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Abstract. Hybridization of natural and synthetic fibers in a single composite material can be made by several means, and
one of the best methods is the intra-ply in which both fibers are woven within a single layer. Through hybridization, the ad-
vantages of one type of fiber can improve the limitations of the other. Further the blending of natural and synthetic fibers
leads to the fabrication of composites with higher mechanical performance. Hence, this work focuses on the fabrication of
intra-ply Kevlar and hemp fiber reinforced epoxy hybrid composites with different weaving patterns such as plain weave,
basket weave, and twill weave type. Yarns were woven by handloom technique to make intra-ply Kevlar and hemp fiber
mats, and the composites were fabricated by compression molding. The water absorption, thickness swelling, and solid par-
ticle erosion characteristics of the composites were examined. The results of the experiments showed that the hemp fiber
composites exhibited the least resistance (8.45% change in absorption and 4.34% change in thickness) towards the absorption
and swelling, whereas pure epoxy (0.67% change in absorption and 0.31% change in thickness) and Kevlar (2.67% change
in absorption and 1.67% change in thickness) composites possessed higher resistance. The absorption and swelling perform-
ance of all other hybrids was found to be in between the hemp and Kevlar composites hence proving the effectiveness of the
hybridization. Further, Taguchi’s experimental design results indicated that the basket weave type hybrid composites had a
minimal erosion rate for 2 minutes of exposure duration and an impact angle of 90°. The morphological analysis of the
eroded surfaces of composites revealed the presence of micro cavities, broken fibers, crater formation, and microcracks.

Keywords: polymer composites, hybridization, absorption and thickness swelling, solid particle erosion

1. Introduction and are found to be more effective [8—15]. Natural
Natural fibers are environmentally favorable due to  fibers have many advantages, but they also have cer-
their low density, renewable nature, low cost, and bio-  tain disadvantages, such as lower mechanical prop-
degradability. Natural fibers such as kenaf, banana, erties, high moisture absorption rate, uneven shapes
jute, pineapple leaf fiber (PALF), hemp, sisal efc. are  with varied diameters, fiber and matrix incompati-
reinforced with polymer matrices to form polymer  bility when compared to synthetic fibers [16-27].

composites [1-7]. Polymer composites have found A blend of natural/natural, natural/synthetic and syn-
enormous applications in the field of automobiles thetic/synthetic fibers in the same composite material
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is called hybridization. Inter-ply and intra-ply are the
two distinct kinds of hybridization where two or
more layers placed in a homogeneous reinforcement
are called inter-ply and two fibers integrated into one
layer are called intra-ply hybrid composites. Com-
posites using intra-ply are also referred to as intra-
yarn [28-34]. Synthetic fibers, including carbon,
Kevlar, and glass are employed in high-strength ap-
plications [35-41]. The advantages of synthetic
fibers over natural fibers include their higher me-
chanical qualities, reduced moisture absorption, and
compatibility with the polymer matrices [42—48].
They are frequently utilized in automobile applica-
tions such as engine covers and sports car compo-
nents [49—54]. However, the cost of these compos-
ites is extremely high. On the other hand, natural
fibers are extremely cost-effective [55-60]. Hy-
bridized synthetic and natural fiber composites are
created to compensate for the inadequacies of natural
fiber-based polymer composites and synthetic fiber-
based polymer composites [61-66]. Although the
natural/synthetic fiber reinforced combination has
more economical and cost-effective, it reduces the
moisture absorption properties and enhances the
properties of the composites [67—71].

Recently, polymer matrix composites have replaced
metallic components in several applications. How-
ever, because the epoxy matrix is fragile, they are
vulnerable to eroding wear. Numerous studies have
examined the erosion wear behavior of polymer ma-
trix composites to solve the disadvantages and im-
prove the erosion resistance of polymer matrix com-
posites. It is critical to investigate the erosion wear
resistance of polymer matrix composites before they
may be employed in a range of applications, partic-
ularly in the aerospace and automotive industries
[72-80]. Gupta et al. [75] explored the influence of
erosion wear performance on bamboo fiber-rein-
forced epoxy composites. It was revealed that com-
posites with 40% bamboo fiber reinforcement have
higher erosion resistance than composites with the
10, 20, and 30% of fiber loadings. Researchers found
that the bamboo fiber reinforced epoxy composites
with red mud filler added possess stronger erosion
resistance compared to glass fiber reinforced epoxy
composites [76]. The influence of erosion character-
istics of composites made from lantana camara fiber
and epoxy matrix was investigated experimentally
[77]. According to the findings, increasing fiber load-
ing and impact velocity results in higher composite
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erosion rates. Mohanta and Acharya [78] examined
the erosion behavior of luffa cylindrica fiber and glass
fiber reinforced epoxy hybrid composites. The result
showed that all laminate stacking sequences have an
erosion rate that increases with impact velocity and
peaks at an impact angle of 60°. This demonstrates the
semiductile behavior of the luffa cylindrica fiber and
glass fiber reinforced epoxy hybrid composites. Sim-
ilarly, the investigation of hybrid Kevlar fiber and
pineapple leaf fiber reinforced epoxy composites
demonstrated a maximum erosion rate at 60° of im-
pact angle, which implies a semi-ductile nature [79].
Statistical techniques are frequently employed to en-
hance the quality of a process. In an experiment with
multiple variables, the user can select and assess the
effect of each possible variable according to these
statistical methodologies. In the instance of erosion
rate, the experimental erosion technique is an illus-
tration of a method where numerous control param-
eters interact to affect the performance output. The
Taguchi’s design involves using a robust design of
tests to reduce the variability in a process. The
method’s predominant goal is to ensure high-quality
of products at a cheap cost [80—-83]. Vigneshwaran
et al. [84] reported the Taguchi experimental design
for erosion wear characteristics of sisal fiber and red
mud filler reinforced epoxy hybrid composites. It
was found that the erosion loss in the composites
was mostly determined by the red mud particle, ero-
dent velocity, and erodent feed rate. In another work,
Johnson ef al. [72] examined the erosion behavior of
Sansevieria Cylindrica fiber-reinforced vinyl ester
composites using Taguchi design. From the Taguchi
experimental results, the optimal erosion process pa-
rameter was discovered from the data.

