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Resin tubes made of epoxy base material and fibers are widely used in the transportation, and aeronautics in-
dustries due to their high mechanical properties. Different reinforcing fibers and resins are usually used in
making these tubes and lead to various properties. In this study, tubes made by using a 45-degree unilateral
winding method and reinforced by Glass, Carbon, and Kevlar fibers and their hardness and wear behaviors were
investigated. The results showed that the highest hardness was obtained for the carbon fiber reinforced com-
posite tube (CFR), equal to 65HV, which was 109% more than the Kevlar fiber reinforced composite tube (KFR).
Higher hardness indicates greater resistance of the material to local deformation and also stronger bonding
between the base material and the reinforcing fibers. The wear test results showed that the wear rate of CFR was
6 mg/m, which was 26% and 55% lower than the glass fiber reinforced composite tube (GFR) and KFR,
respectively. The obtained result can be explained as a result of good bonding and compatibility between carbon

fibers and used resin. Scanning electron microscope (SEM) images were taken to evaluate the results.

1. Introduction

Polymeric composite materials involve polymer and fibers and have
a high strength to weight ratio as well as low density, rigidity, high
tensile and flexural strength [1,2]. In this type of composite, the rein-
forcing phase is combined with the base material, which is a thermoset
or thermoplastic polymer [3]. The properties of polymeric composites
depend on the polymer properties as well as on the type, direction, and
length of the fibers and the quality of resin and fiber bonding [4]. Fibers
in the industry are divided into two categories of synthetic and natural
fibers; which often have high elastic modulus and are embedded in the
polymer matrix and the roles of fibers are transferring forces to them-
selves, absorbing energy, and improving toughness [5]. The vinyl ester,
phenol-formaldehyde epoxy, and poly amid resins are the most
commonly used among the thermoset polymers [6]. Carbon fibers are
cyclic organic that forms a tough, impact-resistant structure [7]. Kevlar
fibers are made from long molecular chains that have good thermal
stability and wear resistance [8]. Due to the raw materials and the
production process, the inner surface of these tubes is smooth, which
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reduces energy consumption, and the friction coefficient allows it to not
require pipe protection against corrosive factors [9]. Jelf et al. [10]
produced carbon-fiber epoxy samples and their strength was calculated
under combined compression and shear loading. The major reason for
samples’ failure was as a result of plastic micro buckling. Moshir et al.
[11] conducted a study on the mechanical properties of fiber-reinforced
composite tubes. The results of the tests showed that the KFR withstands
more shear stress than the other tubes. Khomejani et al. [12] studied the
mechanical and tensile properties of GFR and the results showed that
different weight percentages and different directions of fibers resulted in
different properties for composite tubes. Fibers’ arrangement and their
compatibility and interleaving with resin play a vital role in the deter-
mining of the resin tube properties [13]. Rahmani et al. [14] produced
Polymeric tubes by using a 45-degree unilateral winding method and
their corrosion and creep properties were investigated. The highest
creep strain was obtained for the CFR equal to 0.7445 and the lowest
was obtained for KFR with the Kevlar fibers being severely damaged.
Ren et al. [15] produced a polymer composite tube reinforced by carbon
fibers in which carbon fibers were wound with +45° and a compression
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test was done on them. By increasing pressure force, less buckling load
was obtained. At a similar investigation, Yang et al. [16] analyzed the
creep rate of the composite tubes under flexural loading at 100 °C for
500 h. The result showed that the service reliability achieved a 12-year
design life.

As a result of a good interface, compatibility, and adhesion between
fibers and resins, it helps in effective load transfer, and on the contrary,
it leads to problems in material performance and delamination. The
chemical structure, molecular weight, and distribution play a vital role
in delamination. Laboratory investigation is the common way to deter-
mine the compatibility of fiber reinforcement materials [14].

In this manuscript, resin tubes with polymer base-material were
reinforced by fibers. All the fibers were glass, carbon, and Kevlar and
were wound at angle +45° degrees. Also, the main point of the manu-
script is using different resins for various fibers by considering the
compatibility role by choosing the appropriate resin for each fiber. After
tube production, the microhardness and pin on disk wear test have been
done on them to investigate their resistance against plastic deformation
and the achieved results were corroborated by taking SEM images.

