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Abstract: In recent days, natural fibers are extremely influential in numerous applications such as
automobile body building, boat construction, civil structure, and packing goods. Intensification of
the properties of natural fibers is achieved by blending different natural fibers with resin in a proper
mixing ratio. This investigation aims to synthesize a hybrid polymer matrix composite with the use
of natural fibers of flax and loops of hemp in the epoxy matrix. The synthesized composites were
characterized in terms of tribological and mechanical properties. The Taguchi L16 orthogonal array
is employed in the preparation of composite samples as well as analysis and optimization of the
synthesis parameters. The optimization of compression molding process parameters has enhanced
the results of this investigation. The parameters chosen are percentage of reinforcement (20%, 30%,
40%, and 50%), molding temperature (150 ◦C, 160 ◦C, 170 ◦C, and 180 ◦C), molding pressure (1 MPa,
2 MPa, 3 MPa, and 4 MPa), and curing time (20 min, 25 min, 30 min, and 35 min). From the analysis,
it was observed that the percentage of reinforcement is contributing more to altering the fatigue
strength, and the curing time is influenced in the impact and wear analysis.

Keywords: natural fiber; curing time; wear; fatigue; Taguchi; epoxy

1. Introduction

Embryonic natural fiber is increasing in demand in the all-industrial sectors due to
its cost and usage; natural fibers possess rich mechanical properties and thermal prop-
erties. Most of the natural fibers are frequently used in automobile sectors instead of
steel, giving more strength to the vehicle structure. Improving mileage attentiveness in
luxury vehicles is considered of prime importance in vehicle body construction; it offers
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lightweight construction [1–3]. The fibers are improving the strength as well as stiffness
of the composites. Using the polymer matrix, comprising a selection of appropriate fiber,
binding materials, etc., can build up the sufficient strength for the specific applications,
amplify their toughness, improve their corrosion resistance in addition to heat. The fab-
rication of hybrid composites creates problems in the blending of fibers with resin at the
time of fabrication [4–6]. Based on the polymer matrix, the fiber-reinforced composites are
classified as thermoset or thermoplastic. Most of the polymers matrixes’ composites are
produced by using thermoset plastics, but some limitations are found such as it is brittle,
takes a long time cycle for curing, and it is difficult to reshape the damaged parts [7–10].
Thermoplastic materials are widely preferred as they are reliable, highly chemical resistant,
and exhibit a good strain rate [11]. Among all thermoplastics, polypropylene (PP) is highly
preferred as it is available, accessible, cheap, and exhibits appreciable tribological and
mechanical properties [12]. Mostly, the composites are prepared to utilize the hand layup
technique to obtain a uniform surface level of the composites. Hybrid composites are
prepared with constant content of (15 wt %) banana fiber and by varying groundnut shell
ash to modify the strengths [13]. From the prepared composites, the author conducted the
mechanical tests namely tensile, hardness, impact, and compression test [14–16]. It was
found from that investigation that the mechanical properties are improved by reinforced
groundnut shell ash into the banana fiber with epoxy resin [17]. Normally, the coir fibers
are widely available worldwide and compatible with other fibers. Many of the researchers
enhanced the mechanical properties of composite materials with blended coir fiber and
banana fiber [18–20]. Some investigations introduced pineapple leaf fibers into the coir
fiber. Applying to the compression molding process the fibers of sisal, banana with epoxy
are formed as a polymer matrix composite [21]. Improved mechanical properties are ob-
tained by using gray relational analysis; researchers reported two different composites that
registered excellent mechanical strength [22]. Optimized parameters combinations from
seventh runs are 10 wt % of sisal, 15 wt % of banana, 8 wt % of NaOH, molding pressure
of 10 MPa, and maintained temperature of 100 ◦C. Similar parameters were found in the
fourteenth runs, such as 20 wt % sisal, 10 wt % banana, 5 wt % NaOH, molding pressure of
10 MPa, and 120 ◦C temperature [23–25].