The effects of moisture absorption properties on a
hybrid of flax-hemp-epoxy composites were studied
by Saha et al. [85]. The results showed that hybrid
composites absorbed the least amount of water when
compared to pure hemp and pure flax composites.
The effects of Kevlar fiber and cocos nucifera sheath
hybridization reinforced with epoxy matrix compos-
ites were examined [86]. The results showed that
composites with a higher percentage of (75 wt%)
Kevlar had improved water absorption capabilities.
Behera et al. [87] investigated the Luffa-coir-epoxy
hybrid composites, and they concluded that the hy-
brid composites showed higher moisture resistance
than pure composites. Yahaya et al. [88] examined the
moisture absorption behavior of kenaf-kevlar-epoxy
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hybrid composites. In comparison to other hybrid
compositions, hybrid composites with higher Kevlar
fiber content exhibited lower water absorption and
thickness swelling.

Many investigations have been performed on the
swelling, absorption, and erosion properties of nat-
ural-synthetic fibre reinforced inter-ply hybrid com-
posites, however, research on intra-ply hybrid com-
posites is limited when compared with inter-ply
hybrid composites [52, 79]. Hence, in this research,
the moisture absorption, swelling, and erosion per-
formance of intra-ply hybrid Kevlar and hemp fiber
reinforced epoxy matrix composites with different
weaving patterns such as plain (1x1), twill (2x2),
and basket (3x3) were studied.

2. Materials and methods

2.1. Materials

The hemp and Kevlar fibers were procured from Go
Green Products in Chennai, Tamil Nadu. The matrix
materials, epoxy resin (LY 556) and hardener (HY951)
were supplied by Vasavibala Resins Pvt 1td., Chen-
nai, Tamil Nadu. Table 1 lists the mechanical prop-
erties of fibers and matrix used in this study.

2.2. Methods

2.2.1. Fabrication of woven fabric mats

The Kevlar and hemp fibers were weaved using hand-
loom technique. Pure kevlar (K) and hemp (H)

Table 1. Mechanical properties of fibers and matrix.

Hemp |Kevlar
fiber | fiber

Density [g/em®]| 1.50 1.76 1.16
Tensile strength [MPa]|550-900| 4500 31
Young’s modulus [GPa] 70 250 4
Elongation at break[%] 1.6 33 5.0

Mechanical properties Epoxy | References

[9],
[10],
[13],

[88-90]

i3
|

Figure 1. Pure woven mats a) Kevlar (K), b) Hemp (H).
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woven fabric mats were prepared by weaving sepa-
rate kevlar and hemp fibers. On the other hand, the
kevlar and hemp fibers were inserted in warp and
weft direction to obtain the intra-ply 1x1 plain
(KH1), 2x2 twill (KH2) and 3x3 basket (KH3) type
woven fabrics. The same quantity of Kevlar and
hemp yarn were used for the weaving of different
woven fabrics with the varied design of weaving pat-
terns. Figure 1 and Figure 2 depicts the pure and
intra-ply woven fabrics employed in this research.

2.2.2. Preparation of composites

The pure composites and intra-ply hybrid compos-
ites were fabricated using a compression moulding
machine. The woven fabrics with a thickness rang-
ing from 0.9 and 1.1 mm were placed on a steel
mould having a size 0of 300x300%3 mm. A 10:1 ratio
of epoxy resin to hardener was used to fabricate the
composites. The mould cavity was filled with 3 lay-
ers of woven fabrics, and then the matrix was poured
and spread along the cavity. Air bubbles were care-
fully eliminated during the fabrication of composites
using a roller. Finally, the mould was closed and
compressed at a pressure of 200 bar for 12 hrs at
room temperature. After removing the mould from
the compression moulding machine, the laminates
were subjected to post curing at 110°C for about
15 minutes. The cured composites were then cut as
per ASTM standards for of testing.