2. Experiments
2.1. Materials and producing tubes

As mentioned, the various resins were used for fibers with the aim of
producing high-quality tubes. The Swancor-901, Epiran-10, and Epiran-
06FL resins were mixed with fibers in GFR, CFR, and KFR production
[1]. To facilitate the curing process as well as better bonding between
resins and fibers, cobalt actuate solution with DMA126 technical spec-
ification and peroxide acid solution with MEKP101 technical specifica-
tion were added to the resin at 1.5% and 15% by weight, respectively
[18]. All the materials were mixed for 60min in a stirring machine and
after that fibers were immersed in the resins for 20min. All the fibers
have a plain-woven structure and their physical and mechanical prop-
erties are shown in Table 1.

The winding machine included a shaft with a 26 mm diameter called
a mandrel that, the mixture of fibers and resins wound around the
mandrel. The mandrel was polished and a gel coat layer was sprayed
with a thickness of 0.7 mm to achieve smoothness and proper adhesion.
Table 2 presents the specifications and layering fibers of the tubes.

After wrapping, the tubes were placed for 2h at ambient temperature
for initial curing and then were placed in an oven for 2h at 70 °C for final
curing. Fig. 1 shows a produced tube and, their dimensional character-
istics are given in Table 3. All the tubes have 3.34 mm average thickness
and 33.4 mm average diameter.

2.2. Determining mechanical properties

To investigate the impact of used fibers as a reinforcement in the
composite tubes, hardness and wear tests were done on them as follows.
The Vickers microhardness test was performed on the samples with 5
repetitions according to ASTM-D4762 standard, and 15N force bya1/16
in diameter penetrant tool [19]. The pin on disk wear test was also
performed on the inner surface of the produced tubes according to the
specifications of Table 4 and ASTM G99 standard [20]. The wear test
setup and the graphical procedure are shown in Fig. 2 and Fig. 3.

Table 1
The detailed specification of used fibers.

Fiber Thickness Density (§/  Break Specific Tensile
(pm) cm3) Elongation (%) Strength (Glb/in?)

Glass 10 2.54 4.8 5.43

Carbon 15 1.79 1.4 6.93

Kevlar49 15 1.43 2.4 7.38
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Table 2
The feature and arrangements of fibers for production tubes.

Sample  Inner Layer Middle Layer Outer Layer
Material Mark Material Mark Material Mark
GFR Glass Mat225  Glass Woven Glass Mat225
Fiber Fiber 600 Fiber
CFR Fabric Re300 Carbon 300 Fabric Re300
Fiber
KFR Fabric Re300 Kevlar 49 Fabric Re300
Fiber

Composite Tube

Fig. 1. The produced composite tube.

Table 3
The specification of the produced tubes.

Sample Mass per 20 cm (g) Density (g/mm3)
GFR 79 1.252
CFR 75 1.189
KFR 78 1.237
Table 4
The specification of the wear test.
Radius Angular Distance Time Velocity Force
(mm) velocity (rpm) (m) (min) (m/s) )
4 225 300 20 0.1 10

3. Results and discussion
3.1. Specification of samples

Fig. 4 shows the images of the cut samples on which the hardness and
wear tests were performed with SEM images of the samples’ cross-
section to ensure the quality of adhesion and compatibility between
the epoxy base material and the fibers. As can be seen, there are not any
discontinuities, porosities, or cavities in the samples, which are common
defects in fiber reinforcement samples.

To clarify the crystalline structure of the produced samples, the X-ray
diffraction (XRD) pattern was provided which was shown in Fig. 5. No
new phases were created after production as well as no interaction
phases.

3.2. The microhardness test

The microhardness test results of the samples are shown in Table 5
and the average microhardness in Fig. 6. In this experiment, the pene-
trating force was applied perpendicular to the fiber length. There was no
significant difference between the 5 results of each sample. The small
difference between the results can be due to the location of the applied
penetrating force, whether it is applied precisely to the reinforcing fibers
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Fig. 4. The SEM images of the cross-section of samples.

or between the fibers and the base material.

