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Abstract: This study aims to explore the tensile and impact properties (tensile strength, modulus
of elasticity, and impact strength) of polypropylene (PP)-based nanocomposites reinforced with
graphene nanosheets, nanoclay, and basalt fibers. The response surface methodology (RSM) with
Box–Behnken design (BBD) was adopted as the experimental design. An internal mixer was used
to prepare compounds consisting of 0, 0.75 and 1.5 wt% graphene nanosheets, 0, 10 and 20 wt%
basalt fibers, and 0, 3 and 6 wt% nanoclay. The samples were prepared by a hot press machine for
mechanical testing. The tensile tests were run to determine the tensile strength, and modulus of
elasticity, and the Charpy impact tests were performed to assess the impact strength. It was found
that the addition of basalt increased the tensile strength, modulus of elasticity, and impact strength
by 32%, 64% and 18%, respectively. Also, the incorporation of the low-weight graphene nanosheets
increased the tensile and impact strength by 15% and 20%, respectively, Adding graphene nanosheets
generally improved the modulus of elasticity by 66%. Similarly, the addition of nanoclay improved
the tensile strength by 17% and increased the modulus of elasticity by 59%, but further addition of it
decreased the impact strength by 19%. The values obtained by this experiment for the mechanical
property were roughly close to the data yielded from desirability optimization.

Keywords: mechanical properties; graphene; nanoclay; basalt; polypropylene; FE-SEM

1. Introduction

In recent years, polymer composites have been widely used in industry due to their
lightness, resistance, and excellent mechanical properties [1]. These properties have made
them more usable than metals [2]. Polypropylene (PP) is an important and widely used
thermoplastic due to its light weight, less expensive cost of manufacturing, good heat
deflection temperature, and renewability [3,4]. When PP is used at room temperature, it
exhibits very good mechanical, thermal, and physical properties. Blending of polymers is
often a convenient method for obtaining improved polymeric materials, which are difficult
to obtain by direct polymerization processes [5,6]. Nanomaterials are very important in
various industries today. Nanomaterials are used in nanocomposites to reinforce them.
Examples of these nanomaterials are nanographene, carbon nanotubes, clay nanotubes, and
nanosilica [7–9]. Saffari et al. studied the mechanical properties of carbon nanotubes [10–12].

Graphene are a single layer of carbon atoms that are tightly bound, giving a honeycomb-
like appearance to graphene sheets. The unique properties of graphene, including high
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specific surface area, high young’s modulus, a strong filler-matrix interface, and better bond-
ing of the polymer matrix and the filler particles have increased the use of this material [13].
Shokrieh et al. [14] studied the processing and structural characteristics of graphene/PP
nanocomposites. It appeared that adding 0.5 wt% graphene to PP improves the modulus
of elasticity of PP. Zhang et al. [15] fabricated high-strength graphene-reinforced nanocom-
posites in net shape for complex 3D structures by digital light processing. They found
that by adding 5 wt% of graphene to PP, the modulus of elasticity significantly improved.
Hakan et al. [16] assessed the mechanical and thermal properties of PP composites sub-
jected to graphene oxide loading. They concluded that the addition of graphene oxide
to PP resulted in a dramatic improvement in tensile strength and Young’s modulus by
42% and 71%, respectively. The use of graphene to upgrade the mechanical behaviour of
composites was investigated by Wang et al. [17], as well. They tested the samples for tensile,
morphological, and thermal properties and found that adding a low content of graphene
to the PP improved the tensile properties. Ansari et al. [18] fabricated and compared the
mechanical behaviour of PP nanocomposites reinforced with carbon fiber and calcium car-
bonate nanoparticles. They found that the incorporation of calcium carbonate nanoparticles
enhanced the impact strength of nanocomposites compared to those without nanopar-
ticles. They attributed this increase to the structure uniformity and the good adhesion
between the two-phase PP and calcium carbonate. Corroborating the findings of this study,
Yuan et al. [19] reported that the inclusion of 1 wt% of graphene oxide to PP yielded better
tensile properties. Gharebeiglou et al. [20] also examined the mechanical and thermal
behavior of PP nanocomposites reinforced with graphene oxide. They concluded that
the Young’s polymer modulus was improved by adding 0.1%, 0.3%, and 0.5% AGO by
20%, 30%, and 34%, respectively. They also reported that the 10% mass reduction tempera-
ture for 0.1%, 0.3%, and 0.5% AGO nanocomposites increased by 2, 8 and 12 ◦C for pure
polypropylene, respectively.