2.3. Characterization

2.3.1. Moisture absorption test

The developed Kevlar-hemp fiber-reinforced epoxy-
based hybrid composites were tested for water ab-
sorption behaviour as per the ASTM D 570 standard.
Three composite specimens in each composition
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Figure 2. Intra-ply woven mats a) plain weave (KH1), b) twill weave (KH2), ¢) basket weave (KH3).

were soaked in distilled water at room temperature.
Composite specimens were weighed initially prior
to soaking in distilled water. After soaking in dis-
tilled water, the weight of each specimen was meas-
ured every 24 hours until a constant weight was
reached. The percentage of moisture absorbed for
each composite sample was determined using the
Equation (1) [21, 25, 79, 104]:

Percentage of water absorbed [%] =
W — W,
——-100 (1)

1

where Wy is the final weight and W; is the initial
weight of the composite specimen.

2.3.2. Thickness swelling test

The Kevlar-hemp fiber reinforced epoxy hybrid com-
posites were measured for thickness swelling behav-
iour according to the ASTM D 570 standard. Three

specimens were measured for each composition, and
the average value was reported. The initial thickness
of the specimens was weighed before immersion in
pure water. After 24 hours, the specimens were taken
out of pure water and were scrubbed gently using a
soft tissue paper in order to remove the water particles
on the surface of the specimen before being measured
on a digital vernier scale. The specimen’s secondary
thickness was then measured every 24 hours for sev-
eral days until a constant thickness value was reached.
Based on Equation (2) [21, 25, 79, 104] the percent-
age of thickness swelling behaviour was estimated.

Percentage of thickness swelling [%] =

LT
=100 )

1

where Tt represents the final thickness of the com-
posite specimen, 7; is the initial thickness of the
composite specimen.
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2.3.3. Erosion test

Table 2. Erosion process variables and working levels.

An air jet erosion machine (R-470 DUCOM) was Erosion process variables | Symbols | Operating levels
utilized to perform the erosion wear test. Figure 3 |Impingement angle [°] A 30, 60, 90
depicts the machine used to carry out the erosion  |Erodent size [um] ES 50

test. Figure 4 shows the composite specimens having  |Exposure duration  [min] B 2,4,6
dimensions of 25%x25x3 mm used for the erosion |Erodent (-] E Alumina powder
wear test in accordance with ASTM G76 standards. | Weaving -] C 1,2,3

The erosion test process variables and their levels ~|Erodent feedrate  [g/min] EFR 33

are listed in Table 2. The erosion wear rate was esti-  [Impact velocity  [m/s] v 100
mated from the Equation (3) [74, 79, 84, 102]:

Erosion wear rate [g/g] = Specimen weight before wear — Specimen weight after wear 3)

2.3.4. Taguchi’s design of experiment

The Taguchi technique was employed to examine the
effects of erosion process factors on the Kevlar-
hemp-epoxy hybrid composites with various weav-
ing patterns. The Minitab 17 software was used for
this Taguchi analysis. The significance of the control
elements on output parameters was designed using
Taguchi experimental design. The experiment was
carried out using a conventional Taguchi L27 (33)
design. The chosen control variables were weaving
patterns, impact angle, exposure time and working
levels (Table 2). To study the erosion process param-
eters at the working conditions in a typical full fac-
torial test, 3° = 27 runs were taken [78]. The exper-
imental values are then used to estimate signal-to-
noise (S/N) ratios. Regarding the S/N ratio for a low

Erodent
feeding unit

Specimen

mounting
chamber

T

Compressor
N B
Dust collector
- ‘ \

Figure 3. Air jet erosion tester used in the study.

Erodent feed rate - time

wear rate, ‘smaller is better.” Equation (4) was used
to compute the S/N ratio [91]:

SIN==10log -3y’ @)

where n denotes the number of observations, y is the
observed data.

3. Results and discussions

3.1. Moisture absorption properties

Figure 6 illustrates the moisture absorption properties
of Kevlar-hemp-epoxy hybrid composites. It can be
seen from Figure 6 that the absorption property of the
intra-ply hybrid composites showed a linear increase
during the first several days of soaking in water. This
may be due to the quick penetration of water into the
composites through the hydrophilic hemp fiber. As
the soaking days increased, the intra-ply hybrid com-
posites’ ability to absorb water declined until they
were saturated. The pure Kevlar composites had the
lowest water absorption percentage of 2.6% after
30 days of soaking among all types of composites.
On the other hand, pure epoxy resin composites pos-
sessed the lowest water absorption percentage
(0.67%). In contrast to fiber-reinforced composites,
epoxy resin restricts water absorption by creating a
matrix that is water-resistant. Moreover, specimens
of pure hemp fiber reinforced composites had the
highest moisture absorption percentage of 8.4%,
higher than all other composites. This could be attrib-
uted to the hydrophilic nature of the hemp fiber. The
various weaving patterns affected the moisture ab-
sorption behaviour of hybrids. Results showed sub-
stantial differences in water absorption behaviour be-
tween kevlar-hemp-epoxy hybrid composites with
various weaving patterns. Nevertheless, hybrid com-
posites of the basket weave type (KH3) showed
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Figure 4. Erosion test specimens.
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Figure 5. Specimen holders with various impact angles.

