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Abstract: Natural fiber composites are widely used in a several industrial applications due to
their outstanding biodegradability and recyclability. Thermal compression molding is a rapid and
easy method to fabricate composite sheets. To better understand the manufacturing process and
evaluate the mechanical properties of hemp woven fabrics reinforced thermoplastic composite at
elevated temperatures, a detailed investigation is required. In this study, composite sheets were
initially fabricated using hemp fiber fabrics (taffeta and serge 2x 1) and polypropylene sheets by the
thermal compression molding process. Mechanical tests (uniaxial, shear, and biaxial) were carried
out at temperatures ranging from 20 to 160 °C in order to estimate the mechanical properties of
composite sheets. Non-linear behavior was observed during the loading due to the unbalanced
weaving pattern of hemp fabric. The biaxial behavior of the composite was estimated using a
theoretical method for fabric strength prediction taking into account the interaction effect between
the yarns. The experimental results demonstrate that, at high temperature, the polymer softens
and the fiber reinforcements dismantle which resulting in a decrease in the mechanical properties
of the composite. Two analytical models (Ha & Springer and thermal expansion coefficient) were
also proposed to estimate the thermo-mechanical properties of natural fiber composites subjected to
various temperatures.

Keywords: natural fiber composite; woven fabrics; mechanical testing; compression molding; thermo-
mechanical modeling

1. Introduction

Synthetic composite materials are widely used in various applications due to their
high specific strength, high specific modulus, and long durability compared to conventional
materials. On the other hand, synthetic fiber composites have certain drawbacks, like high
cost, non-biodegradability, limited recyclability, etc. [1-3]. Natural fiber composites are
substituting synthetic fiber composites in several applications due to their low density,
low cost, better specific mechanical properties, low energy consumption, less health risk
in tooling, renewability, recyclability, and biodegradability [4]. However, they have some
drawbacks, such as moisture absorption, low durability, high variability of properties,
water ageing effect, etc. [5]. Several studies were carried out in the past to explore the
feasibility of different natural fiber composites in different applications [6-14].

Hemp is an annual plant and the production of hemp plant is increasing steadily
every year. Recently, the demand of the natural fibers has increased, and the hemp fibers
are cheap compared to other popular natural fibers. Furthermore, hemp fiber straw is
produced in a process called “total line” where the random non-aligned technical fibers
were produced together. Due to this, the raw material is readily available and it is attractive
for automotive or aerospace industry where the production speed is very essential [15-17].
One of the major concerns in the utilization of natural fiber thermoplastic composites is the

Appl. Mech. 2021, 2, 239-256. https:/ /doi.org/10.3390/applmech2020015

https:/ /www.mdpi.com/journal/applmech


https://www.mdpi.com/journal/applmech
https://www.mdpi.com
https://orcid.org/0000-0002-1346-8986
https://orcid.org/0000-0002-3988-1197
https://doi.org/10.3390/applmech2020015
https://doi.org/10.3390/applmech2020015
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/applmech2020015
https://www.mdpi.com/journal/applmech
https://www.mdpi.com/article/10.3390/applmech2020015?type=check_update&version=4

Appl. Mech. 2021, 2

240

effect of temperature on the mechanical properties. Therefore, it is significant to analyse
temperature effect on the mechanical behavior of the composite [18].