One of the most common nanofillers in polymers is layered silicates. Because of
the lower mineral phase, silicate nanocomposites are less heavy than conventional com-
posites and therefore can be used as substitutes for these composites in various applica-
tions [21,22]. Liaghat et al. [23] studied the effect of nanoclay incorporation on the energy
absorption capacity of steel-polyurea bi-layer plates. They concluded that the inclusion of
1 wt% nanoclay to polyuria led to an increase in the modulus of elasticity by about 60%.
Esmizadeh et al. [24] investigated the mechanical behavior of hybrid polyethylene-based
nanocomposites reinforced with nanoperlite and nanoclay. They argued that a 7 wt% in-
crease in nanoparticles resulted in a uniform distribution of nanoparticles in the polyethylene
matrix and an improved tensile strength, and the modulus of elasticity of the composites
with 5 wt% of nanoclay and 2 wt% of nanoperlite was about twice that of pure polyethylene.

Today, fibers are used in many composite materials to reinforcement them against a
variety of loads and these fiber reinforced composites are used in many applications in
many industries [25–28]. One of the environmentally safe fibers is basalt. Basalt fibers
have high flexibility and resilience, high heat tolerance, and adequate corrosion resistance.
They have various applications [29]. For instance, in post-earthquake remediation and
reinforcement, basalt-reinforced composites are used as external bonding sheets [30,31]. The
mechanical properties of basalt-reinforced plastic were studied by Lopresto et al. [32]. They
used vacuum technology to prepare their samples and a universal machine to do tensile
testing. They found that reinforcement with basalt yielded better mechanical properties
than reinforcement with alternative fibers. Wang et al. [33] examined the resistance and
the fatigue behavior of composites reinforced with carbon fiber, glass fiber, and basalt
fiber. They concluded that carbon/basalt composites increased the potential for fatigue
tolerance. The characterization of modern basalt-reinforced composites was studied by
Colombo et al. [34]. They argued that composites reinforced with epoxy resin had stronger
mechanical properties than those reinforced with vinyl ester. High et al. [35] used basalt for
the reinforcement of concrete. It appeared that the flexural structure of basalt-reinforced
concrete provided high compressive strength of the concrete and acceptable serviceability.
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Shishevan et al. [36] examined the behavior of basalt-reinforced polymer composites. They
focused on the main parameters of low-velocity impact, including energy absorption, initial
maximum force, and deformation, and compared them with polymer plates reinforced
with carbon fibers. Their results showed that, owing to the high toughness of basalt fibers,
the plates reinforced with these fibers showed much better performance compared to those
reinforced with carbon fibers.

Another significant benefit of basalt fibers is their manufacturing, which uses fewer
resources and is less expensive than glass or carbon fibers [37,38]. Eslami et al. [39] investi-
gated the mechanical behavior of PP/clay nanocomposites reinforced with basalt. They
argued that, owing to the high resilience of basalt, the final strength and modulus of elastic-
ity increased dramatically. The mechanical properties of basalt-reinforced polymers were
examined by Chen et al. [40]. The findings revealed that the samples yielded tensile stress,
fracture strain, and modulus of elasticity of 1642.2 MPa, 0.021, and 77.9 GPa, respectively.

In this research, the mechanical behavior of PP nanocomposites reinforced with
graphene, nanoclay, and basalt fibers has been investigated. The aim of this research
is to obtain a polymer nanocomposite with maximum levels of tensile strength, modulus of
elasticity, and impact strength.

2. Materials and Method
2.1. Materials

This study used PP (v30s trade name) as a matrix. It had a melt index of 18 g/10 min
and a density of 0.918 g/cm3, and was manufactured and purchased from Arak Petrochem-
ical Company (Boshehr, Iran).

In this study XGnP-C750 graphene nanosheets were supplied by XG Science (Lansing,
USA) with a minimum thickness of 2 nm, an average diameter of below 2 mm, and an
average surface area of 750 m2/g. A further reinforcement utilized in this study was
basalt, which was provided by Basaltex Company (Wevelgem, Belgium), with a density of
300 g/cm3 with an average diameter of 14 nm, the average length of 6 mm. Also, modified
montmorillonite nanoclay with a tensile strength of 101 MPa and impact strength of 27 J/m
was used.

2.2. Preparation of Samples

In general, the materials were combined to produce the tensile and impact test speci-
mens. An internal mixer type HBI SYS 90 (Vreden, Germany) with a speed of 60 rpm at
180 ◦C was used to mix the polymer and reinforcements for 10 min. A hot compression
molding machine with a square steel mold (250 m × 250 m) was used to prepare the
samples at a temperature of 190 ◦C. The pre-heating temperature of the platens was 190 ◦C,
and a minimum level of pressure was exerted in this phase to keep the contact between the
platens and the mold. Subsequently, the pressure was then gradually elevated to 2.5 MPa
for 2 min and kept constant for a further 5 min. Subsequently, keeping the pressure constant,
the mold was transferred to a cold press and cooled down to room temperature (2.5 MPa).
Compounds included graphene (at 0, 0.75 and 1.5 wt%), basalt fibers (at 0, 10, and 20 wt%),
and nanoclay (at 0, 3 and 6 wt%).