minimum water absorption of 4.4%. Alternatively,
hybrid composites of plain weave (KH1) demonstrat-
ed a maximum water absorption of 5.3%. The twill
weave type (KH2) hybrid composites were observed
with an intermediate water absorption value of 4.8%.
Following are the order of the examined composites
increased water absorption percentages: Hemp >
KH1 > KH2 > KH3 > Kevlar > Epoxy. The findings
showed that, with the exception of hemp fiber com-
posites, pure Kevlar, pure epoxy, and intra-ply
Kevlar-hemp hybrid composites have better water ab-
sorption capabilities. Similar research was conducted ot : o e 2 x -
on hybrid composites with jute and empty fruit bunch Soaking days

reinforced epoxy matrix, and they discovered that hy-
brid composites had better water absorption charac-
teristics than pure composites [92, 93]. Another study
that examined the hybrid of jute/Kevlar/epoxy com- exception of JKJK type hybrid composites, had better
posites concluded that all hybrid composites, with the ~ water absorption resistance [94].

Change in weight [%]

Figure 6. Water absorption behaviour of various composite
specimens.
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3.2. Thickness swelling properties

Figure 7 illustrates the findings from an investigation
into the effect of thickness swelling behaviour of
various Kevlar-hemp hybrid and pure composites.
From the Figure 7 it can be observed that the thick-
ness swelling of composites was increased with an
increase in the soaking days. According to the re-
sults, the basket weave type KH3 hybrid composites
(1.76%) and pure Kevlar composites (1.67%) pos-
sessed lower thickness swelling behaviour. This
could be ascribed to the influence of the hybridiza-
tion in which the hydrophobic Kevlar fiber restricted
the moisture absorbance and hence resisted the
swelling of the composites. A similar trend was also
seen in the twill weave type KH2 (2%) and plain
weave KH1 composites (2.3%), respectively. How-
ever, the pure hemp fiber reinforced epoxy compos-
ites exhibited higher thickness swelling behaviour
(4.3%). It might be because of the existence of polar
groups and hydrogen bonding, that natural fiber-
based composites had lower water resistance. In this
occurrence, moisture formed in the cell walls of com-
posites made of natural fibers [95-97].

In contrast, pure epoxy matrix showed the least
(0.3%) swelling behaviour. This is due to the hydro-
phobic nature of epoxy resin [93]. All composites
exhibited a swelling behaviour in the following se-
quence: Hemp > KH1 > KH2 > KH3 > Kevlar >
Epoxy. A study done earlier on Kevlar-PALF-Epoxy
hybrid composites exhibited a similar trend [79]. The
effect of moisture absorption and swelling charac-
teristics of hybrid composites with lyocell and basalt
fiber-reinforced with acrylated epoxidized soybean
oil were examined [98]. The results found that hybrid

[6,]

—=— Epoxy
*— Kevlar
—4— Hemp
44 v KH1
—e— KH2
—<— KH3

Change in thickness [%)]

0 5 10 15 20 25 30
Soaking days

Figure 7. Thickness swelling characteristics of various hy-
brid composite specimens.
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composites with basket weave type showed lower
moisture absorption and thickness swelling.

3.3. Erosion experiment

3.3.1. Effects of different impact angle

The angle between the particle’s trajectory and the
degraded surface right before impact is referred to
as the angle of impact [99]. The erosion experiment
was carried out for different impact angles 30, 60,
90° by varying the exposure time of 2, 4, and 6 min
at a constant velocity and feed rate of 100 m/s and
3.3 g/min, respectively. Figure 5 shows a sample
holder with various impact angles. The erosion rate
of the composite specimens under varied impact an-
gles is shown in Figure 8. Different process vari-
ables and operation levels had an impact on the ero-
sion rate of the composite specimens. The findings
demonstrated that the epoxy matrix exhibited a
maximum erosion wear rate of 9.0909-10* g/g than
all other composites at an impact angle of 60°. Sim-
ilarly, among the composites, pure hemp fiber com-
posites showed a maximum erosion wear rate of
7.5757-107* g/g at 60° impact angle. The lowest ero-
sion rate of 1.0101-10~* g/g was observed for pure
Kevlar fiber reinforced composites at 90° impact
angle. This could be attributed due to the good bond-
ing between the fiber and matrix. For basket weave
type (KH3) and plain weave type (KH1) composites,
the minimum and maximum values of erosion wear
rate were found to be 1.0606-10* and 4.5454-10* g/g
at impact angles of 90 and 60°. If the maximum ero-
sion rate ranges from 15 to 30°, it is ductile in nature,
while it goes above 90° it is brittle in nature [100—
102]. In our research, the maximum erosion wear