This research aims to synthesize a flax and hemp fibers-based hybrid polymer matrix
composite samples with the use of epoxy resin based on a Taguchi L16 type design of exper-
iments for automobile bodybuilding application. Furthermore, the mechanical (fatigue and
impact strengths) and tribological (wear) properties are analyzed on synthesized hybrid
polymer matrix composites samples [26,27].

2. Materials and Methods

In this experimental investigation, natural fiber such as flax and hemp fiber are used;
the flax fiber is also named linen, and it is naturally very strong. The hemp fiber is
commonly used for the production of clothing, shoes, paper, rope fabrication, and making
insulation material. Different types of resins are available in the market; compared to all
resins epoxy resin, they provided high strength to the polymer composites [28]. One kg
of fibers, such as flax and hemp fibers, were purchased from GO GREEN PRODUCTS,
Chennai, India. Similarly, one liter of epoxy resin was procured from Petrocoat Speciality
Chemicals Private Limited, Chennai, India.

For this experimental work, polymer matrix hybrid composites are prepared through
a compression molding process with predefined combinations (Table 2) of synthesizing
parameters as per [29]. Compression molding process parameters are selected as a per-
centage of reinforcement, molding temperature, molding pressure, and curing time. The
Taguchi statistical approach is implemented in this work to maximize and minimize the
strength and tribological properties of the hybrid composites, respectively [30–32].
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3. Experimental Procedure

In this investigation, we preferred the compression molding technique to prepare the
hybrid polymer matrix composites (flax/hemp/epoxy) utilizing a compression mold-
ing machine (Figure 1). Figure 1a illustrates the schematic view of the compression
molding machine, and Figure 1b represents the hybrid polymer matrix composites af-
ter compression molding.

Figure 1. Compression molding process: (a) Compression molding machine. (b) Raw material of hybrid polymer matrix composites.

Initially, all the fibers are cleaned well by distilled water washing for removing impu-
rities. The water wash was repeated 3 to 5 times. Furthermore, the fibers are dipped into
the potassium hydroxide (KOH) solution; the solution is prepared by different percentage
levels of KOH diluted in distilled water [33]. The alkali solution is stirred at 20 min once
for 5 h; finally, the completion of alkali treatment of the fibers is dried well in a hot oven for
240 min at 80 ◦C. After drying both fibers, the flax and hemp fiber is cut into 10 mm length
uniformly. The fabrication of both fibers such as flax and hemp fiber with epoxy resin in
the compression molding is achieved by the dimensions of 350 × 350 × 5 mm [34–36]. The
predefined weight percentages (20%, 30%, 40% and 60%) were shared equally for both
fibers. For example, for the 20 wt % fiber case, there was 10% hemp fiber and 10% flax fiber.
Hence, the predefined quantity of fibers placed on the steel mold fitted in the compression
molding machine. Epoxy resin is poured into the fibers with the required level; further, the
hydraulic machine has functioned with the selected parameters. The parameters and the
levels are presented in Table 1.

Table 1. Process parameters and their levels of compression molding.

S. No Parameters Level 1 Level 2 Level 3 Levels 4

1. % of reinforcement 20 30 40 50
2. Molding temperature (◦C) 150 160 170 180
3. Molding pressure (MPa) 1 2 3 4
4. Curing time (min) 20 25 30 35

After conducting the compression molding process, the raw polymer hybrid plate is
removed from the machine and samples were prepared to test fatigue strength, impact
strength, and wear resistance [37,38]. The ASTM standard of ASTM D3479 for fatigue test,
ASTM D 256 for impact test, and ASTM G-99 for wear test were maintained at the time of
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sample preparation. Figure 2 illustrates the fatigue, impact, and wear test specimens. The
dimensional scale of the fatigue test specimen is 150 × 20 × 5 mm; similarly, the scale of
the impact and wear test specimens are 55 × 20 × 5 mm and 35 × 15 × 5 mm, respectively.
The fatigue test is carried out with the stress ratio of −2, amplitude of 7 kN, and frequency
of 8 Hz. In the dry sliding wear test, the sliding speed of 2 m/s, sliding distance of 1500 m,
and applied load of 30 N is maintained. Taguchi analysis is included to maximize the
strength of the composites.

