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Abstract
Polymeric tubes, including epoxy and reinforcing fibers, are widely used in the petroleum and
aerospace industries due to their high strength and corrosion resistance. In this study, corrosion and
creep properties of resin-based tubes reinforced byGlassfibers (GFR), Carbon fibers (CFR), and
Kevlarfibers (KFR)were investigated using tubesmade by using a 45-degree unilateral winding
method. The highest creep strainwas obtained for theCFR equal to 0.7445 and the lowest was
obtained for KFRwith theKevlarfibers being severely damaged. The lowest corrosion rate per year
was for the CFR sample, equal to 113in/year×1000. The corroded samples were subjected to a tensile
test and a 2% improvement in ultimate tensile strengthwas achieved forGFR. To evaluate the results
and the quality of adhesions betweenfibers and resins, SEM images were taken of the samples.

1. Introduction

There has been significant research concerning polymeric compositematerials inwhich fibers are used to
reinforce resinswhich are thermoset or thermoplastic polymers [1, 2]. Thesematerials have a high strength to
weight ratio and their significant properties include high tensile strength, flexural strength, fatigue life, and
corrosion resistance [3]. The properties of polymeric composites depend on the polymer properties as well as on
the type, direction, and length of thefibers and the quality of resin and fiber bonding [4]. Thefibers transfer
stress from the polymermatrix to themselves, reduce the stress concentration and improve the sample’s
toughness [5]. Also, composite tubes, due to their durable, corrosion-resistant, and lightweight structure are a
great alternative tometal and concrete pipes [6]. In addition, the inner surface of the composite tube is very
smoothwhich reduces energy consumption, pressure drop, sedimentation, and the friction coefficient that
allows it to not require a pipe protection cover against corrosive fluids and environmental factors [7]. Apart from
the type and arrangement of the fibers, the properties of composite tubes depend on the compatibility and
interleaving betweenfibers and resinmatrix [8]. An incompatible resin, lack of bonding, andweak adhesion
strength lead to delamination and failure offiber-reinforcedmaterials [9]. Experimental and laboratory trial-
and-error is themost commonly adopted strategy to validate the performance and determine the compatibility
offiber reinforcementmaterials [10].Many kinds of research have been done on the energy absorption or creep
and corrosion behavior offiber-reinforced composite samples [11, 12].

Liu et al [13] produced carbon fiber reinforced polymer tubes and the transverse impact test was done on the
samples with their failuremechanisms investigated. The results show that higher impact energy led tomore
circumferential cracks. Also, by increasing the impact energy, the tubes absorbed energy by generating
circumferential and longitudinal cracks.Wang et al [14] investigated the corrosion behavior and durability of
concrete-filled fiber-reinforced polymer tubes subjected to the various conditions with additional sustained
axial load and continuouswater immersion. Test results showed thatmore degradation occurred forwet
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conditions compared to the dry environment. Ren et al [15] did a compression test at various temperatures and
pressures on shapememory polymer composite tube reinforced by carbon fibers woundwith±45° layers. The
results showed that increased compression resulted in less buckling load. Yang et al [16] did an experimental
analysis on the creep behavior of composite tubes underflexural loading. Theflexural creep test was done at
various stress, 45% to 75%of ultimateflexural strength at 100 °C for 500 h, and the tubes’ deformation,
mechanical performance, and service reliability were evaluated by the superposition principle after a 12-year
design life.

Acquiring knowledge of the corrosion and creep properties offiber-reinforced composite tubes according to
compatibility role can help extend their application in various industries, inwhich little research has been done
so far. In this paper, composite tubeswith polymer basematerial were reinforced by glass, carbon, andKevlar
fibers with a unilateral winding at an angle of 45 degrees. Anothermain aim and the novelty of this study is that it
considers the compatibility offibers and resins. In this study, a corrosion test in an acidic environment and a
creep test were done on tubes. Finally, SEM imageswere taken on the samples to validate the results.