Time = 2 min —a— Epoxy
104 IV =100m/s o Kevlar
EDR = 3.3 g/min —4— Hemp
9+ v KH1
= —o— KH2
2 8- N —<— KH3
b T
S 7 4. — T
A T
& 69
o
§ °
K] v
g 44 v v
]
3_
24 o— ——
P — e
141 & D .
30 60 9 120

Impingement angle [°]

Figure 8. Impact angle versus erosion rate of various hybrid
composite specimens
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rate was 60° impact angle. Hence it is semi-ductile
in nature. After 2 minutes of exposure, the erosion
rate significantly expanded from 30 to 60° of impact
angle while declining slightly to 90° impact angle for
all composite specimen types. Similarly, numerous
researchers have reported the erosion behaviour of
Kevlar-PALF fiber reinforced epoxy hybrid compos-
ites and hence concluded that 60° of impact angle was
found to have the maximum wear rate, suggesting
the composites’ semi-ductile nature [79]. Dalbehera
et al. [103] investigated the erosion performance of
hybrid with jute and glass fiber epoxy matrix com-
posites and the results concluded that semi-ductile
character of the composites is shown by the maxi-
mum erosion wear rate at 45 to 60° impact angles.

3.3.2. Effects of different exposure time

Exposure time is known as a measurement of cumu-
lative exposure to an erosive or abrasive environ-
ment [99]. Erosion experiments for several impact
angles (30, 60, and 90°), impact velocity 100 m/s,
constant erosion feed rate of 3.3 g/min and the im-
pacts of varied exposure intervals (2, 4, 6 minutes)

10

were examined. Figure 9 illustrates the exposure du-
ration and rate of erosion at different impact angles.
The epoxy matrix and hemp composites showed the
maximum rate of erosion between the different im-
pact angle and exposure times. Moreover, the kevlar
composites exhibited a minimum erosion rate of
1.0101-10* g/g at an impact angle of 90° with an
exposure time of 2 min. The highest rate of erosion
4.6666 -10~* g/g in hybrid composites was attained
for plain weave (KH1) composites at 90° impact
angle and 2 minutes exposure duration. Furthermore,
the basket weave type (KH3) hybrid composites
showed the lowest rate of erosion (1.0606-10* g/g)
at 90° impact angle with 2 minutes of exposure. The
findings suggest that, aside from pure Kevlar com-
posites, every hybrid composite had improved ero-
sion properties than non-hybrid composites.

3.3.3. Effects of different weaving patterns

Results showed that basket weave type (KH3) had
greater erosion resistance at all exposure times and
impact angles than all other weaving types of intra-
ply Kevlar-hemp-epoxy hybrid composites. This

10
IA  =30° IA  =60°
94 IV =100 m/s 9+ IV =100 m/s
. . EDR=33g/min P - EDR = 3.3 g/min
\a 84 \a 8- ./ —
(o)} (o)}
s T4 A < 71
L B 5 | -
= 6 - A = 6 )
) ) A
T 54 T 59
c c v
2 44 v 2 41 v
< v v —=— Epoxy < v —=a— Epoxy
w34 o Kevlar w34 o Kevlar
s~ Hemp —4— Hemp
2 v KH1 24 o . v KH1
—e— KH2 ¢ e G — —e— KH2
14 —<— KH3 1{ <+ —<«— KH3
T T T T T T T T T T T T
2 3 4 5 6 7 8 2 3 4 5 6 7 8
a) Time [min] b) Time [min]
10
1A =90°
91 s IV =100 m/s
T EDR = 3.3 g/min
5 8] . —
o 7 i
jg A A
= 61 —
[0} A
54
c v
'% 41 v
= v —a— Epoxy
w34 o Kevlar
—4— Hemp
2 R v KH1
— —o— KH2
11 —<— KH3
T T T T T T
2 3 4 5 6 7 8
c) Time [min]

Figure 9. a) Erosion wear rate as a function of exposure duration at an impact angle of 30° of various hybrid composite spec-
imens. b) Erosion wear rate as a function of exposure duration at an impact angle of 60° of various hybrid composite
specimens. ¢) Erosion wear rate as a function of exposure duration at an impact angle of 90°.
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could be attributed to the effect of the hybridizing
where the hydrophobic Kevlar fiber dominated the
hybrid composites. However, plain weave type
(KHT) composites with various exposure times and
impact angles demonstrated poor wear resistance be-
haviour. For plain weave type patterns, the highest
wear rate was seen at an impact angle of 60° and var-
ious exposure time. This might be due to manufac-
turing flaws that result in the creation of micro voids
in the composite specimens. Moreover, the twill
weave type (KH2) displayed the middle of the wear
resistance behaviour for all weaving designs. This is
a result of the woven fabrics strong adhesion to the
twill Kevlar and hemp fibers. The order of wear re-
sistance to erosion at various composite weaving
patterns was basket weave type (KH3) > Twill
weave type (KH2) > plain weave type (KH1).