2.3. Characterization

The tensile test was run based on ISO 527-1 to determine the tensile strength and
modulus of elasticity. The dimension of tensile samples is 3.2 mm in thickness, 19 mm in
width, 115 mm in length and 6 mm in width of the narrow section. The tensile test was
performed using a Zwick/Roell (Byronas, Greece). The Charpy impact test was run at
room temperature based on ISO 179 standard for grooved samples with the groove angle
and depth of 45◦ and 2.5 mm, respectively. The dimension of the impact samples is 3.2 mm
in thickness, 12.7 mm in width and 63.5 mm in length. The tensile and impact test machine
is shown in Figure 1. A field emission scanning electron microscope (FE-SEM) was applied
to scan the samples’ fracturing surface. To obtain more accurate results, each combination



Buildings 2022, 12, 7 4 of 22

was tested five times. At the end, the average of tests was also reported for tensile strength,
modulus of elasticity, and impact strength. Figure 2 indicates samples before and after
running the tests.
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3. Design of Experiment

The regression model employing response surface methodology (RSM) with Box–
Behnken design (BBD) was adopted in this study. According to studies conducted by other
researchers, The design included three variables, each at three levels (graphene (at 0, 0.75
and 1.5 wt%), nanoclay (at 0, 3 and 6 wt%), and basalt (at 0, 10 and 20 wt%)), as shown in
Table 1.
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Table 1. Variables and levels in Box–Behnken experimental design.

Variables (wt%) Low (−1) Middle (0) High (1) Reference

Graphene (X1) 0 0.75 1.5 [41,42]
Nanoclay (X2) 0 3 6 [24,39]

Basalt (X3) 0 10 20 [31,32]

To model the answer given in Equation (1), a quadratic polynomial is typically used.

Y = α0 + α1X1 + α2X2 + α3X3 + α11X2
1 + α22X2

2 + α33X2
3 + α12X1X2 + α13X1X3 + α23X2X3 (1)

where Y is the response; X1, X2, and X3 are the variables; α0 is the amount term; α1, α2 and
α3 are the coefficients of the polynomial linear effects; α11, α22 and α33 are the coefficients
of quadratic effect; and α12, α13 and α23 are the coefficients of the polynomial interaction
effect [43].

4. Results and Discussion

According to the Box–Behnken DOE, 15 experiments including three center points
were carried out, as given in Table 2. Table 3 shows the results for modulus of elasticity,
tensile, and impact strength for 15 samples prepared following tensile and impact test-
ing. Also, to investigate the effect of each variable on the mechanical properties of pure
polypropylene, samples 16 to 22 were made and the results for modulus of elasticity, tensile,
and impact strength are shown in Table 4.

Table 2. Experimental design for samples.

Sample Code 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Graphene (wt%) 0 1. 5 0 1. 5 0 1. 5 0 1. 5 0.75 0.75 0.75 0.75 0.75 0.75 0.75
Nanoclay (wt%) 0 0 6 6 3 3 3 3 0 6 0 6 3 3 3

Basalt (wt%) 10 10 10 10 0 0 20 20 0 0 20 20 10 10 10
PP (wt%) 90 88.5 84 82.5 97 95.5 77 75.5 99.25 93.25 79.25 73.25 86.25 86.25 86.25

Table 3. Experimental result for modulus of elasticity, tensile, and impact strength.

Experiment Run 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Tensile strength (MPa) 24.5 26.8 25.9 28.0 25.4 27.7 29.6 31.7 25.6 26.9 29.6 30.9 30.6 30.5 30.4
Modulus of elasticity (GPa) 1.35 2.65 2.25 3.55 0.95 2.25 2.75 4.05 1.25 2.40 3.20 3.70 2.95 2.90 2.85

Impact strength (J/m) 78 86 72 81 69 81 81 88 84 80 97 89 92 90 91

Table 4. Effect of each variable on the mechanical properties of pure polypropylene.