Several studies were performed to estimate the mechanical behavior of natural fiber
thermoplastic composites under different temperature conditions. Tajvidi et al. [19] studied
the mechanical performance of hemp short fiber polypropylene composites at different
temperature made by injection-molding. It was found that the flexural and tensile proper-
ties is highly depending on the temperature. Ren et al. [20] investigated the mechanical and
thermal properties of high-density polyethylene composites reinforced with bamboo pulp
fibers manufactured by twin-screw extruder and a decrease in the mechanical properties
were found as the temperature increases. Tajvidi [21] studied the static and dynamic
mechanical properties of kenaf fiber-wood flour/polypropylene hybrid composite and a
decline in the mechanical behavior was also observed as the temperature increases. Sim-
ilarly, Dhakal et al. [22] studied the influence of temperature and impact velocity on the
impact damage of jute fiber reinforced unsaturated polyester composite. The results show
that the temperature and impact velocity have a high influence on the energy absorption,
impact, and post-impact damage characteristics. At lower temperature, high strength was
retained, and, as the temperature increases, the strength decreases. Suresh Kumar et al. [23]
investigated the residual flexural strength of hemp/epoxy, basalt/epoxy, and hybrid (hemp-
basalt)/epoxy composite laminates at different temperature under low velocity impact
damage, and it was observed that impact strength, residual flexural strength decreases
as the temperature elevated. Lower impact resistance was found at low temperature and
it was concluded that increase in the temperature lead to the low mechanical properties.
Amaro et al. [24] studied the temperature effect on glass/epoxy laminates subjected to
multi-impacts and noticed that the number of impacts to failure highly depends on the
temperature. Sorrentino et al. [25] studied the effect of temperature on static and impact
properties of thermoplastic composites based on poly(ethylene 2, 6-naphthalate PEN) with
carbon, Twaron, Vectran, basalt fibers. It was observed that flexural behavior and impact
resistance was affected by the temperature. Wang et al. [26] studied the low velocity impact
behavior of woven carbon fabric/polyphenylene sulfide (CF/PPS) laminates at different
temperature and it was noted that the increase in the temperature lead to low stiffness,
energy based damage degree and delamination area. The failure mechanism transformed
to ductile from brittle as the temperature increases. The majority of these studies show
that the influence of temperature on the mechanical properties of thermoplastic composite
sheets is an important factor to consider. Despite the fact that there have been a few studies
on short hemp fiber based thermoplastics in the past, the potential of hemp fiber woven
fabrics composites has never been investigated in detail. Furthermore, a detailed analysis
is required to better understand the thermal-compression molding manufacturing process
and to analyse the mechanical properties of hemp fabrics thermoplastic polymer composite
degrade at elevated temperatures.

The main goal of this study is to investigate the effect of different temperature condi-
tions on the mechanical properties of hemp woven fabrics/polypropylene (PP) composites.
Firstly, the composite sheets will be fabricated using hemp fiber woven fabrics (taffeta and
serge 2x 1) and polypropylene sheets by the compression molding manufacturing process.
Specimens will be cut into desired dimensions for uniaxial, shear, and biaxial tensile tests.
The tests will be performed under 20, 55, 90, 125, 160 °C temperature conditions using the
mechanical test setups installed inside the environmental chamber. Force versus displace-
ment curve for each case will be obtained and mechanical properties will be estimated. Two
analytical models (Ha & Springer and thermal expansion coefficient) will be presented to
predict the thermo-mechanical properties of natural fiber composites subjected to various
temperatures, and predicted results will be compared with experimental results.

2. Experimental Analysis

In this section, the raw materials and composite sheet specimens manufacturing pro-
cess were presented and tested. Uniaxial, in-plane shear, and biaxial tensile tests were
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performed to investigate the mechanical properties of the composite at different tempera-
ture conditions. Firstly, the elastic tensile modulus and in-plane shear modulus of taffeta
hemp fabric reinforcement (plain weave) and serge 2x1 hemp fabric reinforcement (twill
weave) were measured at temperatures ranging from 20 to 160 °C. Secondly, the ultimate
tensile strength and failure strains are estimated. Thirdly, as the hemp fabric are unbal-
anced, the biaxial tensile tests were performed to analyse and identify the biaxial behavior
of the composite sheets.

2.1. Material and Composite Specimens Manufacturing

Pure hemp fabrics were supplied by a French local manufacturer in the form of
continuous fabric. The fabric is composed of numerous continuous yarns produced by
grinding, mechanical carding and spinning of textile hemp stem (length of 4/5 m). Taffeta
fabrics (plain weave) and serge 21 fabrics (twill weave) with an areal density of 290 g/ m?
and 380 g/m?, respectively, were utilized to fabricate the composites. Thin polypropylene
(PP) sheet with a density of 0.91 g/cm?, melt flow index of 3.2 (230 °C/2.16 kg) and
thickness 0.8 mm is used in view of its high strength and malleability. Hemp fiber woven
fabrics / PP composite sheets were manufactured by conventional thermal compression
molding process by the following four steps (Figure 1) according to the thermal curve
processing cycle shown in Figure 2.

¢ STEP 1: Dry hemp woven fabrics were cut into require dimensions and dried inside
the oven for 30 min at a temperature of 160 °C in order to avoid moisture content
which may cause air bubbles in composites. Hemp fabrics were stacked between two
polypropylene sheets in the desired orientation.

e  STEP 2: Closed mold was placed in the oven for 150 min at a temperature of 190 °C
which allows the polypropylene sheets to melt and ensure a uniform matrix distribution.

