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ABSTRACT

Although there are numerous applications for composite materials reinforced with vegetable textile fibers in
outdoor parts and components (e.g., acoustic or thermal insulation panels in construction, furniture for gardens),
only a few studies have reported the effects of temperature on hybrid composites reinforced with both glass and
vegetable fibers. The main goal of this study was to analyze the effects of temperature on the tensile properties of
five types of polymeric composites with different reinforcements: jute fabric, glass and jute fabric, flax fabric,
glass and flax fabric, and glass fabric. Our method consisted of tensile testing all five types of composites at room
temperature (20 °C) and other different temperatures (50 °C and 70 °C). The greatest values of reduction in
tensile strength were recorded for hybrid composites. Reductions of 42.3% and 49.6% at 50 °C and 70 °C,
respectively, were observed for the composite reinforced with flax and glass fibers. Reductions of 34.6% and
60% at 50 °C and 70 °C, respectively, were observed for the composite reinforced with jute and glass fibers.
Finite element analysis of representative volume elements was conducted to compute the residual thermal
stresses developed in the fibers and in the matrices at interfaces. It was determined that the thermal stresses
cause micro-cracks at the interfaces. Thermogravimetric analysis and microscopic analysis were also conducted
to identify the causes of the significant decreases in tensile properties. The effects of the anisotropy of flax and

jute fibers on the thermal stresses developed at fiber-matrix interfaces were analyzed as well.

1. Introduction

Currently, there is significant global interest regarding the use of the
natural fibers as reinforcing materials in the industry of composite
materials. The main goal is to replace classical reinforcing fibers (glass
fibers, carbon fibers, boron fibers) in polymeric and non-polymeric
resins with reinforcing fibers obtained from renewable and biode-
gradable materials, such as natural fibers. The main classes of natural
fibers are vegetable textile fibers (flax, jute, hemp, sisal), wood fibers
(oak, fir, walnut, spruce, beech fibers), and agricultural waste fibers
(stems, leaves, walnut shells, corn cobs, banana peels). Polymeric
composite materials reinforced with natural fibers are eco-friendly
products with numerous applications including indoor and outdoor
furniture, and construction elements (acoustic and thermal insulation
panels for design, roof tiles, pavers that dampen shock) (Ramesh, 2019,
Singh et al., 2018).

The main advantage of natural fibers is their lower density than the
classical reinforcement fibers, which leads to a reduction in weight. It is
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also known that composite materials reinforced with natural fibers are
advantageous for acoustic and thermal insulation (Cerbu, 2015,
Cerbu and Cosereanu, 2016). However, there are some disadvantages of
natural fibers, including greater moisture absorption in humid en-
vironments, which degrades mechanical properties, significant smoke
generation when the composites burn, and degraded mechanical
properties under long-term exposure to ultraviolet rays (Cerbu, 2015,
Yan et al., 2015).

Based on modern industrial trends regarding the design of new
products based on composite materials reinforced with natural fibers,
many articles have been published in recent years on the analysis of the
physical and mechanical properties of polymeric composites reinforced
with flax or jute fibers (Cerbu, 2015, Cerbu, 2015, Cerbu and
Cosereanu, 2016, Xu et al., 2019).

Replacing glass fibers with natural fibers leads to the degradation of
mechanical properties (tensile strength, Young's modulus, bending
strength, and modulus of elasticity during bending), while the weight of
a composite is reduced (Cerbu, 2017, Xu et al., 2019). In most cases,
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Table 1

Coefficients of thermal expansion corresponding to the reinforcement fibers, epoxy resins, and composite materials reinforced with vegetable fibers

Source

Thermal expansion coefficient (x 10~°/°C)

Longitudinal direction of the fiber a;s

Material

Transverse direction of the fiber ay

Fibers:

2017)

(Properties of E-glass fibres, 2019, Sathishkumar et al., 2014, Thomason et al.,

(Thomason et al., 2017)

5.4
18
77

5.4

E-glass fiber
Carbon
Aramid

Jute

—-0.4
3.6

(Thomason et al., 2017)

(Cichocki and Thomason, 2002)

77.2

0.6
-16

(at 25 °C)

121.6

(at 50 °C)
(at 75 °C)

—24.8
-8.0

(Thomason et al., 2017)

82.7-

(at 25 °C)

Flax

65.2

6.9
-39

(at 50 °C)
(at 25 °C)
(at 50 °C)

79.0

Sisal

76.8

4.0

Epoxy resins:

(Technical Data Sheet, 2019)

(Technic

62

Epolam 2035 epoxy
Epolam 2031 epoxy
D.E.R.™ 332 epoxy

al Data Sheet, 2019)

80

(Saidina et al., 2007)

140

Composite materials reinforced with vegetable fiber fabrics:

Jute / Crystic P990

polyester resin

(Safiee et al., 2011)

80
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only a portion of the layers in a composite, typically core layers, are
reinforced with vegetable textile fibers, while the shell layers are still
reinforced with glass fibers, particularly for parts subjected to bending.
Therefore, it is important to analyze the mechanical properties of hy-
brid polymeric composite materials reinforced with both glass and ve-
getable textile fibers (Cerbu, 2017, Xu et al., 2019).