3.4. Taguchi method
The influence of different control variables on the
rate of erosion wear of the Kevlar-hemp-epoxy hybrid

Table 3. L27 Experimental design.

composites was investigated through the analysis of
experiments using Taguchi method. Using 27 differ-
ent combinations of the control parameters, experi-
ments were run in accordance with the Taguchi analy-
sis design. There were three levels, three factors, and
27 experimental runs in the Taguchi L27 (3%) orthog-
onal array. Table 3 lists the erosion rate and accom-
panying S/N ratios. The MINITAB 17 software was
used to analyse the rate of erosion wear for Kevlar-
hemp hybrid epoxy composites. The erosion wear
rates mean signal-to-noise ratio was found to be
—5.6854 dB.

The effects of different variables on the Signal to
Noise ratio and mean of erosion wear rate are graph-
ically depicted in Figures 10 and 11. The interaction
plot of exposure time, impact angle, and various
weaving patterns on the Kevlar-hemp fiber rein-
forced epoxy intra-ply hybrid composites are also
shown in Figures 12 and 13. Both figures make it
simple to comprehend how various control elements
affect erosion wear rate. Additionally, Table 4 shows

. Impact angle Exposure duration . Erosion wear rate S/N ratio
Experimental run P ] g P [min] Weaving patterns (10~ go/g] [dB]
1 30 2 1 4.0404 —12.1285
2 30 4 1 3.4393 —10.7294
3 30 6 1 3.4141 —10.6655
4 60 2 1 4.5454 —-13.1514
5 60 4 1 4.4949 —13.0544
6 60 6 1 4.4454 —12.9582
7 90 2 1 3.9393 —11.9084
8 90 4 1 4.6666 —13.3800
9 90 6 1 3.5151 —-10.9188
10 30 2 2 1.9191 -5.6620
11 30 4 2 1.3636 —2.6937
12 30 6 2 1.1111 -0.9151
13 60 2 2 2.1212 —6.5316
14 60 4 2 1.9595 —5.8429
15 60 6 2 1.5656 —3.8936
16 90 2 2 1.5656 —3.8936
17 90 4 2 1.3636 —2.6937
18 90 6 2 1.2121 —1.6708
19 30 2 3 1.2121 —1.6708
20 30 4 3 1.1110 -0.9143
21 30 6 3 1.0606 —0.5110
22 60 2 3 1.2360 —1.8404
23 60 4 3 1.2121 -1.6708
24 60 6 3 1.0101 -0.0873
25 90 2 3 1.0606 -0.5110
26 90 4 3 1.1111 -0.9151
27 90 6 3 1.3636 —2.6937
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the S/N ratio values. According to these results, the
weaving pattern characteristic has the greatest impact

Main effects plot for means
Data means

Mean of means

30 60

Angle [°]

90 2 4 6 1 2 3]
Time [min] Weaving patterns

Figure 10. Mean erosion rate and erosion parameter main

on the erosion wear rate for Kevlar-hemp-epoxy
intra-ply hybrid composites. The remaining control
variables, such as exposure time and impact angle,
only slightly affect the erosion wear rate.

The highest and lowest erosion rates for each exper-
imental factor are shown in Figure 11. This investi-
gation led to the conclusion that the control factor
combination A3B1C3 resulted in the prepared sam-
ple’s erosion rate to be the lowest. The basket type
weave pattern, 90° impact angle, and 2 posure time
were found to have the lowest erosion wear rates of
hybrid composites.

3.4.1. ANOVA regression analysis
In this work, an effort has been made to identify the

effect chart.
_ _ ideal control factor values for the lowest erosion wear
Main effects plot for S/N ratios ) . . L. .
Data means rate. For single-objective optimization, the connec-
0 . .
tion between the rate of erosion wear and control

2 2 variables must be quantified. The analysis of variance

g (ANOVA) findings for the erosion rate at a 5% level

%)

"g Table 4. Signal-to-noise (S/N) ratio response table.

3 : -

& Level Impact angle Exposu}‘e time Weaving
—10+ [°] [min] patterns
12 1 ~5.009 ~6.366 ~12.099

30 60 90 2 4 6 1 2 3 2 —6.559 -5.766 -3.755
Angle [°] Time [min] Weaving patterns 3 ~5.398 _4.924 ~1.202
Signal-to-noise: smaller is better Delta 1.460 1.443 10.898
Figure 11. S/N ratio and erosion parameter main effect chart. Rank 2 3 1
Interaction plot for means
Data means
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Figure 12. Erosion rate and process parameter interaction chart.
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Interaction plot for S/N ratios
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Figure 13. S/N ratio and process parameter interaction chart.

of significance are shown in Table 5. According to
the findings, exposure time (p = 0.278) impingement
angle (p = 0.674) had a less significant impact on the
erosion rate. They also contribute less percentage
significantly to the rate of erosion 1.01 and 0.15%,
respectively. The weaving patterns exhibit a higher
level of significance (p = 0.000) and a greater impact
(79.96%) to the erosion wear rate. Regression analy-
sis had utilized to calculate the theoretical erosion
rate for using MINITAB software, yielding the fol-
lowing regression Equation (5):

Erosion wear rate = 5.366 + 0.00209- Angle —
—0.0817-Time — 1.451-Weaving  (5)
The erosion wear rate for Kevlar-hemp-epoxy hybrid
composites is compared in Table 6 with theoretical
and experimental results, with the percentage error
being within an acceptable range of 0 to 20%.