Experiment Run 16 17 18 19 20 21 22

Graphene (wt%) 0 0.75 1.5 0 0 0 0
Nanoclay (wt%) 0 0 0 3 6 0 0

Basalt (wt%) 0 0 0 0 0 10 20
PP (wt%) 100 99.25 98.5 97 94 90 80

Tensile strength (MPa) 22.6 26 25.2 26.3 24 26.3 30
Modulus of elasticity (GPa) 0.6 0.8 1 0.75 0.95 0.8 1.1

Impact strength (J/m) 72 85 80 68 60 78 84

4.1. Morphology

FE-SEM micrographs of the fracture surface of samples in liquid nitrogen were shown
in Figures 3–7. Figure 3 shows the fracture surface micrographs of a sample containing
0.75 wt% graphene, 3 wt% nanoclay, and 10 wt% basalt (sample number 13) after tensile
test. As shown, for low percentages of graphene and nanoclay, basalt fibers have desirable
adhesion to the polymer matrix, decreasing the likelihood of fiber pull-out from the PP
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while tensile loading [44]. It has also been observed that the low percentage of graphene and
nanoclay has prevented the growth of corrosion pits and cracks bridging, and deflection in
the cracks and has improved the mechanical behaviour of the nanocomposite.

Figure 4 displays the fracture surface micrographs of a sample with 0 wt% graphene,
0 wt% nanoclay, and 10 wt% basalt (sample number 1) after tensile test. As shown, due to
the absence of graphene and nanoclay, no bond has been established between the fibers
and the matrix, and the fiber-matrix adhesion is very weak, leading to fiber pull-out of the
matrix while tensile testing. A similar observation has been reported by Nouri et al. [42]
which shows a good agreement.
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Figure 5 indicates the fracture surface micrographs of a sample containing 0.75 wt%
graphene, 3 wt% nanoclay, and 10 wt% basalt (sample number 13) after impact test. As can
be seen, interfacial debonding has occurred between the basalt fibers and the matrix. It is
also observed that the fibers are resistant to pulling out and remain in the matrix, leading
to load transfer from the matrix to the fibers, and hence fiber breakage. Evidence shows
that the high strength of basalt fibers against fracture in comparison to that of pure matrix
improves the impact strength of nanocomposites [45,46].

Figure 6 displays the fracture surface micrographs of samples containing a high
percentage of graphene and nanoclay. Figure 6a shows the fracture surface micrograph of a
sample containing 1.5 wt% graphene, 3 wt% nanoclay, and 0 wt% basalt (sample number 6).
As one can see, the graphene are agglomerated and not homogeneously distributed in the
polymer matrix. Figure 6b,c show the fracture surface micrographs of a sample containing
1.5 wt% graphene, 6 wt% nanoclay, and 10 wt% basalt (sample number 4) after tensile and
impact test, respectively. The figure shows the agglomeration of graphene and nanoclay,
which weaken the adhesion between the substrate and the fibers and reduces the tensile
properties of the nanocomposites. Figure 6d shows the fracture surface micrograph of a
sample containing 0.75 wt% graphene, 6 wt% nanoclay, and 20 wt% basalt (sample number
12) after tensile test. As evident, the agglomeration of graphene and nanoclay diminishes
the adhesion between the matrix and the fibers and causes fiber pull-out of the matrix
under tensile loading.

Figure 7 indicates the impact of nanoclay addition on the surface fracture under impact
loading. Figure 7a shows the fracture surface micrographs of a sample containing 0.75 wt%
graphene, 0 wt% nanoclay, and 20 wt% basalt (sample number 11), and Figure 7b shows
the fracture surface micrographs of a sample containing 0 wt% graphene, 6 wt% nanoclay,
and 10 wt% basalt (sample number 3). As can be seen, the presence of nanoclay resulted in
the creation of brittle compounds, which has ultimately reduced the impact strength of the
nanocomposites.

4.2. Effect of Graphene, Nanoclay, and Basalt Weight on the Tensile Strength

Figure 8 shows the effect of graphene on tensile strength. As can be seen, the incorpo-
ration of graphene up to 0.75 wt% enhanced the tensile strength owing to better adhesion
of fibers to the surface in these samples. For higher weights of graphene, however, the
tensile strength decreased due to the agglomeration of nanoparticles [44].
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Figure 9 indicates the effect of nanoclay on the tensile strength. As can be seen, for
low weights of nanoclay, the tensile strength increased, but it decreased at a higher weight
due to the agglomeration of nanoparticles.
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Figure 10 indicates the effect of basalt on tensile strength. As shown, the incorporation
of basalt increases the tensile strength, which may be attributed to the fibers’ excellent
adhesion to the polymer and no pull-out of the matrix during the tensile test [47,48].
Figure 3 (FE-SEM image) shows similar results.