Many articles have focused on the effects of technology and dif-
ferent surface treatments that are applied to vegetable fibers prior to
manufacturing composite materials to improve interfacing between
vegetable fibers and resin to improve the strength and stiffness of
composites (Ramesh, 2019, Singh et al., 2018, Pitarresi et al., 2015).
Stiffness hardening has been observed after a few quasi-static loading-
unloading cycles accompanied by hysteresis based on the viscoelastic
behavior of flax fibers (Pitarresi et al., 2015).

Additionally, it has been demonstrated that higher temperatures
accelerate the aging process of jute-fiber-reinforced polymer compo-
sites during immersion in water and alkali solutions. The aging process
during 45 days of immersion in water at 40 °C reduces the tensile
strength and the modulus of elasticity by 22.5% and 19%, respectively
(Ma et al., 2018).

In contrast, exposing jute epoxy composite specimens to liquid ni-
trogen for 5 h to reduce the specimen temperature to —60°C leads to
the enhancement of mechanical properties (compression strength,
bending strength, and inter-laminar shear strength) (Prasob and
Sasikumar, 2019).

A recent study (Habibi et al.,, 2019) on the fatigue behavior of
nonwoven flax composites reported a pronounced decrease in the dy-
namic modulus during fatigue loading at 75 °C compared to the value at
23 °C.

The current state of research on hybrid composite materials re-
inforced with both inorganic fibers (glass, carbon) and vegetable textile
fibers (flax, jute, Pennisetum purpureum) highlights the potential of such
composites from different perspectives, such as strength, stiffness, and
energy absorbed during impact loading (Al-Hajaj et al.,, 2019,
Cerbu and Cosereanu, 2016, Ridzuan et al., 2019, Xu et al., 2019).
Hybrid composites fabricated from epoxy resin with shell layers re-
inforced by woven carbon fibers and core layers reinforced by cross-ply
flax fibers exhibited better impact properties (higher penetration en-
ergy, smaller damage areas) compared to similar hybrid composites
with core layers reinforced by unidirectional flax fibers (Al-Hajaj et al.,
2019).

The authors of (Ridzuan et al., 2019) reported that for a Pennisetum
purpureum/glass-reinforced epoxy composite, stiffness decreases sig-
nificantly with increasing temperature (40 °C, 60 °C, and 80 °C), which
increases the absorbed energy during impact testing. Additionally, de-
creasing stiffness leads to increased peak deflection and extensive da-
mage.

However, the literature generally lacks a focus on the influence of
temperature on the mechanical properties of hybrid composite mate-
rials reinforced with both glass and vegetable textile fibers. Evaluating
the effects of temperature on the mechanical properties of this type of
hybrid composite is crucial based on their frequent use in outdoor ap-
plications (construction elements, furniture for gardens and terraces,
door panels or subfloors for automobiles) (Cerbu, 2015, Ramesh, 2019,
Singh et al., 2018).

The main goal of this study was to investigate the effects of two
different temperatures (50 °C and 70 °C) on the mechanical properties
of five types of fiber-reinforced epoxy composites (FRECs): (i) jute
fabric, (ii) both glass and jute fabric, (iii) flax fabric, (iv) both glass and
flax fabric, and (v) glass fabric. First, we comparatively analyzed the
effects of temperature on the mechanical characteristics of these FRECs
via tensile testing. Then, we used a micromechanical finite element
model (FEM) to analyze the residual thermal stresses developed in both
the fibers and epoxy matrix at fiber-matrix interfaces for three com-
posite materials: epoxy resin reinforced with flax fibers, epoxy resin
reinforced with jute fibers, and epoxy resin reinforced with glass fibers.
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Fig. 1. Photos of fabrics made of vegetable fibers: (a) jute fabric and (b) flax
fabric (Cerbu, 2015, Cerbu, 2017).

We then used thermogravimetric analysis (TGA) to analyze mass loss
during heating to 800 °C for the reinforcement woven fabrics, epoxy
resin, and composite materials tested. Finally, TGA and microscopic
analysis of the samples were considered to explain the changes in
tensile properties caused by increasing temperature.

The values of the thermal expansion coefficients corresponding to
the reinforcement fibers (inorganic fibers and vegetable fibers) and to
the epoxy resin are reported in Table 1. The anisotropy of the flax and
jute fibers is reflected in their coefficients of thermal expansion.

2. Materials and methods
2.1. Materials tested

All the composite materials investigated in this study were based on
Epolam 2015 epoxy resin reinforced with a bidirectional glass fabric
and two types of plain-woven fabrics made of vegetable fibers (flax
fibers, jute fibers).

Epolam 2015 epoxy resin (Axson) exhibits the following physical
properties: viscosity of 1550 mPa-s, density of 1.15 g/ml, and mix ratio
by weight of 32:100 between Epolam 2015 hardener and Epolam 2015
epoxy resin (Technical Data Sheet, 2019). The physical properties of the
Epolam 2015 hardener are a viscosity of 70 mPa-s and a density of 0.95
g/ml. Following admixture of the Epolam 2015 hardener into the epoxy
resin and hardening, the glass transition temperature is 88 °C, which
limits the application of composite materials based on the Epolam 2015
epoxy-hardener system (Technical Data Sheet, 2019).