Figure 2. Polymer hybrid composite specimens: (a) Fatigue test specimens, (b) Impact test specimens, (c) Wear test specimens.

4. Results and Discussion

The hybrid polymer composites samples were prepared to utilize compression mold-
ing techniques and test the mechanical and tribological properties. The observations are
consolidated and presented in Table 2. Mechanical strength such as fatigue life and impact
strength was evaluated by applying the Taguchi approach. The maximum fatigue life cycle
was obtained as 7648 Nf with the influence of 50% of reinforcement, 150 ◦C of molding tem-
perature, 4 MPa of molding pressure, and 25 min of curing time. Similarly, the maximum
impact strength was recorded as 33.13 kJ/m2 by the influence of 50% of reinforcement,
170 ◦C of molding temperature, 2 MPa of molding pressure, and 35 min of curing time.

Table 2. Summary of compression molding and mechanical strength analysis.

Exp.Runs % of Rein-
forcement

Molding
Temperature

(◦C)

Molding
Pressure

(MPa)

Curing
Time
(min)

Fatigue
Life (Nf)

Impact
(kJ/m2)

Wear
(µm)

1 20 150 1 20 3057 17.39 31
2 20 160 2 25 4319 21.71 40
3 20 170 3 30 6321 23.83 42
4 20 180 4 35 5347 31.73 48
5 30 150 2 30 4328 22.62 41
6 30 160 1 35 5945 28.93 47
7 30 170 4 20 4128 19.21 37
8 30 180 3 25 6875 27.43 45
9 40 150 3 35 7123 30.03 43

10 40 160 4 30 6851 29.15 47
11 40 170 1 25 5398 24.27 42
12 40 180 2 20 7125 21.36 39
13 50 150 4 25 7648 27.52 46
14 50 160 3 20 5984 20.30 38
15 50 170 2 35 7328 33.13 51
16 50 180 1 30 6258 28.73 47
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Contrary, the minimum wear was registered as 31 µm with an influence of 20% of
reinforcement, 150 ◦C of molding temperature, 1 MPa of molding pressure, and 20 min of
curing time.

4.1. Fatigue Life Analysis

Tables 3 and 4 show the results of Taguchi analysis for the response of fatigue life test
in terms of means and S/N ratios, respectively. Tables 3 and 4 are ranking the fabrication
parameters as per their influence on fatigue life. The rank order indicates the influencing
parameters from high to low on fatigue life. From this analysis, it is concluded that
the percentage of reinforcement is a highly influential parameter followed by molding
pressure, curing time, and molding temperature. Optimal parameters of the fatigue
test have occurred at 50% of reinforcement, 180 ◦C of molding temperature, 3 MPa of
molding pressure, and 30 min of curing time. An increasing percentage of fibers mixed
homogeneously increases the fatigue life of the composites due to their denser blending.

Table 3. Response table for means (fatigue life).

Level % of
Reinforcement

Molding
Temperature

(◦C)

Molding
Pressure

(MPa)

Curing
Time
(min)

1 4761 5539 5165 5074
2 5319 5775 5775 6060
3 6624 5794 6576 5940
4 6805 6401 5994 6436

Delta 2044 862 1411 1362
Rank 1 4 2 3

Table 4. Response table for signal to noise ratios (fatigue life).

