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Abstract: In this study, wear resistance and some selected physical properties of pawpaw—glass fiber
hybrid reinforced epoxy composites were investigated. Two different layers of pawpaw stem—Ilinear
and network structures—were extracted and chemically modified. Hybrid reinforced composites
were developed comparatively from the two fiber structures and glass fiber using hand lay-up in an
open mold production process. The wear resistance was studied via the use of a Taber Abrasion Tester
while selected physical properties were also investigated. The influence of the fiber structure on the
properties examined revealed that network structured pawpaw fiber was the best as reinforcement
compared to the linearly structured fiber. The addition of these vegetable fibers to epoxy resin brought
about improved thermal conductivity and increased the curing rate while the wear resistance of the
corresponding developed composites were enhanced by 3 wt% and 15 wt% of fibers from linear and
network pawpaw fibers. It was noticed that linearly structured pawpaw fiber had its best result at
3 wt% while network structured pawpaw fiber had its best result at 15 wt%.

Keywords: hybrid; biodegradable; polymer composite; agro-waste; environment

1. Introduction

The use of natural or synthetic fibers for the development of composite materials has shown
significant uses in a variety of fields. In construction industries, fiber reinforced plastic (FRP) composites
have been confirmed as a sustainable structural material in bridge construction. Bridge structures
use FRP or FRP—concrete hybrids as primary construction materials for bridge components, such as
girders, bridge decks, and slab-on-girder bridge structures. When likened to reinforced concrete (RC)
decks, FRP—concrete hybrid decks revealed higher resilience with less toughness weakening under
design truckloads [1]. For machine-driven applications, like mechanical gear pair, an enhancement of
about 50% in the load-carrying capacity was achieved when 28% glass fiber reinforcement was added
to polyoxymethylene (POM) with a lower specific wear rate when equaled to unreinforced POM [2].
Automobile body parts, such as engine hood, dashboards, and storage tanks, were mass-produced
by using reinforcements from natural fibers like bagasse, flax, banana, hemp, jute, sisal, and ramie.
Aerospace application involves aircraft wing boxes produced by ramie fiber composites with a
reduction in weight [3]. Hybrid kenaf/glass fiber reinforced polymer composites displayed improved
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mechanical properties with a resistance to rain erosion, which made the material suitable for aircraft
application [4]. Carbon fiber reinforced silicon carbide is used for aircraft brakes to bear temperatures
of up to 1200 °C [5]. In biomedical applications, such as dentistry and orthopedics, a variety of
aramid fibers demonstrate their biomedical uses in protein immobilization that is essential for medical
implants and devices. In modern orthopedic medicine, aramid fibers act as antimicrobial materials.
In the marine industry, carbon fiber reinforced plastics (CFRP) display enhanced mechanical properties,
like a high strength-to-weight ratio, good resistance to corrosion, fatigue, and temperature changes
with a low maintenance cost making the material appropriate for marine propellers [6]. Carbon
fiber skins with polymeric central sandwich composite sheets have been used for the manufacturing
of entire hulls and marine craft structures [7]. Due to increased environmental consciousness and
regulations, the growing request for the use nonconventional materials has leads to the development
of biodegradable, sustainable, and ecofriendly materials [8-10].

In the early stage, the reinforcements being used for the development of composite materials are
man-made and are also referred to as artificial fibers. They are mainly produced from silicon dioxide
through a series of physical and chemical processing methods, which are too expensive for mass
production. Moreover, they possess oxides of magnesium, sodium, aluminum, calcium, potassium,
and boron in small quantities [11]. Among the artificial reinforcements, carbon, glass, kevlar, or aramid
are commonly used by the industries due to their competitive properties. Many studies have been
carried out to characterize glass and kevlar fiber reinforced composites [12-15]. Each fiber was found
to be best in a specific property and glass was found to be superior for its tensile and flexural strengths,
Young’s modulus, density, breaking strain, cost, and accessibility. Based on these, glass fiber was used
by many researchers as reinforcement in various polymeric matrix composites [16].

This research entails the development of hybrid composites with the combination of natural
and artificial fibers. Composite structures consisting of more than one type of reinforcement are
considered hybrid composites. Various methods of mixing these reinforcements have been reported,
which comprises of stacking layers, mixing to create an interplaying hybrid, intermingling, selective
placement and placing each reinforcements according to specific orientations [17].

