33 1 280.33 23.69 <0.0001
NxG 81.05 1 81.05 6.84 0.0010
G? 5.83 1 5.83 0.49 0.5055
N2 242.67 1 242.67 20.51 0.0286
Residual 82.84 7 11.83
Lack of Fit 81.64 3 27.21 90.71 0.6628
R? 0.983 Adj R? 0.978
Pred R? 0.876 Adeq Precision 37.65

From the discussion above, the final mathematical
models to estimate tensile strength and impact strength of
nanocomposites are represented in Equations (2) and (3).
In terms of actual factors

Tensile strength = 45.53 + 5.07xG - 0.778xN +

0.275%GxN - 3.951x G 2

Impact strength = 35.04 + 13.298 x G + 1.147 x N -
0.9 xGxN + 0.032 x N 2

@

®)
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3.3. Confirmation Experiments To investigate
the validity of the developed models, three confirmation
experiments were performed under new test conditions.
The experimental condition, the actual values of three
responses, the predicted values, and the percentages of
error are shown in Table 6. Based on Table 6, data
corresponding to the confirmation experiments is in good
agreement with experimental values [16].

3. 4. The Interaction Effect of Parameters on
Mechanical Properties Figure 3 (aand b) isa
perturbation plot that illustrates the main effects plot of
NBR (N) and graphene (G) for tensile strength and
impact strength of nanocomposites, respectively. With
increasing graphene content, the tensile strength

TABLE 6. Comparison of actual and predicted responses

N G Tensile strength Impact strength
Actual 70.5 Actual 74.1
20 1 Predict 67.1 Predict 70.2
Error (%) 5.1 Error (%) 55
Actual 63.9 Actual 95.2
30 05 Predict 59.3 Predict 91.6
Error (%) 7.7 Error (%) 3.9
Actual 55.8 Actual 105.5
40 1 Predict 58.6 Predict 1111
Error (%) 4.7 Error (%) 5.1
Perturbation
41
% 365 X -
=
%” 32|
=z G N
% 27.5-
=
23
-1 0.5 0 0.5 1
Deviation from reference Point (Coded Units)
(@) ,
Perturbation
145 —
£} i
g 122.5 N
E 92954 g
§ G
E- 76.754 g
54
T T T T T
-1 -0.5 0 05 1
Deviation from reference Point (Coded Units)
(b)

Figure 3. Perturbation plots showing the effect of all factors
on (a) Tensile strength (b) Impact strength



M. R. Nakhaei and G. Naderi / IJE TRANSACTIONS C: Aspects Vol. 33, No. 9, (September 2020) 1803-1810 1807

increased while the impact strength of PAG6/NBR
nanocomposites reduces slightly with increasing the
graphene content. The enhancing effect of graphene (G)
on the tensile strength of PA6-based nanocomposites was
also reported in other papers [17]. From Figure 3, it can
also be observed that the tensile strength of
nanocomposites decreased with an increase in NBR
phase content which is related to the lower tensile
strength of neat NBR, whereas increasing the HNT from
20 to 40 wt% leads to an increase in the impact strength
from about 65 to 110 j/m. This phenomenon has also been
reported in numerous  other PP/elastomer
nanocomposites and is due to the softening effect of an
elastomeric phase like NBR on plastic-based
nanocomposites [17, 18].

Figures 4 and 5 show the 3D response surface plots
created by the applied software. The interaction effect
between NBR and Graphene content on the tensile
strength and impact strength are presented in Figures 4
and 5, respectively. Figure 4 (a and b) show that at low
NBR content, the maximum tensile strength of the
PAGB/NBR/Graphene nanocomposites was obtained at the
graphene content of 1.5%. This is related to the fact that
the higher nanoparticle content in thermoplastic
elastomers leads to decreased size of elastomer particles
and consequently, an improvement in the mechanical
properties. Haghnegahdar et al. [10] concluded that
higher contents of nanographene decrease the size of the
dispersed phase.

The average size of rubber particles of prepared
PA6/NBR/Graphene nanocomposites was reported in
Table 7. Figure 6 shows the cryofractured surfaces of
PN30GO, and PN30G2 samples, and the dark holes
represent the NBR phase by selectively etching in
acetone. Comparing the two samples shows that very
small rubber particles are obtained when using 2 %wt of
graphene nanoparticle. According to Equation (1) and
Figure 6, the size of the NBR phase was decreased from
3.24 to 0.85 pum with the addition of 2 %wt of graphene.
Paran et al. [9] concluded that higher contents of
halloysite nanotube decrease the size of the NBR phase
in the PA6 matrix. They stated that this might be because
the viscosity difference between matrix and rubber
decreases by adding HNTs to PA6/NBR. The results of
research by Haghnegahdar et al. [19] show that another
possible effect may be the hindering role of graphene on
the coalescence of rubber particles.

The best impact strength of the PA6/NBR/Graphene
nanocomposite (122.25 j/m) is achieved at 40 wt% of
NBR content and 0.5 wt% of graphene content, according
to Figure 5. According to Figure 5, at the minimum
amount of loading of NBR, the effect of graphene content
on impact strength was not much. With the addition of
nanoparticles to PAG6/NBR, the size of elastomer
decreased, which this behavior increases impact strength.
On the other hand, nanoparticles act as stress

concentration which leads to decreases impact strength.
Previous results by some other researchers shows that the
different effect of nanoparticles on the microstructure of
thermoplastic elastomer is the reason for not changing the
value of impact strength at a low level of NBR content
[9, 11].