¢  STEP 3: Mechanical press was pre-heated during 120 min at a temperature of 190 °C.
The composite sheets with one layer woven fabric (taffeta or serge) and two polypropy-
lene sheets matrix were hot pressed under 6 bars during 10 min.

e  STEP 4: The mold was allowed to cool at 0.95 °C/min and the composite sheets were
removed from the mold. The final composite sheets have a width of 200 mm and a
length of 200 mm. The thickness was estimated as 1.6 and 1.7 mm for taffeta and serge
(2x1), respectively.

The mechanical properties of dry hemp woven fabrics and hemp woven fabrics/PP
composites are presented in Table 1.

Curing oven Curing oven ‘

NARR RN Qe kel

Hemp Hemp

=~
]

———— PP
WRRR QRN (s

20 min at 160 °C 1 hr 30 min at 190 °C 10 min at 190 °C

Removed part

Figure 1. Conventional thermal compression moulding process of woven fabrics thermoplastic com-
posite.
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Figure 2. Thermal curve processing cycle of woven fabrics thermoplastic composite fabrication.

Table 1. Characteristics of dry hemp woven fabrics and hemp woven fabrics /PP composites.

Dry Hemp Woven Fabric
Taffeta (Plain) Serge 2x1 (Twill)
Fiber direction Warp Weft Warp Weft
Areal density g/m? 290 290 380 380
Yarn diameter pm 356 + 35 356 + 35 361 + 28 361 + 28
Number of yarn/cm 16 12 21.6 14.8
Tensile modulus E (MPa) 1415 + 45 2125 + 55 2250 4+ 50 3550 + 65
Tensile strength ¢ (MPa) 70£5 72+ 6 115+ 8 125+9
Hemp woven fabrics/Polypropylene composite
Taffeta (Plain) Serge 2x1 (Twill)
Thickness (mm) 1.6 £0.2 1.7+03
Fiber volume fraction (%) 17.45 21.80
Initial area section (mm?2) 40 425

2.2. Thermo-Mechanical Tests

For uniaxial tensile with 0/90° fiber orientation and for in-plane tensile shear tests
with +45° fiber orientation, the bidirectional composite sheet specimens were prepared
with a gauge length of 150 mm and width 25 mm. For bi-axial tensile tests, cruciform
shapes were prepared with an arm width of 30 mm and a total specimen gauge length of 60
mm. Uniaxial tensile and tensile shear test specimens were prepared according to ASTM
D638, whereas the biaxial tensile test specimens were prepared according to ISO 16842
standards. All the tests were performed under static load using INSTRON 4484 mechanical
machine with environmental chamber. The specimens were fixed in the machine’s jaw, and,
after the required temperature equilibrium was achieved, the displacement was applied at
arate of V = 3 mm/min. During the tests, the force versus displacement response until the
failure were recorded.

2.2.1. Uniaxial Tensile Test

The schematic of specimen dimensions, composite specimen, and the machine with
environmental chamber for uniaxial tensile test are shown in Figure 3. Polypropylene
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matrix is a semi-crystalline thermoplastic polymer with a glass transition temperature Ty
below 0 °C. Natural hemp fiber polypropylene composites show temperature dependent
behavior due to the viscoelastic nature [27]. The rheological behavior of the polypropylene
will start contributing to the mechanical behavior. In polypropylene material, the atoms
were bonded together, and, as the temperature increases, the bond length increases and
the force that holds the atoms decreases. As the matrix starts damaging, the interface
between fibers and matrix fails and eventually the fibers start breaking. As the temperature
increment, the strength of the composite materials decreases as the matrix fails earlier.
The stress versus strain for taffeta (warp and weft) and serge 2x1 (warp and weft) woven
fabric under different temperature conditions were measured after the specimen reached
temperature equilibrium state. Five specimens were tested at each temperature condition,
and the tensile properties of taffeta, serge 2x1 fabric composites in the warp, and weft
directions are estimated and presented in Table 2.

150 mm
200 mm

—>
25 mm

() (b) (©

Figure 3. Uniaxial tensile test setup: (a) schematic of specimen dimensions, (b) composite specimen
and (c) machine with environmental chamber.

Table 2. Uniaxial tensile properties of hemp woven fabric composite at different temperature condi-

tions.