2. Experimental part

2.1.Materials and producing tubes
To obtain high-quality samples with reinforcing fibers, a suitable resinmaterial was used. The resins used for
manufacturingwithGFR, CFR, andKFR are Swancor-901, Epiran-10, and Epiran-06FL types, respectively,
whichwere achieved by trial-and-error in our previous research [1]. Two additives such as cobalt actuate and
peroxide acid solutionswere added to the resin at 1.5% and 15%byweight, respectively, which facilitates the
curing process [17]. After preparing the resin, thefibers were immersed in the resin solution for 20 min (Gel
time). The detailed specifications according to the producers’ datasheet of thefibers can be seen in table 1. To
produce composite tubes, a shaft with a 26 mmdiameter, called amandrel, was used and placed in thewinding
machine. To ensure proper adhesion of the fibers to themandrel and smoothness of the surface, themandrel was
polishedfirst, and a very thin layer of resin called gel coat was sprayedwith a thickness of 0.7 mm. Table 2
presents the specifications and layering fibers of the tubes.

After wrapping impregnated fibers around themandrel, the samples were placed for 2 h at ambient
temperature for initial curing and thenwere placed in an oven for 2 h at 70 °C forfinal curing. Figure 1 shows the
produced tube and, their average characteristics are given in table 3.

Table 1.The detailed specification of usedfibers.

Fiber Structure

Thickness

(μm) Density (g/cm3)
Modulus of

elasticity (GPa)
Break

elongation (%) Specific tensile strength (Glb/in2)

Glass PlainWoven 10 2.54 72.39 4.8 5.43

Carbon PlainWoven 15 1.79 220.63 1.4 6.93

Kevlar49 PlainWoven 15 1.43 112.38 2.4 7.38

Table 2.The feature and arrangements offibers for production tubes.

Sample
Inner Layer Middle Layer Outer Layer

Material Mark Material Mark Material Mark

GFR Glass Fiber Mat225 Glass Fiber Woven 600 Glass Fiber Mat225

CFR Fabric Re300 Carbon Fiber 300 Fabric Re300

KFR Fabric Re300 Kevlar Fiber 49 Fabric Re300

Figure 1.The produced composite tube andmandrel.
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2.2.Determiningmechanical properties
The creep test was performed on samples at 50MPa stress and 200 °C, according to the ASTM-D7337 standard
[18] and the increase in length and strain of the samples weremeasured until rupture point. The creep samples
were cut from the produced tube and a schematic image of them is presented infigure 2.

For the corrosion test, the samples were first polishedwith a grade 3000 emery and dried for 120 min at
50 °C.The test was carried out according toASTM-C582 standard in 37% concentration acidicHCl solution
[19]. The samples were exposed to acid for 24 h at 40 °C and the corrosion rate was calculated according to

Figure 2.The creep test sample.

Figure 3.The corrosion samples (a) the tensile test device (b).

Figure 4.The SEM images of the cross-section of samples.

Table 3.The specification of the produced tubes.

Sample Thickness (mm) Diameter (mm) Mass per 20 cm (g) Density (g/mm3)

GFR 3.34 33.4 79 1.252

CFR 3.34 33.4 75 1.189

KFR 3.34 33.4 78 1.237
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equation (1)whereW,D, A, T are lostmass (mg), density (g/cm3), area (in2), and time (hour), respectively.
Before and after the corrosion test, the tensile test was performed on the samples according to the ASTM-D638
standardwith 50 mmgauge length, 5 mmmin−1 force speed, and 0.001 s−1 strain rate [20]. The images of the
corrosion samples and the tensile test device are shown infigure 3.

( )=mpy W D A T543 1* * *

3. Results and discussion

3.1. Specification of samples
To ensure the quality of adhesion and compatibility between resins thefibers, SEM imagingwas done at the
cross-sectional area of the samples. Figure 4, shows these SEM images and thefibers between resins have been

Figure 5.TheTGA graph of the produced samples.