Despite the large number of available literature on natural fibers, less attention has been given to
pawpaw stem fiber in developing polymer composites. Moreover, the stem was discovered to exist
in three layers, which are outer, middle, and innermost, with the outer and middle being network
structured, while the innermost layer was linearly structured. In this research, the middle and
innermost layers were used for the development of the hybrid composites. The fiber was extracted
using a dew retting process followed by manual sorting of the different layers.

2. Materials and Methods

The pawpaw fiber was extracted from a pawpaw stem that was sourced from a farmland in
Akure Ondo State, while short glass fiber, epoxy resin, and hardener were procured from Chemical
and Allied Company in Lagos State. The short glass fiber has a length of 0.5-2.8 mm and a linear
density of 2.5 g/cm®. The stem from the pawpaw tree was allowed to undergo a dew retting process for
1 month during which the action of micro-organisms and moisture on the stem aided the dissolution
of the cellular tissues and pectin surrounding bast fiber bundles, thus aiding the separation of the fiber
from the stem. The stem contains three layers, which include the outer layer, the middle layer (with a
network structure), and the innermost layer (with a linear structure). Two of the 3 layers, as shown in
Figure 1, were used in this research (network and linear structures). All the strands obtained were
chemically treated with sodium hydroxide (0.5 M NaOH) using the shaking water bath operated at
50 °C for 1 h. This was done in order to increase the adhesive nature of the fiber by promoting surface
roughness as well as reducing the tendency for micro-organism infection so as to preserve the fiber
when incorporated into the matrix.



Fibers 2020, 8, 44 3of11

(a) ()

Figure 1. Photographic representations of chemically treated pawpaw stem fibers. (a) Extracted and
treated linear fiber (b) Extracted and treated network fiber.

The composites were formed through open mold casting hand lay-up technique. The molds were
properly cleansed and dried to avoid inclusions in the product and surface defects. The homogenous
mixture of the epoxy resin, short glass fiber, and the hardener was accomplished through manual
mixing with a wooden rod stirrer in a plastic container, which was then introduced into the mold
containing the pawpaw fiber. The unreinforced epoxy matrix was also produced and used as the
control sample in the research. The samples were allowed to cure at an ambient temperature of
24 +£2°C.

A wear test was performed on the Taber Abrasion testing machine (Taber Abrasers, Model ISE
AO16, TABER Industries, 455 Bryant Street, North Tonawanda, New York, NY, USA). This test was
done to determine the vulnerability of the material to abrasion. The initial weights of the samples
were measured and recorded as W; after which the samples were fixed on the machine one after
the other for the test. The revolution per minute of the machine was 200 rpm. At the end of each
abrasion process, the final weights of the samples were measured on the electronic weighing machine
and recorded. Three samples were tested for each composition and their mean values were used to
ensure the accuracy and reliability according to [17]. The experiment was carried out at an ambient
temperature of 24 + 2 °C and the wear resistance was calculated using Equation (1):

Wi -Wy

Wear index = ROM

X 1000 @
where W is the initial weight, Wy is the final weight after surface abrasion, and rpm is revolutions
per minutes.

Holmarc’s Lee’s Disc Apparatus (Model: HO-ED-M-03) designed for the measurement of thermal
conductivity in poor conductors was used in this research. The apparatus, comprising a temperature
controller, contactor, thermocouple sensor, and heater, was used for the determination of the thermal
behavior of the composites and the control sample. Temperature controller 1 was activated to a preset
temperature value (T;) for disk A. The heat from the heater was transferred from disk A through the
sample to disk B. The two sensors Th; and Thy connected to the disks were used to sense temperature
changes in the metal disks. The process was set up by placing the sample in between disk A and disk
B. The switch was on and disk A was preset to known temperatures that act as reference temperatures.
Temperature change in disk B was noted and recorded at a regular interval until there no temperature
change took place. The apparatus was switched off after taking the final readings, which were used to
determine the thermal conductivity from Equations (2) and (3).

Thermal conductivity

4x

nD?

K =mcp (61 - 62) (T1 = T2) t (W/mK) 2
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where m—mass of the disk, 0.0078 Kg; c,—specific heat capacity of the disk, 0.91 kJ/KgK; 01, 0,—initial
and final temperature of disk B; D—diameter of the sample, 0.04 m; x—thickness of the sample, 0.003 m;
Ty, To—temperature of disk A and B in Kelvin; and t—final time taken to reach a steady temperature.