Properties Fabric 20°C 55°C 90 °C 125°C 160 °C
Taffeta warp 1143 £45 571425 210+ 16 91+7 1242

E (MPa) Taffeta weft 1356 £33  632+22  240+13 110+ 5 18£1

a

Serge warp 1871 +£32 795 +£23 372+ 15 199 £9 62+5

Serge weft 1233 £22 502+ 16 217+ 9 9% +6 35+3
Taffeta warp 25+3 17 £3 11+£1 7+1 2+03
Taffeta weft 28+2 17 +2 11+1 8+1 2+06

Omax (MPa)

Serge warp 40+ 5 23 +4 17 £ 4 12£2 6t1

Serge weft 26 £3 16 £2 10£2 6+1 2+1

Taffeta warp 18+2 22+2 26+3 29+4 31+2
) Taffeta weft 6+0.1 6+03 6+02 7+04 8§+02

er (%

f Serge warp 72 8x1 9+3 10£2 11£2
Serge weft 6+038 6£06 6E1 7+1 8+£09

The result of the temperature effect on the tensile stress-strain relationship is shown
in Figure 4. At lower test temperature, the creep deformation is expected to be smaller.
It is evident that, the mechanical properties of composites are strongly dependent on
the test temperature. The effect of the temperature on Young’s modulus (E), ultimate
tensile strength (0y,4x), and failure strain (e f) was investigated individually in warp and
weft directions. The mechanical properties under temperature consideration in the warp
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and weft direction are nearly similar, but not quite the same. Until 90 °C, the hemp
fiber dominated the stress-strain responses with a linear longitudinal tension. Similarly,
the polymer matrix dominated the stress-strain responses with non-linear transverse
tension, transverse compression, and shear.

27 1 32 4
24 28]
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= 24
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Figure 4. Tensile stress versus strain response of hemp woven fabrics composite at different tempera-
ture conditions: (a) taffeta warp, (b) taffeta weft, (c) serge 2x1 warp and (d) serge 2x 1 weft.

The tensile modulus of taffeta in warp direction has 66% decrease as the temperature
increases from ambient temperature to 55 °C (1143 to 571 MPa) whereas in the weft
direction, it is decreased 72%. The ultimate tensile strength decreases from 25 to 2 MPa for
taffeta warp direction and from 28 to 2 MPa for taffeta weft direction as the temperature
increases from 20 to 160 °C. The tensile failure strain increases from 18 to 31% for taffeta
warp composite and from 6 to 8% for taffeta weft composite as the temperature increases
from ambient temperature to 160 °C. Similar kind of responses were noted in the case of
serge 2x 1 woven composite material in the warp and weft directions.

Ultimate failure was defined as the maximum load with the specimen could support
(matrix cracking, delamination, fiber damage). The strength is defined as the stress cor-
responding to this maximum load. The elastic modulus is obtained from the initial slope
of the curve in the range of 0.1-0.5% strain. From the stress-strain curve, it is observed
that, initially, a linear behavior was observed due to the elastic loading of the hemp yarns.
As the test progress, a non-linear behavior was noted and the stiffness of the material
started reducing. Later, the curve becomes a straight line due to the elastic deformation of
polypropylene, and the ductility of the PP is enhanced at high temperature. Finally, cracks
developed between the hemp yarn and PP matrix, which lead to the failure.
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2.2.2. In-Plane Tensile Shear Test

The dimensions of composite specimen and the tensile machine with environmental
chamber for the tensile shear test are shown in Figure 5. The main purpose of in-plane
shear test to estimate the maximum shear stress, shear modulus, and shear strain failure. It
is very essential to estimate these parameters for the better designing of composite parts
and the shear failure can cause huge damage to large structures. Tensile shear method
is a simple technique to study the shear properties of the composite. The tensile shear
test exhibits similar behavior likewise in a tensile test as expected. It is very difficult to
measure the in-plane and transverse shear properties. Some of the methods for measuring
the in-plane shear modulus are discussed in this study. When a composite plate [£45°]
is subjected to axial tensile stress c=F(t)/Sp, then the stresses in the principal material
coordinates direction (warp 1, weft 2) developed in each of the —45° and +45° of plate
composite lamina are given as (c = cos 0(t) and s = sin6(t)) (Equations (1) and (2)):

_ 1 o, 2] F(t)
with
2 (02 226G E
A c*.(2¢* —1) +4c*s .E—lzz.(E—f.vlz—l-l) o)

4c2.52.%2 (%(1 +2vpp) + 1) +(2¢2 = 1)(c? —s?)

where (Ej, Ep) are the elastic Young’s modulus of composite in the warp and weft directions,
Gy is the in-plane shear elastic modulus, and vy, is the Poisson’s ratio. For a special case

with 0 = +45°, the shear stress can be obtained as 7, = g(—stg

200 mm

—>
25 mm

(a) (b) ()

Figure 5. In-plane shear test setup: (a) schematic of specimen dimensions, (b) composite specimen
and (c) machine with environmental chamber.