Level % of
Reinforcement

Molding
Temperature

(◦C)

Molding
Pressure

(MPa)

Curing
Time
(min)

1 73.25 74.29 73.94 73.65
2 74.32 75.11 74.95 75.44
3 76.37 75.07 76.34 75.35
4 76.61 76.07 75.32 76.10

Delta 3.36 1.78 2.40 2.45
Rank 1 4 3 2

The influencing of synthesizing parameters on fatigue life is depicted in the main
effects plots (Means and S/N ratio), as shown in Figures 3 and 4. It is understood from
Figures 3 and 4 that the increase in reinforcement percentage increases the fatigue life, 50%
of reinforcement was recorded as the maximum fatigue strength. Similarly, the steadily
increasing molding temperature increased the fatigue life; 180 ◦C of molding temperature
produced higher fatigue life. Molding pressure increases from 1 to 3 MPa increased the
fatigue life, 3 MPa of molding pressure offered the extreme fatigue life of the composites,
and it was noticed that the increase in molding pressure decreases the fatigue life. In curing
time consideration, the increase in curing time also increases the fatigue life, the maximum
fatigue life was registered by 35 min of curing time.

Figure 5 illustrates the residual plots for fatigue life observations. Figure 5 shows
that all the data points are lying on the mean line, which can be viewed in the normal
probability plot. The versus fits plot ensured that although the observations are scattered,
they are within the acceptable limit. The normal probability confirms that there is no
observational error; that is, the observations did not violate the statistical assumptions.
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Figure 3. Main effects plot for means (fatigue life).

Figure 4. Main effects plot for S/N ratio (fatigue life).

Usually, the ANOVA test is preferred in statistical analysis to ensure the accuracy
of the observed results. Table 5 exhibits the results of the ANOVA test on fatigue life
observations. Table 5 depicts the contribution of various factors to the fatigue life property
of hybrid polymer composite such as the percentage of reinforcement contributes 40.95%,
cutting time 11.65%, molding pressure 8.01%, and molding temperature contribute 5.03%.
The fatigue life can be highly changed by a higher contribution percentage of reinforcement.
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Figure 5. Residual plots for fatigue life.

Table 5. Analysis of variance for fatigue life.

Source DF Seq SS Contribution Adj SS Adj MS F-Value p-Value

Regression 4 17,724,150 65.64% 17,724,150 4,431,038 5.25 0.013
% of reinforcement 1 11,058,076 40.95% 11,058,076 11,058,076 13.11 0.004

Molding temperature (◦C) 1 1,357,987 5.03% 1,357,987 1,357,987 1.61 0.231
Molding pressure (MPa) 1 2,161,860 8.01% 2,161,860 2,161,860 2.56 0.138

Curing time (min) 1 3,146,228 11.65% 3,146,228 3,146,228 3.73 0.080
Error 11 9,279,268 34.36% 9,279,268 843,570
Total 15 27,003,418 100.00%

Regression Equation

Fatigue life (Nf) = −4028 + (74.4 × reinforcement in Percentage) + (26.1 × Molding temperature in ◦C) + (329
× Molding pressure in MPa) + (79.3 × Curing timse in min)

Figure 6 presents the parallel plot of fatigue life; this plot demonstrates the correlation
between two parameters. Figure 6a exhibits the correlation between the parameters such
as the percentage of reinforcement and molding temperature; from that, the higher fatigue
life was attained by 50% of reinforcement and 150 ◦C of molding temperature. Figure 6b
illustrates the connection between molding temperature and molding pressure; 150 ◦C
of molding temperature and 4 MPa of molding pressure offered maximum fatigue life.
Figure 6c associated between molding pressure and curing time; from that, 4 MPa of mold-
ing pressure and 25 min of curing time produced maximum fatigue life. Figure 6d presents
the correlations between curing time and percentage of reinforcement; the maximum
fatigue life was attained by 25 min of curing time and 50% of reinforcement.
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Figure 6. Parallel sets the plot of fatigue life: (a) percentage of reinforcement vs. molding temperature (b) molding
temperature vs. molding pressure (c) molding pressure vs. curing time, and (d) curing time vs. percentage of reinforcement.