Table 5. Results of an ANOVA on the erosion wear rate.

3.4.2. Confirmation test

The confirmation test is the last step in the process
of designing an experiment. The goal of the confir-
mation test is to confirm the outcomes of the analyt-
ical phase. In the confirmation experiment, a fresh
set of factor settings A3B1C3 is utilised to accurately
predict the erosion rate. Taguchi analysis can be used
to calculate a predicted value and the erosion wear
rate’s S/N ratio. The wear rate is predicted using the
Taguchi approach employing a new predicted pa-
rameter of A3B1C3, and the S/N ratio is discovered
to be —0.5177 dB. As stated in Table 7, an experi-
ment was conducted utilising the combination factor
A3B1C3, along the outcomes which had been com-
pared to the results predicted. This created model
seems to be able to predict erosion rate with accura-
cy. There is a 1.31% error in the S/N ratio of erosion
rate. Nevertheless, the error can be decreased if the
number of measurements has risen. As a result, the

Source Degree of Sequential | Percentage of contribution | Adjacent sum | Adjacent Fvalue | p value
freedom | sum of square [%] of square mean square
Regression 3 38.4639 81.12 38.4639 12.8213 32.94 0.000
Angle 1 0.0705 0.15 0.0705 0.0705 0.18 0.674
Time 1 0.4809 1.01 0.4809 0.4809 1.24 0.278
Weaving 1 37.9126 79.96 37.9126 37.9126 97.40 0.000
Residual error 23 8.9525 18.88 8.9525 0.3892 - -
Total 26 47.4164 100.00 - - - -
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Table 6. The outcome of experimental and theoretical com- ~ Table 7. Confirmation tests for erosion wear rate.

parison.
Erosion wear Erosion wear Optimal control variables Percentage
rate f(.)r ratfa for Error Prediction | Experiment error
Ex No. theoretical experimental (%] -
values, Eq, values, Eq, ° Operating levels A3BIC3 A3BIC3
10~ g/g] 10~ g/g] Erosion rate 10909 1.0606 131%
. [[107* g/g] ] ] ’

1 3.923670 4.0404 2.88906

2 3.631670 34393 5.59330 S/N ratio [dB] 05177 | 05110

3 3.338459 3.4141 221554

4 4.595870 4.5454 1.11036 Taeuchi method of estimatine th

5 4.644404 4.4949 332607 aguchi met o. 0 estmqatmgt € outcome measures

5 4245426 44454 149845 were based on input variables.

7 4.005559 3.9393 1.68201

3 4324726 2.6666 732598 3.5. Morphological analysis of eroded surfaces

9 3790715 35151 7 84088 In this investigation of eroded composite, the eroded
10 1.930504 1.9191 0.59422 surface failure mechanism of intra-ply hybrid com-
11 1306870 1.3636 ~4.16028 posite samples was observed by using the SEM
12 1.156426 1.1111 4.07937 (scanning electron microscope, performed with a
13 2.156237 2.1212 1.65176 Tescan Vega3 SEM) analysis. Figure 14 illustrate the
14 1.873137 1.9595 ~4.40740 eroded surfaces of plain and twill weave type intra-
15 1.616926 1.5656 3.27836 ply hybrid composites at 30 and 60° impact angle of
16 1.519159 1.5656 —2.96632 2 min exposure time. It clearly demonstrates the
17 1.506653 1.3636 1049374 local loss of matrix material from the surface caused
18 1115448 12121 797392 by eroded particles. Fiber breakages can also be seen
19 1.317426 1.2121 8.68954 on the damaged surfaces. Further on the surfaces of
20 0.975359 1.1110 —12.20890 . . .- .

composite, micro cavities are also formed. This
21 1.090915 1.0606 2.85827 .
could have occurred as a result of compressive

22 1.150493 1.2360 —6.91808 ) developi h e face d
2 | 148959 2101 520920 s relsses' eve opllng czin e.con;pck))m e’s sur ellcebue
oy 1158748 L0101 1471618 to alumina particle in §ntat10n. 1bers were a s.o ro-
% 1040781 10606 136861 ken as a result of the impact. After the breaking of
2% 1309881 1 1789051 the fibers, they become detached from the surface,
27 1184637 13636 ~13.12430 resulting in the creation of cavities.