From the linear elastic behavior of the composite materials, the shear response is
uncoupled from the normal response, and the in-plane shear modulus can be determined
directly from a tensile test on a laminate. The shear strain -y, (Equation (3)) can be found
by transformation of the measured axial and transverse strains (eyy, €xx):

Txy = (Eyy — €xx). 3)

As the composite is thermo-compressed and has very small sliding between fabric and
matrix, the axial strain values in tensile shear ey, can be considered as very small compared
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to transverse strain ¢,,. Shear stress modulus in terms of effective properties of laminate
can be rearranged in the following manner to express the shear stress 71, as (Equation (4)):

Tip = G2 Yay = Gra(eyy — €xx) = I;(JO) 4)

The tensile shear stress versus strain curve is plotted for taffeta and serge 2x1 com-
posites at different temperature conditions (Figure 6). The shear modulus is obtained
from the initial slope of the curve in the range of 0.1-0.5%. The shear modulus of taffeta
composite has 85% decrease as the temperature increases from ambient temperature to
55 °C (417 to 166 MPa). And as the temperature increment, the shear modulus decreases
to 72 to 4 MPa for 90 to 160 °C. Similar responses were observed in the case of serge 2x 1

woven composites.

14 16:
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(a) Taffeta (b) Serge (2x1)

Figure 6. Shear stress versus shear strain response of hemp woven fabrics composite at different
temperature conditions: (a) taffeta and (b) serge 2x1.

The in-plane tensile test on composite [+45°] specimen provides an acceptable method
for the measurement of in-plane shear modulus. However, one should be careful while
interpreting the ultimate shear strength and strain. It should be noted that the composite
laminate [£45°] subject to a biaxial state of stress and not a pure shear. The normal stresses
act along the shear planes causing the onset of mixed mode fracture. It is recommended
in ISO 14129 standard that the shear strength can be taken as the peak load at or before
5% strain. The ultimate shear strength decreases from 12 to 0.9MPa for taffeta woven
composite as the temperature increases from ambient temperature to 160 °C. In addition,
the shear failure strain increases from 20 to 29% as the temperature increases. Similar
responses were recorded in the case of serge 2x1 woven composite sheets (Table 3).

Table 3. Tensile shear properties of hemp woven fabrics composite at different temperature condi-

tions.
Properties Fabric 20°C 55°C 90 °C 125°C 160 °C
Taffeta 417 £ 12 166 + 8 72+5 27 +£3 4+1
G12 (MPa)
Serge 518 + 11 287 £ 11 102+ 6 32+2 6+1
Taffeta 12+2 7+1 44038 2406 09 +03
Tinax (MPa)
Serge 14+2 10+2 5+1 3+1 1+06
Taffeta 20+2 22+2 24+3 27+2 29+1
75 (%)

Serge 18£1 22+2 25+ 2 31+3 33+2




Appl. Mech. 2021, 2

247

2.2.3. Biaxial-Tensile Test

Biaxial tensile test of composite laminate allows the investigation of the mechanical
behavior of materials under complex loading conditions. Due to the anisotropic behavior
of hemp fiber woven fabric reinforcement, it is essential to study the biaxial tensile behavior
of the composite. To apply biaxial loads using a tensile machine on cruciform specimens,
a specific device is required. Development of a test device and associated experimental
procedure for evaluating the strength of composite laminates under an in-plane biaxial
tensile stress state is presented in Figure 7. Compression force was applied from the top jaw
of the tensile machine, which allows the composite to deform in four directions. The system
is in equilibrium, and the force applied at the single point will be shared by the composites
in four directions equally. Due to this, an analytical model is proposed to calculate the
biaxial stress versus strain and to evaluate the stress due to the interaction between the
warp and weft directions.

110 mm

erm e A T e

(a) (b) (©)

Figure 7. Biaxial tensile test setup: (a) schematic of specimen dimensions, (b) composite specimen
and (c) machine with environmental chamber.