4.2. Impact Strength Analysis

From impact strength analysis, the four parameters’ contributions are presented in
Tables 6 and 7 by means and S/N ratio structure. Based on the rank order, the curing time
has a strong influence on the impact strength analysis, which is followed by percentage
of reinforcement molding temperature and molding pressure. Curing time increases the
impact strength of polymer composites. Increasing the curing time offered good blending
action between resin and fibers, and it causes the composites to have high impact strength.
Maximum impact strength was observed on the composite sample, which was prepared
with 50 wt % fibers reinforcement at the molding temperature of 170 ◦C, with 2 MPa of
molding pressure for 25 min curing time.

Figures 7 and 8 illustrate the main effects plot (mean and S/N ratio) for impact strength.
From this plot, it can be observed that the increase in all synthesizing parameters increases
the impact strength in a steady state. The composite samples that have a weight percent of
fibers reinforcement from 30% to 50% recorded higher impact strength. The impact strength
was maximum in the composite prepared at 180 ◦C of molding temperature, 4 MPa of
molding pressure and 35 min of curing time. The sample prepared at the 4th level of all
synthesizing parameters exhibited high impact strength.
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Table 6. Response table for means (impact strength).

Level % of
Reinforcement

Molding
Temperature

(◦C)

Molding
Pressure

(MPa)

Curing
Time
(min)

1 23.66 24.39 24.83 19.56
2 24.55 25.02 24.70 25.23
3 26.20 25.11 25.40 26.08
4 27.42 27.31 26.90 30.95

Delta 3.76 2.92 2.20 11.39
Rank 2 3 4 1

Table 7. Response table for signal to noise ratios (impact strength).

Level % of
Reinforcement

Molding
Temperature

(◦C)

Molding
Pressure

(MPa)

Curing
Time
(min)

1 27.28 27.56 27.73 25.80
2 27.69 27.85 27.70 28.00
3 28.28 27.83 28.00 28.27
4 28.63 28.64 28.45 29.80

Delta 1.35 1.08 0.74 4.00
Rank 2 3 4 1

Figure 7. Main effects plot for means (impact strength).

Figure 9 illustrates the ANOVA residual plots for the observations of impact strength.
The normal probability plot ensures that there is no error in the observations, as all the
observations are lying on or very close to the mean line. The same things that were revealed
in the verses fit the plot; that is, all data points were distributed homogeneously along in
positive and negative limits. All the rectangles were skewed properly in the histogram plot.
At last, the versus order plot represents that the data points were equally laid in positive
and negative side also within the limits. Hence, it is understood that the observation did
not violate statistical assumptions, and they can be accepted.
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Figure 8. Main effects plot for S/N ratio (impact strength).

Figure 9. Residual plots for impact strength.

Regression Equation

Impact (kJ/m2) = −14.66 + 0.1292% of reinforcement + 0.0885 Molding temperature (◦C) + 0.691 Molding
pressure (MPa) + 0.7004 Curing time (min)

Table 8 depicts the contribution percentage of various synthesizing parameters to the
impact strength of composites. There is a relation between the F-value and percent of the
contribution that the higher F means the value of the factor contributing is also high. It can
be noticed from the results of ANOVA analysis that the curing time was highly contributed
such as 72.71% followed by 9.90% of reinforcement, 4.65% of molding temperature, and
2.83% of molding pressure.
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Table 8. Analysis of variance (impact strength).

Source DF Seq SS Contribution Adj SS Adj MS F-Value p-Value

Regression 4 303.897 90.09% 303.897 75.974 25.00 0.000
% of reinforcement 1 33.385 9.90% 33.385 33.385 10.99 0.007

Molding temperature
(◦C) 1 15.682 4.65% 15.682 15.682 5.16 0.044

Molding pressure
(MPa) 1 9.550 2.83% 9.550 9.550 3.14 0.104

Curing time (min) 1 245.280 72.71% 245.280 245.280 80.71 0.000
Error 11 33.428 9.91% 33.428 3.039 - -
Total 15 337.325 100.00% - - - -