Figure 15 shows the same microscopy image at a high-
er magnification, revealing the grooves and broken

Exposed broken fiber

Deep groove formation

Exposed
broken

fiber

EMHV:10.0kV | WD:1121mm VEGA3 TESCAN M 0kv | wbp:1030mm VEGA3 TESCAN

SEM MAG: 29 x = Scan speed:74 7;& MAG: 552 X Scan speed: 4 100 um
BI: 10.00 Date(m/dly): 02/01/22 SOC-M K UNIVERSITY BI: 10.00 Date(m/dly): 02/01/22 SOC-M K UNIVERSITY

a) b)

Figure 14. Eroded surfaces of a) plain (KH1) and b) twill (KH2) type woven fabric composites.
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Broken fiber

Alumina erodent
particles

3

4

s R i
SEM HV: 10.0 kV WD: 10.94 mm VEGA3 TESCAN

SEM MAG: 1.08 kx Scan speed: 4 \ 50 um
Bl: 10.00 Date(m/dly): 02/01/22 SOC-M K UNIVERSITY

WD: 10.30 mm
Scanspeed:4 |20 um
Bl: 10.00 Date(m/dly): 02/01/22 SOC-M K UNIVERSITY

b)

Small cavities

® Alumina erode|
particles

IR Tt 7 3
s # W AT .

SEM HV: 10.0 kV WD: 11.00 mm VEGA3 TESCAN SEM HV: 10.0 kV WD: 10.60 mm VEGA3 TESCAN

SEM MAG: 27 x Scan speed: 4 SEM MAG: 1.24 kx Scan speed: 4

Bl: 10.00 Date(m/dly): 02/01/22 SOC-M K UNIVERSITY Bl: 10.00 Date(m/dly): 02/01/22 SOC-M K UNIVERSITY

ol

~ SEM HV: 10.0 kV ”‘7 ~Wb: 10.60 mm VEGA3 TESCAN
SEM MAG: 2.19 kx ‘ Scan speed: 4
Bl: 10.00 Date(m/dly): 02/01/22 SOC-M K UNIVERSITY

c)

Figure 16. Eroded surfaces of basket (KH3) weave composites at higher magnification. a) 27x, b) 1240x, ¢) 2190x.
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fibers clearly. Figures 16a and 16b displays a mi-
croscopy image of intra-ply hybrid Kevlar/hemp
epoxy composite with a basket type weaving pattern
at 90° of impact angle and 2 min exposure time. Local
matrix removal occurred here as well, but the creation
of cavities was smaller. Fiber breakage and matrix
removal are also reduced, as shown in Figure 16c.
This could have happened because the addition of
Kevlar fiber good bonding between the woven fab-
rics of the composites, limiting the impact of eroding
the surface. As a result, the resistance of the com-
posites improves.

In comparison to Figure 14, Figures 16a and 16b de-
picts the same microscopy image at a higher magni-
fication, revealing the creation of smaller and fewer
grooves. Table 8 represents the eroded surface fail-
ure mechanism of hybrid composites using SEM
analysis.

4. Conclusions

The effect of swell thickness, water absorption, and

erosion property in intra-ply composites with Kevlar-

hemp fiber reinforced epoxy matrix has been investi-

gated experimentally. The following observations are:

= The moisture absorption and thickness swelling
of hybrid composites showed greater resistance
than hemp composites and epoxy matrix com-
posites.

= The basket weave composites exhibited mini-
mum absorption of moisture of 4.8% and thick-
ness of swelling of 1.7%. Although, Kevlar com-
posites had minimum water absorption of 2.6%
and swelling thickness of 1.6% percentages.

= The basket weave composites and kevlar com-
posites were discovered to have increased ero-
sion resistance behaviour among all types of com-
posites with a variety of control parameters.

= In comparison with our previous study of Kevlar-
PALF-epoxy hybrid composites, the Kevlar-
hemp-epoxy hybrid composites have better
erosion resistance properties. Moreover, the min-

Table 8. Eroded surfaces failure mechanism of hybrid com-
posites using SEM analysis.
Hybrid composites

Erosion failures

Plain weave type hybrid | Micro cavities, broken fibers, crater
composites formation
Twill weave type hybrid | Small cavities, smaller and fewer

composites grooves

Basket weave type hybrid
composites

Small cavities, disposed fibers, crater
formation, micro crack

imum erosion wear rate of Kevlar-hemp-epoxy
hybrid composites is 1.0606-10~* g/g.

= The Taguchi design analyses revealed that the hy-
brid composites’ optimal control parameters were
90° impact angle and 2 minute exposure time for
a basket type weaving pattern.

=  ANOVA results showed that weaving types con-
tributed more significantly while impact angle
contributed less significantly.

= According to the results of the confirmation test,
the improved parameter can offer superior resist-
ance to erosion on the hybrids of Kevlar-hemp-
epoxy composites.

* From the SEM study of eroded surfaces, it was
evident that the fiber breakages, micro cavities,
crater formation, small grooves were the failure
mechanisms of material removal for the intra-ply
hybrid composites.

Based on the literature and the investigations carried
out so far by the researchers, there is a necessity to
detect the defects in the intra layers in the hy-
bridized composite materials for the performance
improvement, and this could be seen as a future per-
spective.
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