The glass woven fabric used in this study was Aeroglass, which has a
weight per unit area of 200 g/m? and weave of 2 x 2 twill
(Technical Data Sheet of glass fabric AEROGLASS 200 g/m2
twill, 2019). The glass yarn was EC9-136 for both the weft and warp
directions of the woven fabric (Technical Data Sheet of glass fabric
AEROGLASS 200 g/m2 twill, 2019).

Regarding the vegetable fiber fabrics, the density per unit area of
jute flax fabric is 380 g/m? and its weave is a bidirectional plane with
the same jute yarns in the weft and warp directions (Fig. 1a). Tudor
(DINATEX S.R.L., Romania) flax fabric is a bidirectional fabric with a
density of 280 g/m? and a plain weave (Fig. 1b). The weft yarn is
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Fig. 2. Tensile specimen (EN ISO 527-4 1997).

thicker than the warp yarn in the case of the flax fabric, as shown in
Fig. 1(b) and as defined in its technical data sheet (Data sheet of flax
fabric Tudor, 2019).

2.2. Experimental methods

2.2.1. Sample preparation

The five types of composite materials listed in Table 2 were in-
vestigated in terms of their mechanical behavior during tensile testing
under the action of heating at different temperatures (50 °C and 70 °C).
The abbreviation codes used for the composite materials and the cor-
responding layer structures are also listed in Table 2. In Table 2, for the
two hybrid composite materials (GJ-FREC and GF-FREC), their bottom
and top shell layers were reinforced with glass fabric, while their core
layers were reinforced with vegetable fibers (jute or flax fabric).

One panel with dimensions of 500 x 400 mm? was manufactured
for each type of composite material using a hand layering technique
that is suitable for Epolam 2015 epoxy resin
(Technical Data Sheet, 2019). The fiber content was 40 wt% for each
type of composite panel. The reinforcement fabrics were placed in the
mold in a consistent orientation such that the warp direction of the
fabric was parallel to the edge of the mold with a length of 500 mm. The
composite panels were molded in the laboratory of the Mechanical
Engineering Department of the Transilvania University of Brasov, Ro-
mania. The composite panels were stored for one week at room tem-
perature (20 + 1°C) prior to cutting the tensile specimens.

Tensile specimens were cut via milling using numerically controlled
equipment. The dimensions and shape of the tensile specimens are
presented in Fig. 2 in accordance with the European standard (EN ISO
527-41997) (EN ISO 527-4 1997). Because the flax yarns were different
in thickness in the weft and warp directions of the flax fabric, two
subsets of tensile specimens were cut parallel to the weft an warp di-
rections for the composite materials reinforced with flax fabric (F-FREC
and GF-FREC composites). We prepared five tensile specimens for each
type of composite material, each direction of the reinforcing glass fabric
(if appropriate according to Table 1), and each temperature for tensile
testing (20 °C (room temperature), 50 °C, and 70 °C). The maximum test
temperature was limited by the glass transition temperature (88 °C)
corresponding to the Epolam 2015 epoxy-hardener system following
polymerization (Technical Data Sheet, 2019). A total of 15 specimens
were prepared for each composite material reinforced with jute or glass
fabric alone (J-FREC, G-FREC, GJ-FREC) and 30 specimens were pre-
pared for each of the composites reinforced with flax fabric (F-FREC
and GF-FREC).

Table 2
Composite materials tested.
No. Composite material Abbreviation  Structure of the material Direction
1 Jute-fiber-reinforced epoxy composite J-FREC - 4 layers made of epoxy reinforced with jute woven fabric.
2 Glass-and-jute-fiber-reinforced epoxy GJ-FREC - 1 bottom shell layer reinforced with glass fabric;- 2 core layers reinforced with jute fabric;- 1 top shell
composite layer reinforced with glass fabric.
3 Flax-fiber-reinforced epoxy composite F-FREC - 8 layers reinforced with flax woven fabric. Weft
Warp
4 Glass-and-flax-fiber-reinforced epoxy GF-FREC - 2 bottom shell layers reinforced with glass fabric; - 4 core layers reinforced with flax fabric; - 2 top ~ Weft
composite shell layers reinforced with glass fabric.
Warp
5 Glass-fiber-reinforced epoxy composite ~ G-FREC - 8 layers made of epoxy reinforced with glass woven fabric. -
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(b)

(c)

Fig. 4. FEM of a cubic RVE used to analyze the residual thermal stresses developed at interfaces: (a) FEM and cylindrical coordinate system, (b) boundary conditions,
and (c) path of nodes defined in the square RVE for reporting residual thermal stress development.

Table 3
Elastic properties of the fibers and epoxy resin.
Material Temperature  Elastic property References
Eif(GPa)  Epr (GPa)  Gior (GPa)  viyf vo1f
E-glass fiber (at 25 °C) 72.4 - 0.22  (Properties of E-glass fibres, 2019, Sathishkumar et al., 2014, Laine et al., 2013)
Jute fiber (at 0 °C) 40.3 6.6 4.7 0.14 0.02 (Singh et al., 2018, Cichocki and Thomason, 2002)
(at 25 °C) 39.4 5.5 3.5 0.11 0.01
(at 50 °C) 389 3.8 3.3 0.08 0.01
(at 75 °C) 38.6 - - -
Flax fiber (at 0 °C) 65.7 1.1 1.5 0.4 (Ramesh, 2019, Thomason et al., 2017)
(at 25 °C) 62.5 1.0 1.4 -
(at 50 °C) 60.2 0.75 1.1
Epolam epoxy resin (at 25 °C) 3.0 0.35 (Technical Data Sheet, 2019, Laine et al., 2013)