Thermal conductance was calculated from the thermal conductivity and thickness of the material
using Equation (3).

Thermal Conductance K

C=< (W/K) 3)

where, k—thermal conductivity and x—thickness of the sample.

The moisture absorption in water was carried out in accordance with ASTM D5229M-12.
The weights of the dry samples were reported as the initial weight of the composites. The samples
were then placed in distilled water that was maintained at ambient temperatures. The samples were
removed from the water, cleaned by using a dry cloth, and weighed at time intervals of 24 h for 168 h.
At this time, water saturation in all the samples were noticed according to [18]. Water absorbed by the
samples in (%) was calculated using Equation (4):

We—-Wp
0

W (%) = x 100 4)
where W—percentage of water absorption, Wy and Wi—initial weight and weight after immersion at
time t, respectively.

Moisture absorption in a soil test was carried out on the specimens by oven drying at a temperature
of 105 °C for 3 h, followed by weighing of the dry samples, which were then recorded as the initial
weight. The samples were then buried in the soil and exhumed from the soil after 3 months, cleaned
by using a dry cloth, weighed, and recorded as final weight [19]. The amount of weight loss by the
samples in (%) was calculated using Equation (5).

W — Wy

W (%) = -

X 100 ®)
where, W—percentage weight loss, Wop—the oven dry weight, and Wi—the weight after exhumation.

The SEM images of the pawpaw fiber were taken using EVO MA 15, Carl Zeiss SMT. The samples
were gold sputtered to improve electrical conductivity, while optical microscopy (Leica Galen III,
S/No. 1147XP, SPATIAL TECHNOLOGIES, 5716 Burbank Cres SE, Calgary, Alberta, Canada) was used
to view the fiber structure.

3. Results and Discussion

Figure 2a,b, Figure 3a,b, Figure 4a,b and Figure 5a,b shows optical and scanning electron
microscopic images for the treated and untreated network and linearly structured pawpaw fibers.
The images were examined to reveal the influence of a chemical treatment on the surface morphology
of the fibers. Figures 2 and 3 reveal the images of untreated network and linear structures, respectively.
Figures 2a and 3a present the optical images of the structures, which reveal the fibers as they are and
can be seen without any visual aid. However, Figures 2b and 3b reveal the SEM images from where
the surfaces are seen to possess some spots which were cleansed after treatment as revealed by the
images in Figures 4b and 5b. It was noticed from the images that the chemical treatment was able to
remove some of the fiber constituents on the surface of the fiber [20].

3.1. Wear Behavior

Figure 6 shows the abrasion test results for the control (unreinforced epoxy) and the composites,
respectively. Findings from these results revealed that both fiber structure and content were responsible
for the enhancement of the wear resistance of the composites. Although all the composites showed
improved resistance to wear, the linear pawpaw fiber (LPF)/glass fiber (GF) hybrid composites results
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revealed that as the fiber content increases the wear resistance decreases. While for network pawpaw
fiber (NPF)/glass fiber (GF) hybrid composites, wear resistance also decreases as the fiber content
increases from 3 wt% to 9 wt%, but was followed by a decrease from 12 wt% to 15 wt% reinforcement.
The wear resistance was high for network pawpaw fiber within 3-9 wt% compared to linearly structured
fiber, but changed from 12 wt% to 15 wt%. Maximum enhancement was observed at 3 wt% and
15 wt% hybrid reinforced linear and network composites, respectively, with the least mass loss of
about 1.3 g each. The mass loss of the control sample was the highest with a value of about 4 g.
The significant reduction in the wear rate of these composites can be attributed to good bonding
between the reinforcements and the epoxy matrix as well as the stiff nature of the fiber. The SEM
images in Figures 4b and 5b revealed a well compacted fiber surface that can also contribute to high
wear resistance observed in the developed composites. This result was in agreement with findings
from previous researchers who reported that the addition of glass fiber is recommended for natural
fiber based polymer composites in order to enhance the wear characteristics of the composites [21,22].
However, it was discovered from this research that the linearly structured pawpaw fiber based
composite gave better wear resistance than network structure based fiber. This inference was based on
the fiber volume that needed to obtain enhanced wear resistance in the developed composites in which
LPF was within 3-9 wt% while NPF was within 12-15 wt%. This result revealed that less LPF volume
is needed to achieve high wear resistance compared to NPF. Figures 4a and 5a show the morphologies
of these fibers as revealed by optical microscopy.