Tensile strength (MPa)

40

gth (MPa)

Tensile strength

1.25

Gmphenel 0.75
0.5 40

(b)
Figure 4. (a) Contours plots and (b) response surface
diagram showing the effect of N and G on tensile strength
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Figure 5. (a) Contours plots and (b) response surface
diagram showing the effect of N and G on impact strength
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(b)
Figure 6. SEM micrograph of PA6/NBR/Graphene blend
with (a) 0% (b) 2% Graphene content

TABLE 7. Rubber particle sizes of PA6/NBR nanocomposites
prepared with graphene

PN30G1 PN40G0.5 PN50G1 PN30G2
2.12 4.35 4.93 0.85
Rubber
size PN30G0 PN20G0.5 PN40G1.5 PN20G1.5
(Hm)
3.24 1.98 2.87 1.03

At the high level of NBR content, impact strength
decreased with an increase in graphene content at 0.5 to
1.5 wt%. This behavior could be related to the weak
compatibility and adhesion between NBR as the
dispersed phase and PA6 as the continuous phase,
especially at the high content of NBR [19].

The best impact strength of the PA6/NBR/Graphene
nanocomposite (122.25 j/m) is achieved at 40 wt% of
NBR content and 0.5 wt% of graphene content, according
to Figure 5. At the minimum amount of loading of NBR,
effect of graphene content on impact strength was not
much.  The different effect  of nanoparticles on the
microstructure of thermoplastic elastomer is the reason
for not changing the value of impact strength at a low
level of NBR content [20].

At the high level of NBR content, impact strength
decreased with an increase in graphene content at 0.5 to
1.5 wt%. This behavior could be related to the weak
compatibility and adhesion between NBR as the
dispersed phase and PA6 as the continuous phase,
especially at the high content of NBR [18].

3. 5. Effect of Parameters on Crystallization
Table 8 shows the melting and crystallization properties
of PA6/NBR/Graphene nanocomposites. Delta H (AH)
was obtained by DSC thermograms and the area under

TABLE 8. Melting and crystallization temperatures of
PAB/NBR/Graphene nanocomposites

Code AH,(J/g) X (%) T (°C) Tm (°C)
PN30G1 44.9 20.1 197.2 2224
PN40G0.5 46.5 20.2 194.1 221.9
PN50G1 44.8 18.9 194.1 222.0
PN30G2 43.1 19.4 198.7 2228
PN30GO 47.7 21.4 195.1 2215
PN20G0.5 471 211 197.2 2223
PN40G1.5 435 19.1 196.1 2222
PN10G1 46.4 20.4 199.8 223.0
PN20G1.5 44.6 20.1 199.2 2228

the peak. The crystallinity percent (y) of these materials
was calculated from Equation (4):

X (%) = = x 100 )

According to the results in Table 8, comparing AH,
crystallinity percent, crystallization temperature and
melting temperature of the samples PN30GO and
PN30G2 shows that the addition of graphene
nanoparticle to the PA6/NBR blend led to decrease AH
and crystallinity percent. At the same time, it increases
the crystallization temperature and melting temperature.
With addition of 2 wt% graphene content to PA6/NBR
blend, the crystallization temperature, and melting
temperature increased from 195.1 to 198.7 °C and 221.5
to 222.9 °C, respectively. This behavior attributed to the
fact that graphene nanoparticles act as a nucleating agent
and increase crystallization temperature [10]. The
addition of graphene and rubber particles decreased size
and increased the number of spherulites of PA6, which
this behavior led to decreasing the percentage of
crystallinity. According to Table 8, comparing the
PN30GO and PN30G2 and also PN10G1 and PN50G1
shows that the addition of 2% of graphene and 40%
rubber content to PAG6/NBR blends decreases the
percentage of crystallinity from 21.4 to 19.4% and 20.4
to 18.9 %, respectively. These results were attributed to
the effect of nanoparticle and rubber on the size of the
spherulites of the PA6 matrix that these results consistent
with the results of other researchers [19, 20].

4. CONCLUSION

In this study, the response surface methodology was used
to examine the effects of NBR and graphene content on
responses such as tensile strength and impact strength.
Experiments were designed based on central composite
design. The most important results are as follows:
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1. The interlayer spacing of graphene in the
nanocomposite with 1 wt% graphene compare to
graphene was increased from 3.45 to 4.77A that this show
the better dispersion of graphene in the polymer matrix.
2. The rubber particle size decreased from 3.24 to 0.85
pum when graphene content increased from 0 to 2 wt%.
3. At the high level of NBR content, impact strength
decreased from 122.5 j/m to 98.3 j/m with an increase in
graphene content at 0.5 to 1.5 wt%, while the tensile
strength increased from 23.1 MPa to 32.2 MPa.

4. At low NBR content, the maximum tensile strength
(36.5 MPa) and impact strength (76.8 j/m) of the
PAG/NBR/Graphene nanocomposites was obtained at the
graphene content of 1.5%.

5. The addition of graphene nanoparticle to the PA6/NBR
blend led to decrease the crystallinity percent and Delta
H.

6. With addition of 2% graphene content to PA6/NBR
blend, the crystallization temperature, and melting
temperature increased from 195.1 to 198.7 °C and 221.5
to 222.9 °C, respectively.
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