Figure 6.TheCreep graph of produced tubes.
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identified, and the bonding between them is plotted, with no discontinuities, porosities, or cavities, which are
commondefects infiber reinforcement samples. Also, the TGA test was done on samples to study the thermal
stability andweight loss of the samples by increasing temperature [21]. TGA analysis can provide valuable
information regarding the composition and thermal stability of polymericmaterials. This can be done to
compare differentmaterials or through acceleratedmeans for lifetime predictions [22]. The TGA curve of
produced samples can be seen in figure 5.The degradation in the samples can be accomplished by processes such
as cross-linked breakages due to the increasing temperature. For all produced samples, the degradation occurred
at about 330 °C. By using carbon fibers, 20%, and 8%higher degradation have been achieved compared to the
samples inwhich glass andKevlarfibers were used, respectively. These results were obtained due to the better
thermal stability of carbon fibers compared to other testedfibers, and appropriate compatibility and bonding
between reinforcement fibers and resins.Mass changes at sample temperatures between 250 °Cand 300 °C can
be correlated to changes inmolecular structure and is believed to reflect the extent ofmatrix depolymerization
whichmay have occurred [22].

3.2. The creep test
The tensile creep test was performed on the samples and the strain data was extracted from the device until the
complete rupture of samples. The results of the creep test of the composite tube can be seen in table 4. Creep in
polymer compositesmay occur at any temperature, even at low temperatures, due to the viscoelastic
deformation of the basematerial, although normally the fibers do not creep at this temperature and the creep
behavior of the composites is influenced by the geometry of the segment and the properties of their constituents.

To investigate the creep behavior offiber-reinforced polymers, creep compliance (D(t)) can be used [23],
which is defined by equation (2). In this equation, ε(t) is the instantaneous strain, andσ0 is the constant stress
applied to the samples. The strain changes over time and theD(t) values for produced samples with different

Table 4.The result of the creep test.

Sample

Initial

length (cm)
Final

length (cm)
Time

(min)
Max. of

creep strain

GFR 20 28.37 152 0.584

CFR 20 34.89 190 0.7445

KFR 20 21.3819 148 0.0691

Figure 7.TheCreep compliance of produced tubes.
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reinforcing fibers are shown infigures 6 and 7, respectively.

( ) ( ) ( )e
s

=D t
t

2
0

According to the obtained results, variations of the creep compliance are linear for all samples and the
highest creep strength up to 133 minwas related toCFR,which did not showmuch deformation. The abrupt
change of the diagrams corresponds to the timewhen thefibers were separated from the basematerial, or the

Figure 8.The image of samples after the creep test.

Figure 9.The stress-strain graph of samples.
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composite layers were delaminated. After thementioned time (133 min), the abrupt separation between the
carbon fibers and the resin occurred, followed by the creep stress only carried by the carbon fibers, which is
illustrated by the slope of the diagram. In the case of GFR, the separation of the layers was first observed at times
of 60 min and 104 min, respectively. Then at 128 min, thefibers started to separate from the basematerial, and
finally, the fibers were ruptured so that, the creep compliance diagram forGFR also shows the slope change,
which confirms this. In the case of KFR, the separation of the layers occurred slower, but eventually, the rupture
of the sample occurred earlier than theCFR andGFR. The difference in the stress transfermechanism in the
samples is due to the difference in the creep rupture behavior of the samples. Also, to investigate the behavior of
thefibers against the applied stress and heat, the images of samples are visible infigure 8. Examination of the
surface of the samples revealed that the outer layers of thefibers broke down earlier, and then the inner layers in
themiddle of the composite were fractured. At the beginning of loading, the stress was tolerated by the fibers in
all layers. After exposure to heat, the temperature affects the outer layers and causes submission in these layers.
This causesmore stress to be applied to the inner layers, and then, after the outer layers failed, the inner layers
were exposed to higher temperatures that eventually led to their failures. This indicates that each layer was
ruptured at different times.