To determine the significant factors affecting the tensile strength of PP/graphene/
nanoclay/basalt hybrid nanocomposites, an analysis of variance (ANOVA) was run. The
Fisher’s value ratio (F-value) in the ANOVA test shows that whether the variance between
the means of two groups is statistically significant, and the p-value shows the probability
that the null hypothesis is true [43]. The results of ANOVA for the tensile strength are pre-
sented in Table 5. As the table shows, all of the three process parameters’ linear (graphene,
nanoclay, and basalt) and square [(graphene × graphene) (nanoclay × nanoclay)] coeffi-
cients had an effect on tensile strength based on p-value. The high values of R2 (99.97%),
R2

Adj (99.91%), and R2
Pred (99.84%) suggest the strong predictability of the model.
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Table 5. Analysis of variance (ANOVA) results for tensile strength.

Source DF Adj SS Adj MS F p

Model 9 76.76 8.53 1705.87 <0.0001
Graphene (A) 1 9.68 9.68 1936.00 <0.0001
Nanoclay (B) 1 3.38 3.38 676.00 <0.0001

Basalt (C) 1 32.81 32.81 6561.00 <0.0001
Graphene × Nanoclay (AB) 1 0.0100 0.0100 2.00 0.2164

Graphene × Basalt (AC) 1 0.0100 0.0100 2.00 0.2164
Nanoclay × Basalt (BC) 1 0.0000 0.0000 0.0000 1.0000

Graphene × Graphene (A2) 1 13.68 13.68 2736.46 <0.0001
Nanoclay × Nanoclay (B2) 1 19.11 19.11 3822.00 <0.0001

Basalt × Basalt (C2) 1 0.0023 0.0023 0.4615 0.5271
R2 = 99.97% R2

Adj = 99.91% R2
Pred = 99.84%

The quadratic equation was shown as an Equation (2) in terms of encoded factors after
excluding the small variables.

ST = 22.5365 + 6.605A + 1.7346B + 0.20250C − 3.4256A2 − 0.25299B2 (2)

Figure 11 shows the surface plots and counter plots for tensile strength. Figure 11a
indicates the effect of graphene and nanoclay on the tensile strength of the nanocomposite.
Figure 11b shows the impact of graphene and basalt, and Figure 11c displays the impact of
nanoclay and basalt on the tensile strength of the nanocomposites.

In Figure 11a, for basalt weight of 10 wt%, adding 0.75 wt% of graphene and 3 wt% of
nanoclay improved the tensile strength. This is because, at low content of nanoparticles,
the adhesion between the fibers and the matrix reaches its highest level, which prevents
crack growth and ultimately improves the tensile strength. For higher weight of nanoparti-
cles, the agglomeration of graphene and nanoclay in the compounds decreased the tensile
strength [41,42]. Figure 11b illustrates that, by keeping the nanoclay weight at 3 wt%,
increasing basalt weight improved the tensile strength, which is attributable to the estab-
lishment of good adhesion between the fibers and polymer and no pull-out of the matrix
during the tensile test [47,48]. Similarly, the tensile strength increased by adding graphene
at 0.75 wt%. This suggests that incorporating a lower content of graphene yields the maxi-
mum fiber-matrix adhesion, but higher weights of graphene result in agglomeration and
reduce the tensile strength [44].
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In Figure 11c, by keeping the graphene weight at 0.75 wt%, increasing basalt weight
increases the tensile strength, and incorporation of nanoclay at 3 wt% leads to an initial
increase and then a decrease in tensile strength.

4.3. Effect of Graphene, Nanoclay, and Basalt on the Modulus of Elasticity

Figure 12 indicates the effect of graphene on the modulus of elasticity. As one can
see, the addition of graphene nanoparticles to the compounds increases the modulus of
elasticity. This may be attributed to a good distribution of graphene and their effective role
in building a strong fiber–matrix adhesion [16].
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Figure 13 indicates the effect of nanoclay on the modulus of elasticity. As can be seen,
the addition of lower weights of nanoclay increases the modulus of elasticity while adding
higher weights decreases the modulus of elasticity, which is due to the agglomeration of
the nanoparticles.

Buildings 2022, 12, x FOR PEER REVIEW 13 of 23 
 

 
Figure 13. The effect of nanoclay on the modulus of elasticity. 

Figure 14 indicates the effect of basalt on the modulus of elasticity. As shown, the 
incorporation of basalt improved the modulus of elasticity. This is attributable to the 
higher modulus of basalt than the matrix as well as the loading transfer from the soft 
polymer matrix to the stiffer fibers. 

 
Figure 14. The effect of basalt on the modulus of elasticity. 