Table 4
Fiber contents and densities of Epolam 2015 epoxy resin composites.
No. Composite material Fiber density (g/ Epoxy density (g/ Hardener density (g/ Fiber mass ratio ms  Fiber volume ratio V;  References*
model cm®) cm®) cm®) (%) (%)
1 E-glass/epoxy 2.58 1.15* 0.95" 40 22.05 (Sathishkumar et al., 2014)
2 Jute fiber/epoxy 1.30 35.96 (Singh et al., 2018)
3 Flax fiber/epoxy 1.50 32.73 (Ramesh, 2019)
Note:

* References for fiber density.
** Densities in accordance with (Technical Data Sheet, 2019).

2.2.2. Tensile testing under temperature variation

Control tensile testing specimens were subjected to tensile testing at
room temperature (approximately 20 °C). Tensile tests were conducted
using an AG-IC 50 (SHIMADZU, Kyoto, Japan) tensile testing machine
with digital controls and a maximum force of 50 KN.

Prior to the tensile tests at different temperatures (50 °C and 70 °C),
the tensile specimens were preconditioned for 2 h at a humidity of 60%
and temperature of 50 °C or 70 °C using a TEMI2500 (Hung TA

INSTRUMENT CO. LTD., Taiwan, China) programmable temperature
and humidity controller, as shown in Fig. 3(a). Conditioning of the
specimens at the test temperatures prior to tensile testing was essential
to ensure an uniform distribution of temperature throughout each
specimen. The programmable temperature controller was located near
the AG-IC 50 tensile testing machine in the laboratory.

An HT-8045A (Hung TA INSTRUMENT CO. LTD., Taiwan, China)
high-temperature chamber fixed on the AG-IC 50 tensile testing
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Fig. 5. Stress—strain curves recorded during tensile testing: (a) F-FREC composite, (b) GF-FREC composite, (¢) J-FREC composite, (d) GJ-FREC composite, and (e) G-

FREC composite.

machine (Fig. 3b) was used to analyze the effects of temperature at 50
°C and 70 °C. In Fig. 3(c), one can see a tensile specimen fabricated from
the J-FREC composite clamped in the jaws of the tensile testing ma-
chine inside the high-temperature chamber.

(a) High-temperature chamber (HT-8045A), (b) tensile testing ma-
chine (AG-IC; 50 kN with programmable temperature and humidity
controller (TEMI2500)), and (c) tensile specimen fabricated from the J-
FREC composite during tensile testing at 50 °C or 70 °C inside the high-
temperature chamber.

The dimensions of the cross sections of each tensile specimen were
accurately measured with a precision of 0.1 mm and the results were
used as input data for a software program at the beginning of each test.
The loading speed was 1.5 mm/min for all tensile tests in accordance
with the aforementioned standard (EN ISO 527-4 1997). The tensile
testing machine allowed us to record the tensile force and elongation of

the specimens over time. The experimental data were statistically
processed to derive tensile o-¢ curves and mechanical properties, in-
cluding the Young's modulus E and tensile strength (tensile stress cor-
responding to the maximum tensile force). The Young's modulus E was
determinate on the linear portion of the o-¢ curves.

Finally, average values corresponding to both the moduli of elasti-
city and tensile strengths recorded during tensile tests at different
temperatures (20 °C, 50 °C, 70 °C) were compared to analyze the effects
of testing temperature and the type of reinforcement on mechanical
characteristics.

2.2.3. TGA

A Shimadzu DTG-60 thermogravimetric analyzer was used to per-
form TGA. TGA was used to determine the variation in the mass of the
specimens with temperature as the temperature increased continuously.
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ra)
X

Note: all values are shown as x(y), where

TGA was performed on the following materials: jute fabric, flax
fabric, pure Epolam 2015 epoxy resin hardened by adding Epolam 2015
hardener (32 wt%) (Technical Data Sheet, 2019), J-FREC composite, F-
FREC composite, and G-FREC composite. The main purpose of this test
was to determine the temperature at which mass loss began for each
type of material. Samples with a mass of approximately 8 mg were
prepared for each type of material. Testing consisted of heating each
specimen to 800 °C at a rate of 20 °C /min in a nitrogen atmosphere
with a flow rate of 30 ml/min.

2.2.4. Analysis of thermal stresses
In the literature, various types of models have been used for

indicates average values and “y” indicates standard deviation values.

micromechanical analysis of the interactions between fibers and ma-
trices in composite materials with a focus on the array arrangement of
fibers (square array, hexagonal array) and shape of representative vo-
lume elements (RVEs) (Choi and Sankar, 2006, Kumar and
Singh, 1995). In this research, square RVEs were used to analyze the
residual thermal stresses developed at the interfaces between fibers and
matrices. The square RVEs discussed in the literature are actually cubic
RVEs and stresses are reported for middle square perpendicular cross
sections (Kumar and Singh, 1995). The FEM corresponding to the
geometry of a cubic RVE is presented in Fig. 4(a) in accordance with the
procedure described in (Kumar and Singh, 1995). Finite element ana-
lysis was conducted using the Abaqus software. Both the fiber and
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Note: all values are shown as x(y), where “

matrix regions are meshed by brick finite elements with eight nodes. An
FEM consists of 3000 elements corresponding to the fiber region and
2040 elements corresponding to the matrix region.