Also, the results show that the highest microhardness was obtained
for CFR, equal to 65HV, which is 27% more than GFR. The lowest
hardness was achieved for KFR equal to 31HV. Higher hardness in-
dicates greater resistance of the material to local deformation and also
indicates a stronger bonding between the base material and the rein-
forcing fibers. The hardness of produced fiber reinforcement composite
samples depends on various factors such as the fiber’s layout and type,
fraction percentage of fiber, base resin hardness, and the bond between

the fibers and the base material [21]. On the other hand, carbon fibers’
higher hardness compared to other fibers has led to this result. When
applying force to composite samples, reinforcing fibers play the most
important role in tolerating and diverting the force, resulting in less
force being applied to the resin base material. In general, the material’s
resistance to deformation and force penetration is proportional to its
modulus of elasticity [22]. Also, since the modulus of elasticity of carbon
fibers is higher than other used fibers to produce samples, it results in the
production of composite samples with higher hardness. Another case
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Fig. 5. The XRD pattern of the produced samples.
erosion mechanisms. The wear test was performed on the samples based

on the 300 m pin movement. The results of the wear test, including the
wear rate and friction coefficient of the samples, are visible in Table 7

Table 5
The results of microhardness.

Sample HV1 HV2 HV3 HV4 HV5 and Fig. 7.

GFR 48.7 42.0 49.2 56.2 58.7 The wear test results show that the lowest wear was obtained for
CFR 65.9 65.6 65.3 65.4 63.0 CFR, equal to 6 mg/m, which is 55% lower than the wear rate of KFR. In
KFR 27.6 24.8 30 36.8 36.3

contrast, Kevlar fibers have the highest wear rate equal to 9.3 mg/m due
to their weaker mechanical properties. Wear resistance is a function of
study related to the hardness of the produced samples is the increase in two mechanical properties of hardness and toughness that by increasing
hardness for the used resin base-material for each sample. Due to the
different resins used with different fibers, as a result of the compatibility

role, the hardness of the raw materials varies. In the present study, the Table 6 . )

layout of the fiber in the composite tubes was the same. The hardness of The comparison of hardness between the pure resin and produced sample.

pure base resin without fibers, after curing operation was compared with Sample ~ Used resin  Hardness of Hardness of % of hardness

the average hardness of produced samples in Table 6. resin sample increase
According to the results, it is observed that the highest percentage of GFR Swancor- 38 51 34

reinforcement was caused by carbon fibers equal to 44%. The higher 901

difference in the hardness between the base resin and its composite gg Eﬁ :;:2:10 ;5 2? ‘1‘:

means the proper distribution of fibers, and the proper bonding between 06FL

fibers and the resin. In fact, with the uniform distribution of the applied
force between the fibers, higher resistance to plastic deformation is
created. On the other hand, the lowest hardness was obtained for KFR,
which only improved the hardness of its resin by 14%, indicating poor
bond quality between these fibers and its resin. An increase of 34% in the

Table 7
The results of the wear test.

R . le Initial Final L Ave. fricti Ave.
hardness of the GFR’s resin indicates a proper bonding between glass Sample  Initia 1na 088 ve. iction ve: Wear
. K X mass mass mass coefficient friction rate
fibers and its resin. 3) [3) 63) force (N) (mg/m)

GFR 5.3 3 2.3 0.157 1.57 7.6
3.3. The wear test CFR 5 3.2 18 0.128 1.28 6
KFR 5.2 2.4 2.8 0.243 2.43 9.3
Wearing parts and equipment play an important role in wear and
75
65

o 65
>
jas)
N
172]
é 55 51
S
5
< 45
S
Yt
2
= 35 31

2 I

GFR CFR KFR
Samples

Fig. 6. The graph of average microhardness results.
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Fig. 7. The graph of wear rate samples’ results.

these properties, the wear resistance is further increased, resulting in
less plastic deformation and a lower wear rate and friction coefficient.
According to the microhardness results, the highest hardness was ob-
tained for CFR, and the lowest wear rate also corresponded to this
sample. The obtained result can be explained as a result of good bonding
and compatibility between carbon fibers and used resin. The other
output of the wear test is the weight loss of the samples after the test. The
highest value was obtained for KFR equal to 53%, then 43%, and 36%
for the GFR and CFR, respectively.