The biaxial-tensile system provided only the vertical force F(t), and it is necessary
to calculate the force F; (t) in the horizontal direction (warp direction) or F,(t) in the weft
direction analytically. The horizontal displacement u(t) (Equation (5)) in the warp or weft
direction at each loading time with respect to the imposed vertical displacement v(t) is a
function of the arm’s length [ = 225 mm as:

u(t) = \/,12 —v(t)242a.0(t) —a with a= 4 ()
The total force is the sum of the forces F;(t) or F,(t) in each arm as the system is

working in equilibrium. The applied force (Equation (6) in warp F (t) or weft direction

F,(t) versus the applied force F(t) and the vertical displacement v(t) is calculated as:

a—o(t) F(t) () = F(t) Va2 —o2(t) + Za.v(t)'

tan 0(t) = atu(t)  Fiat) = A2 a—o(t)

(6)

The longitudinal stress versus strain (Equation (7)) was calculated from the obtained
horizontal force versus displacement using the conventional equation as:

v — Fp(t)  F(t) a+u(t) _F(b) E+e

50 S0 /a2 —u2(t) — 2a.u(t) S \/g% — 9002 — 60{1.6’

@)

with e = % and Sy is the initial cross-sectional area.
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Biaxial tensile force F; (t) versus crosshead displacement for taffeta and serge 2x1
woven fabric were calculated from the experimental applied force F(t) using Equation (6)
(Figure 8). The maximum biaxial tensile force of taffeta woven fabric composite has 50%
decrease as the temperature increases from ambient temperature to 55 °C (3461 to 2096 N).
As the temperature increases, the maximum biaxial tensile force decreases to 1443, 754 and
80 N for 90, 125, and 160 °C, respectively. Similarly, the maximum biaxial tensile force of
serge 2x1 woven fabric composite has 40% decrease as the temperature increases from
ambient temperature to 55 °C. As the temperature increases, the maximum biaxial tensile
force decreases to 1780, 1051, and 105N for 90, 125, and 160 °C, respectively. Biaxial stress
versus strain curves calculated for taffeta and serge 2x1 composites were presented in
Figure 9.

\ 2 Before
AN\
N\N /

V- i
(@) (b)

Figure 8. Schematic representation of biaxial tensile test: (a) applied force and force distribution and
(b) free body diagram before and after the test.
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Figure 9. Biaxial stress versus strain response of hemp woven fabrics composite at different temperature
conditions: (a) taffeta and (b) serge 2 x1.

A biaxial woven fabric is an assembly of fiber bundles weaved perpendicularly in-
terlaced with each other in a two-dimensional format. Therefore, fabric strength is the
resultant of the fiber strength taking into account the interactions between the warps and
the weft fiber. This subsection aimed to propose a theoretical approach for fabric strength
prediction based on the results achieved by previous uniaxial tensile studies. The elastic
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stress versus strain in the warp and weft directions in biaxial-tensile test can be written as
(Equation (8)):
{Ul(T) = Ey(T)e1 +1(T)e; warp direction ®)

02(T) = Ep(T)ex + x(T)e;  weft direction

From Equation (8), the difference in the stress due to interaction coefficients # and «.

Table 4 shows that the biaxial coefficients in the warp and weft directions are very
different and depend on the temperature. As the fabrics are unbalanced, it is noted that
the coefficients are very different. As the temperature increases, the interaction friction
coefficient between the warp and the weft fibers increase. It is also noted that these
coefficients depending on the type of weave of the reinforcements of the composites and
on the density of the fibers in each direction.

Table 4. Interaction coefficients in biaxial tensile test at different temperature conditions.

Taffeta Serge 2x1
Temperature (°C)
1 K 1 K
20 0.077 0.042 0.267 0.031
55 0.153 0.048 0.307 0.035
90 0.213 0.066 0.575 0.044
125 0.367 0.130 0.945 0.054
160 1.330 0.565 2.010 0.127

A comparison of uniaxial and biaxial tensile stress versus strain curve for 20 °C for
taffeta and serge 2x1 woven fabric composite were plotted (Figure 10). The variation
in the curve due to the friction-interaction and the weaving type between the fibers is
evident. The decrease in the mechanical properties was mainly due to the softening
of resin in the composite, which happens during the glass transition period. As the
temperature increases, the matrix start melting and interfacial bonding becomes low.
As a result, partially separated micro-spaces between fiber and matrix will be formed,
which lead to stress propagation [28]. Moreover, the increase in the temperature creates
more viscosity that allows high deformation. Elevation in the temperature increases
the ductility of the composite, which results in the reduction of strength and modulus.
Necking failure is observed in the low temperature and composites starts elongating as the
temperature increment [29]. Generally, the exposure of thermoplastic composite to high
temperature increases the distortion, softens the matrix, and causes thermal degradation,
which increases the chance of composite damage.
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Figure 10. Comparison between uniaxial and biaxial stress versus strain curve at 20 °C: (a) taffeta
and (b) serge 2x1.
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3. Thermo-Mechanical Modeling of Hemp Fabrics Thermoplastic
Composite Properties

In this section, the thermo-mechanical properties of hemp fabrics thermoplastic
composite were modeled using Ha & Springer model and thermal expansion coefficient
CTE model.