Regarding boundary conditions, it is assumed that all nodes located
on the boundary faces of the cubic RVE can move only along the di-
rection perpendicular to the respective boundary face (Fig. 4b) in ac-
cordance with the procedure described in (Kumar and Singh, 1995).
The effects of heating on the thermal stress development in a cubic RVE
were analyzed. The initial temperature was 20°C for the FEM and the
final temperature was either 50 °C or 70 °C.

The path of nodes highlighted in Fig. 4(c) is used to report the re-
sidual thermal stress development in both fibers and matrices at their
interfaces. The order of the path of nodes follows the counterclockwise

x” indicates average values and “y” indicates standard deviation values.

direction from 0° to 90°. The path of nodes is defined in a square middle
cross section of the cubic RVE that is perpendicular to the fibers.
Hereafter, this cross-section is referred to as a square RVE. The dis-
tributions of residual thermal stresses are plotted using a cylindrical
coordinate system shown in Fig. 4(a). The origin of the cylindrical co-
ordinate system is located at the center of the circular cross section of
the fiber. This means that the radial direction of the coordinate system
is the same as the radial direction of the fiber and the tangential di-
rection is perpendicular to the fiber radius.

The main objective of our micromechanical analysis was to de-
termine the effects of the anisotropy of the vegetable fibers (flax fibers
and jute fibers) on the residual thermal stresses developed at the in-
terfaces between these types of vegetable fibers and epoxy matrices.
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Fig. 8. TGA curves recorded for (a) vegetable woven fabrics used as reinforcement and Epolam 2015 epoxy resin, and (b) composite samples.
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Fig. 9. Stresses developed over a square RVE for epoxy reinforced with flax fiber at T = 70 °C:
(a) radial thermal stresses o,, (b) tangential thermal stresses o;, and (c) longitudinal thermal stresses o; in the fiber direction.

The flax and jute fibers are anisotropic in terms of both their thermal
expansion coefficients (Table 1) and elastic properties (Table 3). Fur-
thermore, the thermal expansion coefficients corresponding to the flax
and jute fibers are negative values along the longitudinal direction of
these types of fibers. In a FEM of a cubic RVE, the elastic properties and
thermal expansion coefficients corresponding to the flax or jute fibers
are defined with respect to the cylindrical coordinate system shown in
Fig. 4(a).

Glass fibers are isotropic in terms of their thermomechanical prop-
erties (Tables 1 and 3). The thermal expansion of the glass fibers is

much lower than that of the epoxy resin used in this study (Table 1).

Three different models of a cubic RVE were considered depending
on the combination of fibers and matrices, namely an epoxy matrix
reinforced with flax fiber, epoxy matrix reinforced with jute fiber, and
epoxy matrix reinforced with glass fiber. The fiber volume fraction
corresponding to each model is listed in the final column of Table 4. The
fiber volume fractions were computed based on a fiber mass ratio of 40
wt%, which was used for all composites considered in this study (see
Section 2.2.1), and based on the density values corresponding to the
fibers and epoxy resin, which are listed in Table 4.
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Fig. 10. Stresses developed over a square RVE for epoxy reinforced with jute fiber at T = 70 °C: (a) radial thermal stresses o,, (b) tangential thermal stresses g;, and

(c) longitudinal thermal stresses o; in the fiber direction.

The residual thermal stresses derived via micromechanical analysis
can be used to explain the effects of temperature changes on the tensile
properties of the composite materials considered in this study.
Specifically, we analyzed the residual thermal stresses developed in the
radial and tangential directions of fiber-matrix interfaces for both fibers
and epoxy matrices based on the three different FEMs.

2.2.5. Microscopic analysis

A Keyence-VHX600 (Japan) digital microscope was used to observe
the changes in tensile properties that occurred during tensile testing at
elevated temperatures. Micro-cracks in the matrices (epoxy resin) and
changes at the interfaces between matrices and reinforcement fibers
(glass, flax, and jute fibers) were observed.

3. Results
3.1. Results of tensile testing

The mean o0-¢ curves recorded for each type of composite material
are presented in Fig. 5 for all test temperatures (20 °C, 50 °C, and 70 °C).
It is noteworthy that in the case of the control specimens tested at room
temperature (20 °C), the o-¢ curves were recorded by the tensile testing
machine until the maximum tensile force was reached (Fig. 5).

One can see that the initial slope of the o-¢ curve decreases as the
test temperature increases. This indicates that the Young's modulus E
decreases as the test temperature increases. The maximum tensile stress
also decreases as temperature increases (Fig. 5).

The variations in tensile strength with test temperature are plotted

in Fig. 6 for all of the composite materials tested.

In the case of the F-FREC composite, it is visible that the tensile
strength is 5.9% lower and 14.7% lower at 50 °C and 70 °C, respec-
tively, compared to the value recorded at 20 °C, when the tensile force
is parallel to the weft direction of the flax fabric. The reductions in
tensile strength are 10.2% and 22.5% at 50 °C and 70 °C, respectively,
when tensile loading is applied in the warp direction for the F-FREC
composite (Fig. 6a).