Figure 10 exhibits the relationship among parameters. Figure 10a represents that the
two parameters association: namely, percentage of reinforcement and molding temperature.
The maximum impact strength was found in the composite sample prepared with 50 wt %
fibers reinforcement at 170 ◦C of molding temperature. Figure 6b demonstrates the relation
between molding temperature and molding pressure: 170 ◦C of molding temperature and
2 MPa of molding pressure provided maximum impact strength. Figure 6c correlates the
relation between molding pressure and curing time. It is found from Figure 6c that the
composite sample prepared at 2 MPa of molding pressure and allowed 35 min of curing
time exhibited maximum impact strength. Figure 6d represents the link between curing
time and percentage of reinforcement; the maximum impact strength was observed by
35 min of curing time and 50% of reinforcement.

4.3. Wear Analysis

In case of wear test observations and ensuring wear-resistant characteristics of com-
posite samples, the statistical optimization objective preferred as small is a better option
(less wear is preferred) that was considered. The Taguchi analysis results are furnished
in Tables 9 and 10 in terms of means and S/N ratio for the observations of wear. Based
on the delta value, ranking can be decided. That is, the higher the delta value indicates
a higher influence. Hence, the order of ranking of synthesizing parameters or wear of
composite samples can be decided as the curing time, percentage of fiber reinforcement,
molding temperature, and molding pressure, respectively of rank 1 to rank 4. Minimum
wear occurred by influencing optimal parameters such as 20% of reinforcement, 150 ◦C of
molding temperature, 1 MPa of molding pressure, and 20 min of curing time.

Table 9. Response table for means (wear).

Level % of
Reinforcement

Molding
Temperature

(◦C)

Molding
Pressure

(MPa)

Curing
Time
(min)

1 40.08 39.98 41.68 36.42
2 42.56 43.03 42.71 43.24
3 42.95 43.12 42.15 44.09
4 45.43 44.89 44.48 47.27

Delta 5.34 4.90 2.79 10.85
Rank 2 3 4 1
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Figure 10. Cont.
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Figure 10. Heatmap plot for impact strength: (a) percentage of reinforcement vs. molding tem-
perature (b) molding temperature vs. molding pressure (c) molding pressure vs. curing time and
(d) curing time vs. percentage of reinforcement.
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Table 10. Response table for signal to noise ratios (wear).

Level % of
Reinforcement

Molding
Temperature

(◦C)

Molding
Pressure

(MPa)

Curing
Time (min)

1 −31.95 −31.94 −32.28 −31.19
2 −32.54 −32.64 −32.56 −32.70
3 −32.64 −32.64 −32.48 −32.87
4 −33.10 −33.02 −32.92 −33.47

Delta 1.15 1.07 0.64 2.29
Rank 2 3 4 1

Figures 11 and 12 show the main effects plot (mean and S/N ratio) for the observations
of wear. The following can be noticed from the plots of Figures 11 and 12: that the
composites prepared with low level (1st level) values of synthesizing parameters offered
minimum wear; that is, the composite sample prepared with 20 wt % of fiber reinforcement,
150 ◦C of molding temperature, 1 MPa of molding pressure and allowed 20 min of curing
time recorded the minimum wear. A higher curing time increases the bonding strength of
the composites and leads to reduced wear.

Figure 11. Main effects plot for means (wear).

The residual plot shows four plots in the single graph as shown in Figure 13. In
normal probability, the plot presents that all the data points touched the mean line; in the
versus fits plot, the data points were dispersed evenly positively and negatively. In the
histogram plot, the rectangles were distributed normally; in the versus order plot, the data
points were lying in between the mean line and within the limit. From these, the selected
parameters and the model was precise.
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Figure 12. Main effects plot for S/N ratio (wear).

Figure 13. Residual plots for wear analysis.

Table 11 presents the ANOVA analysis of the wear test, and the parameters’ contribu-
tion was clearly illustrated. Among all parameters, the curing time contributed highly such
as 57.86%, which was followed by 14% of reinforcement, 11.35% of molding temperature,
and 3.17% of molding pressure. p-Value of this analysis was less than 0.05; hence, the
selected parameters were accurate and produced good results.