To better investigate the result, SEM images were taken from the
worn surfaces, which are visible in Fig. 8. By increasing the wear rate,
the number and depth of grooves in the samples increased as well as the
plastic deformation. Also, due to the pin movement on the samples, the
fibers were damaged severely and due to the applied force, the fibers lost
their bonding with the resin and were easily disrupted. Also, Fig. 6
shows de-bonding and plastic deformation as well as wear tracks such
that abrasion and delamination are the dominant wear mechanisms in
the worn surfaces. As illustrated in Fig. 8, in the worn surface of KFR,
more separated and high plastic deformation and de-bonding are
observed compared to CFR and GFR. These features along with plastic
deformation indicate adhesive and delamination wear mechanisms in
the worn surfaces.

Also, to understand the behavior of the samples against the applied
force, the friction coefficient was calculated over the traced distance
(300 m), and the graph of the instantaneously generated coefficient of
friction on the samples is visible in terms of distance (Fig. 9). According
to the compatibility role, a fabric Re300 was used in the outer layers to
obtain better bonding between resins and carbon fibers in CFR and
Kevlar fibers in the KFR samples. The used fabric Re300 is much softer

D

S i S
Moderate plastic
deformation

‘i Debndmgof :._ ey o Fiber's damage
fibers and resin :
oy ' v deformation

sample 2

compared to the Kevlar and carbon fibers. During the wear test, the pin
rotates on the produced samples and after passing a distance, almost
150 m, the fabric layers were removed and the pin reaches the Kevlar
and carbon fibers. The increase of the coefficient of friction after a
period of time in the wear test for the CFR and KFR is a result of this
matter. Furthermore, after a while, since the base material of the pro-
duced samples is polymer and resin, the surface temperature of samples
increased and it led to more adhesion between samples and pin, and the
coefficient of friction increased. The samples were subjected to thermal
load due to the sliding motion and fluctuation of the pin in the wear test
[23]. Since the fibers and resins have low thermal conductivity, thermal
gradients were generated and the temperature increased in the surface
of the pin [24]. The temperature and deformations of the produced
samples’ surfaces led to increasing the thermal stresses that added to
mechanical stress. This procedure can propagate the crack and grooves
in the samples [25,26]. The lowest friction coefficient is for CFR, equal
to 0.128, which is 22% and 89% lower than GFR and KFR, respectively.
This indicates the proper bonding between the carbon fibers and the
base material and less tendency to adhere between the ductile plastic
layers and the surface during wear. In these diagrams, many oscillations
result from repeated adhesion and separation of fibers on the surface of
the samples, causing slight changes in the applied force between the pin
and the sample.

4. Conclusion
In this study, resin base tubes were reinforced with glass, carbon, and

Kevlar fibers with the unidirectional winding method. All the fibers were
wound at 45-degree by the winding method. The microhardness and

Debonding of :
fibers and resin

p ——— Tnm
KFR ' sample 1 ‘

Fig. 8. The SEM images of the worn surface of samples.
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Fig. 9. The Coefficient of friction of the samples.

wear properties of the produced samples were evaluated and the tests
were done according to the standard procedure. The obtained results are
as follows.

1. The XRD graph showed that no new phases were created after pro-
duction as well as no interaction phases. It means that the production
process is appropriate and the compatibility between resin and fibers
is achieved.

2. SEM images of the cross-section and worn samples’ surface approved
that the bonding and adhesion between resins and fibers were
appropriate and there are not any cavities due to the good bonding.

3. The highest hardness equal to 65HV was obtained for CFR, which is
27% and 109% higher than the hardness of GFR and KFR, respec-
tively. Higher hardness indicates greater resistance of the material to
local deformation and also indicates a stronger bonding between the
base material and the reinforcing fibers.

4. The lowest wear rate was obtained for CFR, equal to 6 mg/m, which
is 26% and 55% lower than GFR and KFR, respectively. By increasing
the wear rate, the number and depth of grooves in the samples
increased as well as the plastic deformation.
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