The reductions in tensile strength are much greater for the GF-FREC
hybrid composite with values of 42.3% and 49.6% at 50 °C and 70 °C,
respectively, in the weft direction, and 38.1% and 43.8% at 50 °C and
70 °C, respectively, in the warp direction (Fig. 6b).

In the case of the G-FREC composite, the tensile strength is 23.4%
lower and 26.6% lower at 50 °C and 70 °C, respectively, compared to
the value recorded during tensile testing at 20 °C (Fig. 6c).

The tensile strength is 15.1% lower and 41.5% lower at 50 °C and 70
°C, respectively, for the J-FREC composite (Fig. 6e). In the case of the
GJ-FREC hybrid composite, significant degradation of tensile strength
can be observed with values 34.6% lower and 60% lower at 50 °C and
70 °C, respectively (Fig. 6d).

The variation in the Young's modulus E with testing temperature is
plotted in Fig. 7 for all of the tested composite materials.

In the case of the F-FREC composite subjected to tensile testing in
the weft direction of the flax fabric, the Young's modulus E decreases
relative to the values recorded for the control specimens with reduc-
tions of 47.2% and 63.8% at 50 °C and 70 °C, respectively (Fig. 7a).
Similar reductions are recorded for the case of tensile loading in the
warp direction with values of 57.6% and 64.8% at 50 °C and 70 °C,
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Fig. 11. Stresses developed over a square RVE for epoxy reinforced with glass fiber at T = 70 °C: (a) radial thermal stresses o;, (b) tangential thermal stresses o;, and

(c) longitudinal thermal stresses o; in the fiber direction.

respectively (Fig. 7a).

In the case of the GF-FREC hybrid composite, in contrast to the
results for tensile strength, the Young's modulus E reductions are similar
to those of the F-FREC composite with values of 59.2% and 68.6% at 50
°C and 70 °C, respectively, in the weft direction of the flax fabric, and
57.8% and 66.6% at 50 °C and 70 °C, respectively, in the warp direction
of the flax fabric.

In the case of the G-FREC composite, the modulus of elasticity is
67% lower and 71.6% lower at 50 °C and 70 °C, respectively, compared
to the value recorded at 20 °C (Fig. 7c).

The modulus of elasticity is 58.2% lower and 75.5% lower at 50 °C
and 70 °C, respectively, compared to the value recorded at 20 °C for the
J-FREC composite (Fig. 7e). Similar reductions in the modulus of
elasticity were recorded in the case of the GJ-FREC hybrid composite
with values of 66.3% and 79.7% at 50 °C and 70 °C, respectively
(Fig. 7d).

3.2. Results of TGA

The mass losses recorded in the case of the jute fabric are 1.5% at 50
°C, 3% at 70 °C, 30% at 348 °C, and 99.7% at 800 °C (Fig. 8a). In the
case of the flax fabric, the recorded mass losses are 0.5% at 50 °C, 1.2%
at 70 °C, 35% at 366 °C, and 98.5% at 800 °C (Fig. 8a). The small values
of mass loss up to 70 °C can be attributed to the drying of the samples in
both cases.

The epoxy Epolam 2015 resin is more stable than the natural fibers
with no mass loss up to 90 °C and recorded mass loss values of 21% at
360 °C, 80% at 460 °C, and 98.8% at 680 °C (Fig. 8a).
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The thermogravimetric stability of composite materials reinforced
with jute or flax fabrics is improved by the good stability of the epoxy
resin (Fig. 8b). For the J-FREC composite, the mass loss values are
0.34% at 50 °C, 0.85% at 70 °C, 70% at 357 °C, and 99.8% at 741 °C
(Fig. 8b). Superior stability of the F-FREC composite was observed
compared to the flax fabric with mass loss values of 0.5% at 50 °C,
0.85% at 70 °C, 35% at 362 °C, and 99.5% at 800 °C (Fig. 8a).

The best thermogravimetric stability was recorded for the G-FREC
composite with no mass loss until 110 °C and recorded mass loss values
of 18% at 360 °C, 38% at 460 °C, and 57.1% at 800 °C (Fig. 8b). This is
because the melting point of the E-glass fibers is 846 °C
(Technical Data Sheet, 2019).

3.3. Residual thermal stresses

Residual thermal stresses were analyzed for square RVE cross sec-
tions perpendicular to the fibers in each sample. The distributions of the
thermal stresses in the radial, tangential, and longitudinal directions are
presented in Figs. 9-11 for FEMs corresponding to different fiber-matrix
combinations. All residual thermal stresses are reported in the cylind-
rical coordinate system described in Fig. 4(a).

The distributions of the residual thermal stresses on the path of
nodes highlighted in Fig. 4(c), which are located at the interface be-
tween flax fibers and the epoxy matrix, are presented in Fig. 12 for the
cases of heating from 20 °C to 50 °C and from 20 °C to 70 °C.

The distributions of the residual thermal stresses at the interfaces
between jute fibers and the epoxy matrix are plotted in Fig. 13. Fig. 14
presents the distribution of residual thermal stresses at the interfaces
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Fig. 12. Distribution of residual thermal stresses at the interface between flax fibers and the epoxy matrix after heating to T = 50 °C or T = 70 °C: (a, b) radial
stresses o,, (c, d) tangential stresses o;, and (e, f) longitudinal stresses o; in the fiber direction.

between glass fibers and the epoxy matrix.