3.1. Modeling Using Ha & Springer Model

An approximate non-linear expression which shows the change in mechanical proper-
ties with respect to temperature was proposed by Ha & Springer [30] as (Equation (9)):

T-T,

X(T) = Xo.(1=T)" with T"=-—p,

©)

where X(T) is the material property (elastic modulus, strength, failure strain) at the absolute
service temperature T, Xy is the material property at the ambient temperature Ty, T}, is
the absolute temperature at which the material property is very low, and # is a material
coefficient. The tensile elastic modulus E(T), the tensile strength 07,41 (T), the in-plane shear
modulus G1»(T), and the in-plane shear strength T, (T) (Equation (10)) can be predicted
by knowing the experimental data for each property from the experiment as:

E(T)=E%(1—-T*)"  and Gp(T)=G).(1—T*)" (10)
Omax(T) = 090 (1 =T and  Tyae(T) = 100 (1 = TH)* 7
where E?, 09,,, GY,, and 10, are, respectively, the tensile modulus, tensile strength, shear
modulus, and shear strength at ambient temperature.

The parameters T;, and n were determined by correlating with the temperature
dependency curves obtained from the experimental data. The challenge is to determine the
predicted elastic properties X(T) that gives the minimum error for the given experiment
dataset using the Least Squares method (Equation (11)):

m
Y (IX(TYimoder — X(T)iexp|| — €)* with ¢ <107% (11)
i=1

The temperature at which the material properties are negligible is estimated as
T, =180 °C for the hemp fiber fabric composite. The predicted properties using Ha &
Springer model are noted in Tables 5 and 6. It was observed that the Ha & Springer model
was able to predict the modulus and strength of tensile, shear test. As it can be seen,
the model describes well the measured data. The comparison curve between predicted
and experimental results at different temperature of tensile modulus E(T), tensile strength
Omax(T), the in-plane shear modulus Gy2(T), and shear strength T, (T) are presented in
Figures 11-13.
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Table 5. Predicted tensile properties using Ha & Springer model at different temperature conditions.

E (MPa) Omax (MPa)
Fabric Temp Experimental n Model Experimental n Model
20 1143 1143 25 25
55 571 558.89 17 17.51
Taffeta warp 90 210 2.9 215.57 11 1.55 10.52
125 91 51.68 7 49
160 12 2.75 2 1.02
20 1356 1356 28 28
55 632 646.98 17 17.69
Taffeta weft 90 240 3.0 241.48 11 1.88 9.54
125 199 47.02 8 3.78
160 18 2.65 2 0.56
20 1871 1871 40 40
55 795 798.7 23 24.01
Serge warp 90 372 3.4 257.15 17 2.16 14.95
125 199 47.02 12 6.32
160 62 1.43 6 1.08
20 1233 1233 26 26
55 502 507.1 16 17.01
Serge weft 90 217 3.6 155.43 10 1.80 9.41
125 96 26.4 6 3.88
160 35 0.69 2 0.63

Table 6. Predicted shear properties using Ha & Springer model at different temperature conditions.

G12 (MPa) Tmax (MPa)
Fabric Temp Experimental n Model Experimental n Model
20 417 417 12 12
55 166 167.4 7 7.97
Taffeta 90 72 3.7 49.65 4 1.70 4.56
125 27 8.03 2 1.97
160 4 0.19 0.9 0.35
20 518 518 14 14
55 287 286.77 10 10.12
Serge 90 102 2.8 130.36 5 1.48 6.23
125 32 39.98 3 3
160 6 3.53 1 0.67
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Figure 11. Experimental and predicted tensile modulus versus temperature E(T): (a) taffeta and

(b) serge 2x1.
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Figure 13. Experimental and and predicted: (a) in-plane shear modulus versus temperature G1,(T),
(b) shear strength versus temperature Tyax (T).