As can be seen infigure 8, there is good agreementwith the results. TheGFR andCFRhad a similar process
until destruction, and all layers failed at approximately the same time. In these samples, the fibers were less
damaged due to their higher temperature tolerance; and in theGFR,more severe destruction occurred
compared toCFR. In theKFR, considering that the temperature tolerance of these fibers ismuch lower than the
other twofibers, thefibers of the outer Kevlar fibers have been severely damaged, resulting in early damage to the
sample at lower strain times and rates.

3.3. The tensile strength of corroded samples
To evaluate theproduced samples’ resistance to an acidic solution, the corrosion testwas performed.The
corrosion test results for composite tubes are visible in table 5. The lowest corrosion rate per yearwas obtained for
CFR, equal to 113 in/1000× year,which is 134% lower thanKFR. In general, the basematerial, resin, has a higher
corrosion resistance thanmetal and steel samples due to its lower reactivity and absorption of corrosivematerials
[24]. Thesematerials also prevent osmotic blistering and are used as insulatingmaterial against corrosivematerials;
they havehigher thermal and chemical resistance and lesswater absorption [25]. To determine the effect of the
acidic environment onproduced composite samples, theuniaxial tensile test was performedon samples before and
after the corrosion test. Themaximum tensile strength of the samples and their results are shown in table 6. The
results show that the tensile strength of the produced samples increased after the corrosion test, and their fracture
strain decreased,whichwere similar to obtained results in theprevious literature [26, 27]. The tensile strength of
the samples depends on the reinforcingfibers,whichprevent growth in the rupture.

The acidic environment creates a better bond and interaction between the basematerial and the reinforcing
fibers by treatment aging under acidic conditions [27]. The highest change in the ultimate tensile strength after
corrosionwas obtained for sampleGFR, equal to 111.7 MPa, with a 2% improvement. On the other hand, acidic
corrosion had the least effect onCFR, which is consistent with the high resistance of carbon fibers to acidic
environments [28]. After corrosion testing, the fracture strain of all samples decreased; The highest change in the
amount of reductionwas obtained forGFR, equal to 2.5%. To better understand the results of the tensile test, the
stress-strain graphs of the samples are shown infigure 9.

Table 5.The results of the corrosion test.

Sample

Area

(cm2) Density (g/cm3)
Initial

mass (mg)
Final

mass (mg)
Loss

mass (mg)
Loss

mass (%)
Corrosion rate (in/

year× 1000)

GFR 49 1.72 930 917.70 12.30 1.3 142

CFR 49 1.61 450 445.72 4.28 0.9 113

KFR 49 1.52 734 718.76 15.24 2 275

Table 6.The result of the tensile test before and after corrosion test.

Sample

Ultimate tensile strength

(MPa), Primary

Ultimate tensile strength (MPa),
After corrosion

Elongation (%),
Primary

Elongation (%),
After corrosion

GFR 109.5 111.7 2.17 1.95

CFR 139 140.8 3.35 2.96

KFR 58.7 59.25 3.41 2.90
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4. Conclusion

In this study, epoxy tubes were reinforcedwith glass, carbon, andKevlarfibers with the unidirectional winding
method, and their corrosion rate and creep behavior were evaluated.

1. For all samples, the degradation occurred at about 330 °C. By using carbon fibers, 20%, and 8% higher
degradation have been achieved compared to the samples reinforced by glass andKevlarfibers, respectively.

2. The KFR had the lowest creep strain, and its fibers were severely damaged. In contrast, CFR had the highest
strain rate, equal to 0.7445.

3. The corrosion test results showed that the lowest corrosion rate was for sample CFR, equal to 113in/
year×1000, which is 143% lower thanKFR.

4. The highest change in ultimate tensile strength after the corrosion test was obtained for GFR, equal to
111.7 MPa, with a 2% improvement. After corrosion testing, the fracture strain of all samples decreased, the
biggest change in the amount of reductionwas forGFR, equal to 2.5%.

Data availability statement
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