Based on Figs. 12-14, one can conclude that the maximum values of
the radial thermal stresses correspond to the direction defined by a 45°
angle for all types of FEMs analyzed. The maximum values of the tan-
gential thermal stress correspond to the directions defined by angles of
0° and 90°. The maximum values of the longitudinal thermal stresses
developed in the fibers of all FEMs also correspond to the directions
defined by angles of 0° and 90°. However, the longitudinal thermal
stresses developed in the glass fibers at the interface are positive, while
the longitudinal thermal stresses developed in the flax and jute fibers at
the interface are negative. This is because the thermal expansion
coefficients corresponding to the fiber direction are negative for the two
types of vegetable fibers (Table 1). The maximum values of the long-
itudinal thermal stresses developed in the epoxy resin for all FEMs
correspond to the directions defined by a 45°- angle.

The residual thermal stresses developed in the fibers differ from
those developed in the epoxy matrix for the nodes located at the fiber-
matrix interfaces in all three types of FEMs analyzed. The greatest
difference between the radial stresses developed in the fibers and the
radial stresses developed in the epoxy matrix at the interfaces
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corresponds to the node located at the midpoint of the path highlighted
in Fig. 4(c), which corresponds to a 45°-angle (Figs. 12a-14a).

The values of the residual tangential stresses developed in the fibers
at the fiber-matrix interfaces vary significantly with the tangential
stresses developed in the epoxy matrix at the interfaces (Fig. 12b-14b).
The same phenomenon was observed for the residual thermal stresses
developed in the fiber direction.

In summary, different thermal stresses developed in the fibers
compared to the matrix and the magnitude of the interface stresses
correspond to the development of micro-cracks at the interfaces be-
tween fibers and the matrix.

3.4. Damaged areas in specimens

Photos of the tensile specimens, which were acquired using an
electronic microscope, are presented in Figs. 15 to 17 to highlight
micro-crack development at the interface areas between the reinforcing
fibers and epoxy matrix after heating the specimens from 20 °C to 70 °C.
Fig. 15(a) presents a microscopic photo of the cross section of a spe-
cimen made from the F-FREC composite after heating to 70 °C. Areas A



C. Cerbu, et al.

1
E _(1) ' —=— Jute fiber at interface | 'i
b= A T=50 °C) e
<2 > = == Matrix at interfacc o,
o -3 AR (T=50 °C)
2 -4 b'Y ,
g -5 \\‘ ’/1
7] S e
s 0 »
'—g -7
e~ -8
-9
0 15 30 45 60 75 90
Angle (°)
()
0 I T T T T 1
-5 A

—h— A= A=k -

210 4 =t =2 -

-15 -M

Tangential stress G, (MPa)

-20 A —a— Jute fiber at interface
(T=50 °C)
=25 4 - -A= Matrix at interface
(T=50°C)
230 -
0 15 30 45 60 75 90
Angle (%)
©
3 O T T T T T 1
g .,
% 4
& -
_§ 6 -, e -‘_‘_.‘—A
:'E -10 - _
5 - i
é -12 4
g -14 4 —a— Jute fiber at interface
5 (T=50 °C)
§ -16 - - -o= Matrix at interface
& g (T=50 °C)
0 15 30 45 60 75 90
Angle (°)

(e)

Mechanics of Materials 149 (2020) 103538

e
< 0+ ;
&1 4 ——a— Jute fiber at interface A
2 s I ~a (T=70 °C) Re
K N~ \ = * = Matrix at interface 7
e 2 (T=70 °C) 5
g -4 \ /
g -5 \ ’
= -6 1 \\ 4
;g =7 i /}
& -8 A e Y
9
0 15 30 45 60 75 90
Angle (°)

(b)

F oo, O T T T T T 1

g? @ Jute fiber at interface

P (T=70°C)

e = « = Matrix at interface

© =10 (T=70°C)

g o -u- —t—*"—-“bﬂh*“-q-q

< -20 -

=

22 /—H\\‘

8 ]

= -30 =

0 15 30 45 60 7S 90

Angle (°)
(d)

i 0 T T T T T 1

n«.’, 2 A ——g— Jute fiber at interface

Py (T=70°C)

~~ -4 4 = « = Matrix at interface

) (T=70°C)

g 1

"5 -10 kT, e -

[ - »~

3 4 e LR

e -12

£ -14 -

£ .16 . |

18

0 15 30 45 60 75 90

Angle (°)

®

Fig. 13. Distribution of residual thermal stresses at the interface between jute fibers and the epoxy matrix after heating to T = 50 °C or T = 70 °C: (a, b) radial
stresses o,, (c, d) tangential stresses o;, and (e, f) longitudinal stresses o; in the fiber direction.

and B are presented at an increased scale (lens: X 250) in Figs. 15(b)
and 15(c), respectively, to highlight the detachments of flax fibers from
the epoxy matrix.