3.2. Modeling Using Thermal Expansion Coefficient Approach CTE

The effect of temperature will expand or contract the materials and the change in
temperature AT will produce a thermal strain. Linear thermal expansion coefficient CTE of
composite reinforced fabrics is mostly influenced by the thermal and elastic properties of
constituents and the orientation of the fibers. At higher temperature, the CTE coefficients
change significantly and induced micro-stress resulting from the differentials between the
matrix and the fibers coefficients. For quasi-homogeneous multiphase material subject to
tensile test at high temperature, the ultimate strength (Equation (12)) is obtained by using
the thermo-elastic energy principle (CTE) as:

Omax(T) = 00y — E.AT CTE
Umax(T) = Uigmx (1 - %)n Ha & spring’ (12)
where a is the linear thermal expansion coefficient; 03, is the ultimate tensile strength
at ambient temperature, and EY is the elastic tensile modulus at ambient temperature
(Table 2).

In addition to that, the mechanical properties of the materials can be predicted by
knowing the linear thermal expansion coefficient CTE at each temperature. The thermal
expansion coefficients of the lamina in local coordinates (warp 1 or weft 2) will therefore be
determined experimentally. An experimental setup was created to measure the coefficient
of thermal expansion (Figure 14). The specimens were placed in the curing oven and
temperature was incremented from 20 to 160 °C. Photos were captured at regular intervals
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using the camera and temperature on the specimens was measured using an infrared ther-
mometer. It is easy to measure the displacement of the specimen at different temperature
with the images and the strain can be calculated from this displacement. Micro-strain and
temperature changes were calculated. The slope of the curve, i.e., the coefficient of thermal
expansion for hemp fiber woven fabrics/PP composite is approximately calculated which
is close to the polypropylene thermal expansion. The predicted properties, coefficients
for modeling using CTE approach and comparison with Ha & Springer model predicted
properties were illustrated in Table 7. It is noted that the experimental and predicted
ultimate tensile strength has good agreement. As the predicted curve is linear, there is
a slight difference in the properties. At 20 °C and 160 °C, it gives very good correlation.
The experimental and predicted tensile strength versus temperature is plotted in Figure 15.
The comparison of experimental and predicted tensile strength by CTE model and Ha &
Spring model versus temperature are also plotted in Figure 16.

= Experimental

Linear (Experimental)

y =136,92x - 1556,6

0 20 40 60 80 100

\H : stralh 3 07 Temperature change AT (°C)
(a) (b) (c) (d)

Figure 14. (a) Thermal expansion experiment setup, (b) infrared thermometer, (c) specimen at differ-
ent temperature and (d) micro-strain versus temperature change in weft direction of taffeta composite.
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Figure 15. Experimental and predicted tensile strength values versus temperature: (a) taffeta warp,
(b) taffeta weft, (c) serge 2x1 warp and (d) serge 2x1 weft.
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Figure 16. Comparison of experimental and predicted tensile strength by CTE model and Ha &
Spring model versus temperature: (a) taffeta and (b) serge 2x1.

Table 7. Predicted ultimate tensile strength: comparison between CTE and Ha & Spring at different
temperature conditions.

Experiment CTE Ha & Spring
Fabric Temp Tmax (MPa) # strain K -1 Omax (MPa) n Omax (MPa)
20 25 25 25
55 17 19.99 17.51
Taffeta warp 90 11 142.10 14.3 1.55 10.52
125 7 8.62 4.90
160 2 2.94 1.02
20 28 28 28
55 17 21.62 17.69
Taffeta weft 90 11 136.92 15.12 1.88 9.54
125 8 8.61 3.78
160 2 211 0.56
20 40 40 40
55 23 32.26 24.01
Serge warp 90 17 182.50 23.6 2.16 14.95
125 12 14.93 6.32
160 6 6.26 1.08
20 26 26 26
55 16 20.48 17.01
Serge weft 90 10 139.80 14.45 1.80 9.41
125 6 8.41 3.88
160 2 2.38 0.63

4. Conclusions

In this study, the mechanical behavior of hemp fiber woven fabrics/polypropylene
composites was studied under different temperature conditions. Composite specimens
reinforced by taffeta and serge 2x1 woven fabrics were fabricated by the compression
molding manufacturing process. Mechanical tests (uniaxial, in-plain shear, and biaxial)
were performed under temperature ranging from 20 to 160 °C and mechanical properties
were estimated. Due to the unbalanced weaving pattern of hemp fabric, non-linear behavior
was observed during loading. The biaxial behavior of the composite was calculated using
a theoretical method taking into account the yarn interaction for predicting fabric strength.
The experimental findings show that, at high temperatures, the polymer softens and the
fiber reinforcements dismantle, resulting of a reduction in the composite’s mechanical
properties. To estimate the thermo-mechanical properties of natural fiber composites
subjected to various temperatures, two analytical models (Ha & Springer and thermal
expansion coefficient) were also proposed.
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