To determine the significant factors affecting the modulus of elasticity of PP/gra-
phene/nanoclay/basalt hybrid nanocomposites, an ANOVA was run, the results of which 
were shown in Table 6. As the table shows, all of the three process parameters’ linear 
(graphene, nanoclay, and basalt), square [(graphene × graphene) (nanoclay × nanoclay) 
(basalt × basalt)], and interaction (nanoclay × basalt) coefficients had an effect on modulus 
of elasticity based on p-value. The high values of R2 (99.79%), R2Adj (99.43%), and R2Pred 
(97.33%) suggest the strong predictability of the model.  

  

Figure 13. The effect of nanoclay on the modulus of elasticity.



Buildings 2022, 12, 7 13 of 22

Figure 14 indicates the effect of basalt on the modulus of elasticity. As shown, the
incorporation of basalt improved the modulus of elasticity. This is attributable to the higher
modulus of basalt than the matrix as well as the loading transfer from the soft polymer
matrix to the stiffer fibers.
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To determine the significant factors affecting the modulus of elasticity of PP/graphene/
nanoclay/basalt hybrid nanocomposites, an ANOVA was run, the results of which
were shown in Table 6. As the table shows, all of the three process parameters’ linear
(graphene, nanoclay, and basalt), square [(graphene × graphene) (nanoclay × nanoclay)
(basalt × basalt)], and interaction (nanoclay × basalt) coefficients had an effect on modulus
of elasticity based on p-value. The high values of R2 (99.79%), R2

Adj (99.43%), and R2
Pred

(97.33%) suggest the strong predictability of the model.

Table 6. ANOVA results for modulus of elasticity.

Source DF Adj SS Adj MS F p

Model 9 11.24 1.25 270.13 <0.0001
Graphene (A) 1 3.38 3.38 730.81 <0.0001
Nanoclay (B) 1 1.49 1.49 321.69 <0.0001

Basalt (C) 1 5.87 5.87 1268.18 <0.0001
Graphene × Nanoclay (AB) 1 0.0000 0.0000 0.0000 1.0000

Graphene × Basalt (AC) 1 0.0000 0.0000 0.0000 1.0000
Nanoclay × Basalt (BC) 1 0.1056 0.1056 22.84 0.0050

Graphene × Graphene (A2) 1 0.3186 0.3186 68.89 0.0004
Nanoclay× Nanoclay (B2) 1 0.0901 0.0901 19.49 0.0069

Basalt × Basalt (C2) 1 0.0417 0.0417 9.01 0.0300
R2 = 99.79% R2

Adj = 99.43% R2
Pred = 97.33%

The quadratic equation was shown as an Equation (3) in terms of encoded factors after
excluding the small variables.

E = 0.2437 + 1.6500A + 0.3021B + 0.12312C − 0.5222A2 − 0.01736B2 − 0.001062C2 − 0.005417BC (3)

Figure 15 shows the surface plots and counter plots for modulus of elasticity.
Figure 15a indicates the impact of graphene and nanoclay on the modulus of elasticity
of the nanocomposite. Figure 15b shows the effect of graphene and basalt, and Figure 15c in-
dicates the impact of nanoclay and basalt on the modulus of elasticity of the nanocomposite.
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In Figure 15a, by keeping basalt weight constant at 10 wt%, adding graphene nanopar-
ticles to the compounds increases the modulus of elasticity. This may be attributed to a good
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distribution of graphene and their vital role in creating good fiber-matrix adhesion [16]. The
inclusion of a lower weight of nanoclay increases the modulus of elasticity while adding it
at higher weights decreases the modulus of elasticity, which is due to the agglomeration of
the nanoparticles.

In Figure 15b, by keeping nanoclay weight at 3 wt%, increasing basalt increased the
modulus of elasticity. This might be attributable to the higher modulus of basalt from the
matrix and the effect of loading transfer from the soft polymer matrix to the stiffer fibers.
Adding graphene nanoparticles to the compounds increases the modulus of elasticity. This
may be attributed to a good distribution of graphene and their effectiveness in creating
adhesion between fibers and the matrix [16]. In Figure 15c, by keeping graphene weight at
0.75 wt%, increasing basalt weight improves modulus of elasticity, and adding nanoclay at
3 wt% initially increases the tensile strength and then decreases it.

4.4. Effect of Graphene, Nanoclay, and Basalt on the Impact Strength

Figure 16 shows the effect of graphene on the impact strength. As is evident, the
inclusion of graphene at 0.75 wt% enhanced the impact strength owing to the prevention of
crack growth in different ways, such as cavitation, bridging, and deflection. However, in
samples with 1.5 wt% of graphene, the impact strength decreased.
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Figure 17 shows the effect of nanoclay on the impact strength. As shown, the addition
of nanoclay decreased the impact strength and caused nanocomposites to become brittle.