Fig. 16(a) presents a microscopic photo of a specimen made from
the GF-FREC hybrid composite to highlight the detachments of flax fi-
bers from the epoxy matrix (Fig. 16b) in the layers reinforced with flax
fabric and the detachments of glass fibers from the epoxy matrix
(Fig. 16¢) in layers reinforced with glass fabric. The photo of the GF-
FREC composite contains three distinct areas: a core layer reinforced
with flax fabric, and top and bottom shell layers reinforced with glass
fabric (Fig. 16a). Inter-laminar micro-cracks are also highlighted at the
interface between the core layers reinforced with flax fabric and shell
layers reinforced with glass fabric (Fig. 16c). These cracks are attrib-
uted to the different thermal expansion coefficients of the two types of
layers based on different reinforcing fibers.

Detachment of jute fibers from the epoxy resin can also be observed
in the layers of the J-FREC composite (Fig. 17a). In Fig. 17(b), some
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areas exhibit detachment of glass fibers from the epoxy resin for the G-
FREC composite material.

4. Discussion

The results reported for TGA led to the conclusion that all composite
materials considered in this study are stable up to 70 °C and that mass
loss is not a significant cause of decreasing tensile mechanical proper-
ties.

Additionally, it was shown that the thermal expansion coefficients
of the reinforcing fibers (glass, flax, and jute fibers) are much smaller
than that of the epoxy resin (Table 1). For example, the coefficient of
thermal expansion of glass fibers is approximately 14 times less than
that of epoxy resin. Furthermore, the thermal expansion coefficient is
negative in the longitudinal direction of the flax fibers, but positive in
the transverse direction of the flax fibers (Table 1). If a tensile specimen
is heated, residual thermal stresses develop at the interface areas
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normal stresses o, (c, d) tangential normal stresseso;, and (e, f) longitudinal normal stresses o; in the fiber direction.

Fig. 15. Photos of damaged areas on the F-FREC composite showing micro-cracks that cause the detachment of fibers from the resin matrix after heating to 70 °C: (a)
layers with marked areas A and B (lens: X 100), (b) zoomed image of area A (lens: X 250), and (c) zoomed image of area B (lens: X 250).

between the reinforcing fibers and epoxy matrix, as shown in Figs. 12 to
14. The values of the residual thermal stresses developed in fibers at the
fiber-matrix interface differ from those developed in the matrix at the
same points along the interface (Figs. 12 to 14) because the elastic
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properties and thermal expansion coefficients are different between
these two components (fibers and matrix). The residual thermal stresses
developed at the fiber-matrix interface are the cause of micro-cracks
that lead to the detachment of fibers (flax, jute, and glass fibers) from
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Fig. 16. Photos of damaged areas on the GF-FREC composite showing micro-cracks that cause the detachment of fibers from the resin matrix after heating to 70 °C:
(a) layers with marked areas A and B (lens: X 100), (b) zoomed image of area A (lens: X 250) in a flax/epoxy layer, and (c) zoomed image of area B (lens: X 200) in a

glass/epoxy layer.

(b)

Fig. 17. Micro-cracks that cause pull-out of fibers from the matrix after heating to 70 °C:

(a) J-FREC composite and (b) G-FREC composite.

the epoxy resin (Figs. 15 to 17). Resin micro-cracks caused by the
heating of samples have also been reported in other studies
(AKklilu et al., 2018) for polymeric composite materials reinforced with
glass or carbon fibers.

Because the thermal expansion coefficient of the glass fibers is less
than those of the flax and jute fibers in transverse direction of the fiber,
inter-laminar micro-cracks also develop at the interfaces between layers
reinforced with different materials (Fig. 16¢), leading to delamination.
Therefore, inter-laminar micro-cracks develop in addition to the micro-
cracks developed at the interfaces between fibers and the epoxy matrix.
This is why the reduction in tensile strength is the greatest for the hy-
brid composite materials (GF-FREC and GJ-FREC composites), as shown
in Figs. 6 and 7.

5. Conclusions

This paper reported the effects of temperature changes on the ten-
sile properties of five types of composite materials, including two hy-
brid composite materials whose layers were reinforced with both glass
woven fabric and vegetable fibers (flax or jute fibers).

The main conclusion of our research is that the reduction in tensile
strength recorded for the hybrid composite materials (GF-FREC and GJ-
FREC composites) is two or three times greater than that recorded for
the composite materials reinforced with only one type of fiber (F-FREC,
J-FREC, and G-FREC composites).

Significant decreases in both the tensile strength and modulus of
elasticity were observed for the heated specimens compared to the
control specimens tested at room temperature (20 °C). These decreases
are attributed to micro-cracks that develop in the epoxy matrix and at
the interface between fibers and the epoxy matrix. The development of
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micro-cracks during specimen heating is a consequence of the different
expansion coefficients of the epoxy resin used as a matrix and the re-
inforcing fibers (glass, flax, and jute fibers). Micro-cracks at fiber-ma-
trix interfaces are caused by residual thermal stresses that differ be-
tween the fibers and epoxy resin for all types of reinforcement fibers, as
shown in Figs. 12 to 14.

The data reported in this work are useful for the finite element
analysis of parts fabricated from composite materials that are me-
chanically loaded with a simultaneous increase in temperature. The
decreasing modulus of elasticity values of the composites highlighted in
this research must be considering when defining the properties corre-
sponding to each layer of a composite. Decreasing tensile strength
should be also considered when the strength of composite structures
under the effects of heating is evaluated.
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