Polymers 2021, 13, 4195 16 of 19

Table 11. Analysis of variance for wear analysis.

Source DF Seq SS Contribution Adj SS Adj MS F-Value p-Value

Regression 4 333.13 86.38% 333.13 83.281 17.44 0.000
% of reinforcement 1 53.98 14.00% 53.98 53.981 11.30 0.006

Molding temperature (◦C) 1 43.78 11.35% 43.78 43.778 9.17 0.011
Molding pressure (MPa) 1 12.21 3.17% 12.21 12.207 2.56 0.138

Curing time (min) 1 223.16 57.86% 223.16 223.159 46.73 0.000
Error 11 52.53 13.62% 52.53 4.775
Total 15 385.66 100.00%

Regression Equation

Wear (µm)= −7.73 + 0.1643% of reinforcement + 0.1480 Molding temperature (◦C) + 0.781 Molding pressure
(MPa) + 0.6681 Curing time (min)

Figure 14 illustrates the 3D trajectory plot for wear analysis. Figure 14a represents a
combination of synthesizing parameters of wt % of reinforcement and molding temperature
in composite wear; minimum wear was recorded by 20% of reinforcement and 150 ◦C of
molding temperature. Figure 14b exemplifies the correlation between molding temperature
and molding pressure, 150 ◦C of molding temperature and 1 MPa of molding pressure
offered minimum wear of the composites. Figure 14c interrelated between molding pres-
sure and curing time; from that, 1 MPa of molding pressure and 20 min of curing time
registered minimum wear. Figure 14d shows the association between curing time and
percentage of reinforcement; the minimum wear was observed by 20 min of curing time
and 20% of reinforcement.

Figure 14. Three-dimensional (3D) trajectory plot for the response of wear: (a) percentage of rein-
forcement and molding temperature (b) molding temperature and molding pressure (c) molding
pressure and curing time and (d) curing time vs. percentage of reinforcement.
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Figure 15 presented the SEM images of minimum and maximum wear specimens, from
in minimum wear specimens, the microcrack and plowing were identified. In maximum
wear specimen, the fatigue wear and plastic flow can be observed due to high speed and
applied load.

Figure 15. SEM images of wear specimens: (a) minimum wear, (b) maximum wear.

5. Conclusions

Hemp/flax/epoxy hybrid polymer matrix composites were fabricated by compression
molding and we evaluated the mechanical strength and tribological property of wear.
Our samples were prepared as per Taguchi experimental design with aim of creating
novel hybrid polymer matrix composites with high strength and low wear for automobile
bodybuilding applications. The finding of the investigation is discussed below.

The composite prepared with the synthesizing parameters of 50% of reinforcement,
150 ◦C of molding temperature, 4 MPa of molding pressure, and 25 min of curing time
offered a high fatigue life cycle as 7648 Nf. Similarly, the maximum impact strength was
registered as 33.13 kJ/m2 by the influence of 50% of reinforcement, 170 ◦C of molding
temperature, 2 MPa of molding pressure, and 35 min of curing time. In the wear test, the
minimum wear was recorded as 31 µm with the influence of 20% of reinforcement, 50 ◦C
of molding temperature, 1 MPa of molding pressure, and 20 min of curing time.

From the fatigue analysis, optimal parameters of the fatigue test were attained as
50% of reinforcement, 180 ◦C of molding temperature, 3 MPa of molding pressure, and
30 min of curing time. In the impact test, the optimal parameters were attained as 50% of
reinforcement, 170 ◦C of molding temperature, 2 MPa of molding pressure, and 25 min of
curing time. In the wear test, optimal parameters were recorded as 20% of reinforcement,
150 ◦C of molding temperature, 1 MPa of molding pressure, and 20 min of curing time.

The contribution of synthesizing parameters to the percent of reinforcement of fiber
reinforcement was found to be 40.95% to fatigue strength, 72.71% to impact strength, and
57.86% to wear.
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