Figure 18 displays the effect of basalt on the impact strength. The improvement in the
impact strength by adding basalt fibers is attributable to the strong fiber–matrix adhesion,
which restricts fiber pull-out when subjected to impact loading. Also, the applied force is
transferred from the matrix to the fibers and causes the fibers to break. The high strength of
basalt fibers against fracture, compared to that of pure matrix, enhances the impact strength
of nanocomposites [45].

To determine the significant factors affecting the impact strength of PP/graphene/
nanoclay/basalt hybrid nanocomposites, an ANOVA was run, the results of which were
shown in Table 7. As the table shows, all of the three process parameters’ linear (graphene,
nanoclay, and basalt), square [(graphene × graphene) (nanoclay × nanoclay) (basalt × basalt)],
and interaction (graphene × basalt) coefficients had an effect on modulus of elasticity based
on p-value. The high values of R2 (99.54%), R2

Adj (98.71%), and R2
Pred (95.99%) suggest the

strong predictability of the model.
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Table 7. ANOVA results for impact strength.

Source DF Adj SS Adj MS F p

Model 9 807.18 89.69 119.58 <0.0001
Graphene (A) 1 162.00 162.00 216.00 <0.0001
Nanoclay (B) 1 66.13 66.13 88.17 0.0002

Basalt (C) 1 210.13 210.13 280.17 <0.0001
Graphene × Nanoclay (AB) 1 0.2500 0.2500 0.3333 0.5887

Graphene × Basalt (AC) 1 6.25 6.25 8.33 0.0343
Nanoclay × Basalt (BC) 1 4.00 4.00 5.33 0.0690

Graphene× Graphene (A2) 1 351.00 351.00 468.00 <0.0001
Nanoclay × Nanoclay (B2) 1 14.77 14.77 19.69 0.0068

Basalt × Basalt (C2) 1 8.31 8.31 11.08 0.0208
R2 = 99.54% R2

Adj = 98.71% R2
Pred = 95.99%

The quadratic equation was shown as an Equation (4) in terms of encoded factors after
excluding the small variables.

SI = 68.750 + 33.67A + 0.708B + 1.037C − 17.333A2 − 0.2222B2 − 0.01500C2 − 0.1667AC (4)
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Figure 19 indicates the surface plots and counter plots for impact strength. Figure 19a
displays the effect of graphene and nanoclay on the impact strength of the nanocomposite.
Figure 19b shows the impact of graphene and basalt, and Figure 19c illustrates the impact
of nanoclay and basalt on the impact strength of the nanocomposite.
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In Figure 19a, by keeping basalt content at 10 wt%, incorporating graphene to 0.75 wt%
improved the impact strength, which is ascribed to the creation of different ways to prevent
crack growth, such as cavitation, bridging, and deflection by graphene. But, in samples
with 1.5 wt% of graphene, the impact strength decreased. Also, the inclusion of nanoclay
to the polymer matrix resulted in the formation of a brittle nanocomposite that had low
resistance to impact loads. This is due to the brittleness of the compounds after the addition
of nanoclay, which causes poor impact strength.

In Figure 19b, by keeping the nanoclay weight at 3 wt%, increasing basalt improved the
impact strength, which may be attributed to the strong fiber–matrix adhesion, which pre-
vents fiber pull-out when subjected to impact loading. Also, the applied force is transferred
from the matrix to the fibers and causes fiber breakage. The impact strength is increased by
adding graphene at 0.75 wt% and reduced by using higher weights of graphene.

In Figure 19c, by maintaining graphene weight at 0.75 wt%, increasing basalt weight
increased the impact strength, and adding nanoclay decreased it.

4.5. Optimization of Mechanical Properties

For optimization of the mechanical behavior, the tensile strength, modulus of elasticity,
and impact strength must be simultaneously maximized. A viable approach for solving the
problem of multiple response optimizations is the use of the desirability function. Drawing
on this method, each response equation is first transformed into an individual desirability
function (d), varying in the range of 0 ≤ d ≤1. Based on response characteristics, there are
three types of the desirability function:

(1) The higher is better—for an objective function to be maximized;
(2) The lower is better—for an objective to be minimized;
(3) The nominal is better—for an objective function required to achieve a particular

target [43].

Here, the tensile strength, modulus of elasticity, and impact strength must be maxi-
mized. For this purpose, the associating desirability functions were the-higher-the-better. It
can be written in a general form as presented in Equation (5):

d =


0 y < L(
y−L
T−L

)r
L ≤ y ≤ T

1 y > T

(5)

where y is the response, T is the objective or target of the response, L shows the lower limit
of the response and the super index r is the weight factor [49]. When the weight factor is 1,
the desirability function will be linear. Selecting r > 1 means that it is more important to
be close to the target value and choosing 0 ≤ r ≤ 1 reduces its importance. Here, as two
responses were studied, r = 0.5 was selected.