¥ L i e~
Mag= 800X Signal A= SE2 Date 26 Apr 2019
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(a) (b)

Figure 2. (a,b) Optical and SEM representation of untreated network structure pawpaw fiber.
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Figure 3. (a,b) Optical and SEM representation of untreated linearly structured pawpaw fiber.



Fibers 2020, 8, 44 6 of 11

i maee
(@) (b)
Figure 4. (a,b) Optical and SEM representation of treated network structure pawpaw fiber.
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Figure 5. (a,b) Optical and SEM representation of treated linearly structured pawpaw fiber.
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Figure 6. Variation of mass loss with wt% of reinforcement for the composites and the control sample.
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3.2. Curing Time

Figure 7 shows the curing time chart against the weight percentage composition of both linear
and networking layers as well as the control, sample which was observed at ambient temperatures.
Curing time is a parameter that determines how fast the product can be developed and this has a strong
influence on the production rate. It was observed that the control sample takes a longer curing time of
230 min to solidify compared to the hybrid reinforced composites. The results revealed that as the glass
fiber content increases, the curing time gradually reduces for the reinforced composites. This suggests
good bonding between the constituents, hence, the possibility of a high production rate. From the
results, 15 wt% (glass fiber and networking pawpaw fiber) + 85 wt% (epoxy and hardener) that cured
within 72 min possessed the lowest curing time. This was closely followed by hybrid composite from
the same composition with linear pawpaw fiber that cured within 80 min. These results show that
the higher the percentage composition of the reinforcement, the lower the curing time. According
to [23], it was discovered that an increase in curing temperature to 100 °C increased mechanical
properties before experiencing a drastic decrease with further increase in temperature of up to 130 °C.
It was concluded that the best strength of jute/epoxy based composites was achieved at a curing
temperature of 100 °C. Increase in mechanical properties due to an increase in curing temperature was
also supported by various studies [24,25].

300 +
250 -

200 -

M Linear
150 - I
I Networking

100 - Control

Curing time(minutes)

(%)
o
L

control 3 6 9 12 15

Reinforcement (wt%)

Figure 7. Variation of curing time (minutes) with wt% of reinforcement for the composites and the
control sample.

3.3. Thermal Conductivity

Thermal conductivity of polymer based materials is of great interest to electronic industries.
Polymers are poor heat conductors due to the absence of free electrons for conduction mechanisms.
The thermal insulating potential of polymers is rated by measuring the thermal conductivity. Polymers
in general have low thermal conductivity since they have an isolated structure of individual chains.
Discontinuities lead to phonon scattering that when even the backbone is thermally conductive, it is
rather difficult to make the entire polymer a good thermal conductor. Epoxy was the major polymer
being used for electronic applications and there is a need to improve on the electrical properties of
the material. Thermal conductivity of developed composites and control sample results were shown
in Figure 8. Low thermal conductivity of polymers is one of the major setbacks for its application in
flexible electronics due to inadequate heat spreading capability. Therefore, developing biodegradable
epoxy based composite for such an application is a good approach. The thermal conductivity of
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polymer is greatly influenced by its morphology; therefore, thermal conductivity of polymer based
materials can be enriched by improving the alignment of polymer chains [26-28]. An investigation
carried out on the relationship between the thermal conductivity of composite reinforced with LPF/GF
and NPF/GF morphology, showed that the thermal conductivity of the samples increases as the weight
percentage of reinforcement increases for all samples. However, thermal conductivity was highly
enhanced by network pawpaw fiber than linear pawpaw fiber, which also corroborates the submission
that morphology has great influence on thermal conductivity of polymer materials. As it can be
seen from the results, the thermal conductivity of the composite samples with network PF/GF was
enhanced more than linear PF/GF due to the differences in their morphologies. While the thermal
conductivity of epoxy was 0.62 W/mK, the thermal conductivity of the best sample from the network
pawpaw fiber/glass fiber hybrid composite from 15 wt% reinforcement was 1.41 W/mk. The observed
enhanced conductivity in network structure based composites (Figure 8) was due to the network nature
of the fiber as shown in Figure 4a. The interconnectivity that exists in the network structure might
likely encourage easy heat flow within the materials compared to the linear structure in Figure 5a.
These values were in close range with the thermal conductivities of concrete mixed with recycled
HDPE, LDPE, PP, and PET, which have thermal conductivities of about 0.74-0.96, 0.72-0.86, 0.84-0.94
and 0.95-1.02 W/(mK), respectively [29].