Depending on the desirability of each response, the component or overall desirability
value was then calculated. This component desirability function (0 ≤ D ≤ 1) is optimized
(maximized) to locate the optimal factor settings (factor combination). Overall desirability
function is given by Equation (6).

D = (d1d2 . . . dn)
1
n (6)

where n defines the response number and the desirability function used in this work
involved three responses (tensile strength, modulus of elasticity, and impact strength) in a
single composite desirability function, which can be written by Equation (7):

D = (d1(tensile strength(x))× d2(elastic modulus(x)× d3(impact strength(x))
1
3 (7)

where D denotes the composite desirability function; d1, d2 and d3 are individual desir-
ability functions corresponding to the responses; x is the vector of the designed variables
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(coded values); tensile strength(x), modulus of elasticity (x), and impact strength(x) are
the predictor of the impact strength and modulus of elasticity given by the regression
Equations (2)–(4), respectively.

The results obtained from the desirability function analysis are provided in Figure 20.
In this figure, for a simultaneous maximization of the mechanical properties under the best
condition of composite desirability (D = 0.95), the graphene should be used at 1.02 wt%,
nanoclay at 2.42 wt%, and basalt at 20 wt% (these weight percentages of materials have
been suggested after data optimization by Design Expert software). Furthermore, the RSM
design of the experiments based on the desirability function predicted that the optimal
mechanical behavior can be achieved at the tensile strength of 32.47 MPa, modulus of
elasticity of 3.79 GPa, and the impact strength of 95.14 J/m.
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Moreover, based on the results of the desirability function, the composite desirability
(0.95) was fairly close to 1, suggesting that the settings were suitable to yield acceptable
results for all the responses.

After optimizing each parameter level with its corresponding response value, a con-
firmation experiment was conducted in optimal conditions to verify the findings (for the
suggested weight percentages, tensile and impact test specimens were made and tensile
and impact tests were performed on them). The values obtained by this experiment for the
mechanical property were roughly close to the data yielded from desirability optimization,
employing RSM (see Table 8).

Table 8. Results of confirmation experiment for optimal conditions.

Mechanical Properties Prediction Confirmation Experiment Error Percent

Tensile strength (MPa) 32.47 32.35 0.34
Modulus of elasticity (GPa) 3.79 3.76 0.62

Impact strength (J/m) 95.14 94.65 0.51

5. Conclusions

In this study, the effect of reinforcement of polypropylene (PP)-based nanocomposites
by graphene, nanoclay, and basalt fibers and its impact on tensile and impact properties
(tensile strength, modulus of elasticity, and impact strength) was investigated, and the
following conclusions were made:
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1. The incorporation of 0.75 wt% of graphene improved the tensile strength by 15%
owing to better adhesion of fibers to the surface in these samples, but adding 1.5 wt%
of these reduced the tensile strength by 3% due to the agglomeration of nanoparticles.

2. The inclusion of 1.5 wt% of graphene increased the modulus of elasticity by 66%.
This may be attributed to a good distribution of graphene and their effective role in
building a strong fiber–matrix adhesion.

3. The incorporation of 0.75 wt% of graphene enhanced the impact strength by 20%,
owing to the prevention of crack growth in different ways, such as cavitation, bridging,
and deflection, but the addition of 1.5 wt% of these reduced the impact strength by 7%.

4. Adding 3 wt% of nanoclay improved the tensile strength by 17%, and incorporating
6 wt% reduced the tensile strength by 10% due to the agglomeration of nanoparticles.

5. Adding 6 wt% of nanoclay increased the modulus of elasticity and the impact strength
by 59% and reduced the impact strength by 19%, which is due to the agglomeration
of the nanoparticles.

6. Adding 20 wt% of basalt improved the tensile strength, modulus of elasticity, and
impact strength by 32%, 64%, and 18%, respectively, which may be attributed to the
fibers’ excellent adhesion to the polymer and no pull-out of the matrix during the
mechanical tests, and this is attributable to the higher modulus of basalt than the
matrix as well as the loading transfer from the soft polymer matrix to the stiffer fibers.

7. The optimal amount of graphene, nanoclay, and basalt should be at 1.02 wt%, 2.42 wt%,
and 20 wt%, respectively, to increase the tensile strength, modulus of elasticity, and
impact strength by 48%, 81%, and 39%, respectively.

8. The values obtained by this experiment for the mechanical property were roughly
close to the data yielded from desirability optimization.
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