16 -
< 1.4 I
£ |
s 1.2 " I
Z 1 -
> I
hd
5 08 - H Linear
e
S 06 - I Networking
‘_é’ 04 - Control
2
= 0.2 -
O T T T T T T 1
Control 3 6 9 12 15
Reinforcement (wt%)

Figure 8. Variation of the thermal conductivity result against percentage composition samples of both
the linear and networking layer as well as the control sample.

3.4. Moisture Absorption in Soil and Water Comparison

The effect of moisture absorption on the materials is essential in order to know how the developed
composites will respond when they come in contact with water directly or in a soil environment.
Figure 9 shows the various responses from these environments. The moisture absorption in soil
was high compared to that of water. This may be due to many factors, such as the residence time,
temperature variation, and the presence of micro-organisms in the soil. More absorption indicates a
higher potential for degradation. Therefore, degradation is highly promoted in the soil environment
than in the water environment due to the harsh environmental conditions of the soil. This revealed
that polymer composites for underground applications should be highly protected against degradation
due to the prevailing activities that such materials may likely encounter in service. The effects of
the fiber structure and weight fractions were not well pronounced in the soil environment since the
differences in the values were marginal in all weight fractions. However, in the water environment,
the reverse was the case: linear pawpaw fiber/glass fiber hybrid reinforced composites absorbed more
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water than network pawpaw fiber/glass fiber hybrid reinforced composites. Furthermore, there is
a substantial increase in the moisture content with increase in weight fraction and immersion time.
The moisture content of the control sample in both media was low compared to the developed
composites. The moisture absorption of the control was 0.26% after 144 h in water and 1.29% after
three months in soil. This observation was due to the hydrophobic nature of the polymer as stated by
previous researchers [30,31]. This, however, showed that biodegradable materials need to be added to
polymers in order for them to be able to degrade after use. Nowadays, the attention of researchers
worldwide is on how to ensure a proper disposal of used polymer products [32-34]. Therefore,

there is a need to synergize between the required properties and the disposal mode for the sake of
the environment.

3.5

M Linear in soil
2.5
m Network in soil
M Linear in water

Network in water

Moisture Absorption (%)
N
1

B Control in soil

H Control in water

Control 3 6 9 12 15

Reinforcement (wt%)

Figure 9. Variation of moisture content in water and soil for the developed composites and the
control sample.

Considering results from this research (Figures 6-8), it was noticed that it is advantageous to
add biodegradable materials to polymer as reinforcement in order to improve the properties and,
hence, the potential for composite degradation after use [35]. For the moisture absorption results with
respect to the composites, 3 wt% network pawpaw fiber/glass fiber hybrid composite has a low value
of 0.38%,while for soil, 3 wt% linear pawpaw fiber/glass fiber hybrid composite had the best result
with a value of 2.88%. There is a general substantial increase in absorption in both media, which is due
to the hydrophilic nature of natural fiber material.

4. Conclusions

The findings from the research have revealed that improved surface morphology was achieved
from the chemical treatment carried out to modify the surface of the pawpaw fiber as well as promote
good fiber/matrix interfacial adhesion.

The influence of the fiber structure on the examined properties revealed that network structured
pawpaw fiber was the best for reinforcement compared to the linearly structured fiber, though,
they both gave promising results. Wear resistance of the developed composites were enhanced by
3 wt% and 15 wt% fibers from linear and network pawpaw fibers, respectively. Curing time and
thermal conductivity were best from the 15 wt% network pawpaw fiber, while moisture absorption
was best with 3 wt% from both network and linear pawpaw fibers with respect to the composites in
both soil and water environments. It was noticed that linearly structured pawpaw fiber gave the best
result at 3 wt%, while network structured pawpaw fiber gave the best result at 15 wt%. It was revealed
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that this agro-waste can be used to improve the curing rate during production as well as promote the
development of epoxy composite materials with enhanced wear resistance and thermal conductivity.
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