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Abstract

This study was carried out on the physicochemical and mechanical characterization of a biocomposite consisting of high-
density polyethylene (HDPE)/starch matrix reinforced with linen fiber which is renewable, inexpensive and biodegradable
material. The linen fibers were modified through the alkaline treatment, and the polymers HDPE and starch were blended
without compatibilizers. The composites were fabricated using a two-stage process: mixing and thermocompression. Char-
acterizations were analyzed using Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM),
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), Izod impact, and tensile strength tests. The
FTIR spectra and SEM analysis showed weak compatibility between HDPE and starch. Compared to HDPE, the crystallinity
of the HDPE/starch blend was enhanced and the thermal stability was reduced as revealed by ATG and DSC analyses. The
mechanical Izod impact and tensile tests revealed improved stiffness and Young’s modulus with decreased impact strength,
tensile stress and elongation-at-break. Alternatively, the HDPE/starch/linen fiber biocomposite exhibited better improved
mechanical proprieties while maintaining good crystallinity and thermal stability, on account of the high fracture resist-
ance and reinforcement of the linen. The biocomposite with 60% HDPE, 20% starch, and 20% linen fiber can be considered
for use in industrial applications such as manufacturing and packaging, in accordance with economic and environmental
requirements.
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Introduction structural components can be manufactured [3]. On the other

hand, fibers are considered as load bearing constituents in

Biocomposites are increasingly being used in industrial
applications such as automotive, construction, electronics,
and packaging, as well as in scientific research as they offer
major advantages (renewability, low cost, recyclability and
biodegradability) [1]. Biocomposites are reinforced poly-
meric materials in which at least one constituent, the matrix
or the fiber is bio-based or biodegradable [2].

The matrix consists of a polymer or blend of polymers
and the fibers are based on natural resources, which are
biodegradable and renewable materials. The plastic matrix
serves as an adhesive to maintain the fibers in place, provide
strength and stiffness to the structure, so that appropriate
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composite materials [1]. Many authors have highlighted the
difficulty in substituting petroleum-based materials in terms
of both cost and performance. A sustainable approach is to
combine the major characteristics and benefits of plastics
and bioresources into a cost-effective bio-based product [3,
4]. Furthermore, substituting the synthetic polymers by bio-
degradable biopolymers contribute largely in fighting against
the plastic pollution [5].

Apart from the environmental concerns, polymeric mate-
rials have contributed to significant improvements. Some
polymers, such as polyolefins in particular, are easy to pro-
cess and their low price, combined with their good chemical
and physical properties, have made them the most widely
used resins for packaging and a multitude of plastic appli-
cations. The most widely used commodity thermoplastic is
polyethylene (PE), which is produced with different mor-
phology and crystallinity degrees: 34 to 62% for linear low-
density polyethylene (LLDPE), 42 to 62% for low-density
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polyethylene (LDPE), and 62 to 82% for high-density poly-
ethylene (HDPE) [6, 7]. It is also worth noting that the devel-
opment of a biodegradable plastic based on PE has been the
concern of many studies [8—10]. The fully biodegradable
materials have proven to have limited industrial application
due to their low mechanical and chemical strength and lim-
ited availability. Particularly, PE-based biocomposites offer
an alternative by significantly reducing the amount of plas-
tics through partial degradation [3]. In this respect, starch, as
a low-cost but efficient biodegradable material, is attractive
for use in polymer blends with other synthetic materials [10,
11]. Starch has also a wide range of applications in differ-
ent industries [12]. It has been reported that starch can be
added to HDPE using deep eutectic solvents to form HDPE-
derived biocomposites and thus makes the material rapidly
degradable [13]. As highlighted in many previous studies, to
improve the composition and the contribution of biomateri-
als in the composite, natural fibers can also be blended with
HDPE/starch [10, 11]. Thus, the composite is more environ-
mentally friendly, the amount of PE introduced into the final
material is reduced and the loss of mechanical properties
caused by the replacement of PE by starch is compensated.
Natural fibers are relatively abundant and inexpensive rein-
forcements for polymers blends and can provide green and
sustainable biocomposites. Furthermore, these renewable
fibers have good mechanical properties [14], providing the
opportunity to add these fibers to blends as reinforcements
for composites due to their superior stiffness and strength
[15]. In addition, natural fibers replacing synthetic fibers
increase the crystallinity of the polymer matrix [16]. Flax,
jute, sisal and kenaf are the most widely used natural fibers
for reinforcement [17]. Micro-winceyette fiber, sugarcane
fiber, cotton fiber, eucalyptus fiber, cassava bagasse cellu-
lose, wheat straw fiber and sisal fiber have been also widely
used for the same aim [18]. Linen fibers, which belong to
bast fibers family and derived from the stems of flax plant
have a high tensile strength and are used for polymeric com-
posites reinforcement [19]. Moreover, linen fibers have an
excellent absorption moisture absorption and considerable
breaking strength characteristics [20]. These fibers are low-
cost alternatives to synthetic fibers [21].

However, the problem encountered in matrix-fibers is
related to the interfacial adhesion because of the hydro-
phobicity of many thermoplastics and the hydrophilicity
of fibers. To overcome this constraint, various fibers’ treat-
ments could be applied such as alkali treatment [14]. The
alkali treatment of natural fibers removes moistures and
impurities and improves the mechanical proprieties of the
fibers [22]. It has been established that the free hydroxyl
groups resulting from the breaking of existing hydrogen
bonds will contribute to the formation of new bonds with
the molecules in the polymer blend [23]. Furthermore,
alkalization creates rough areas on the surface of fiber due
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to the elimination of impurities and non-cellulosic materi-
als [24]. It was also pointed out that natural fibers are gen-
erally used to enhance the composites stiffness and tensile
strength. Further features such as elongation-at-failure,
thermal stability, adhesion of fibers and matrix, dynamic
and long-term behavior, price and processing cost, and
environmental considerations are to be taken into account
when selecting suitable reinforcement fibers [4]. Different
fibers were used in blends of PE/starch as reported in the
literature. Curaud fibers were added to thermoplastic starch
(TPS)/maleate polyethylene blends improving the material
thermal resistance allowing its use as thermal insulators
in building [10]. Sisal fibers were successfully incorpo-
rated in maleic anhydride grafted HDPE to improve the
mechanical properties (tensile strength, tensile modulus,
and creep-resistance) of the composite [25]. However, a
higher starch content (40 to 60% by weight) in the PE/
starch decreased the strength and elongation-at-failure of
the composite due to the low interfacial adhesion between
the two components [26]. Similar results were obtained for
elongation-at-failure of a 60% LDPE/40% TPS composite
in contrast to the good degradability achieved [27]. The
degradation concerned the TPS whereas PE was subjected
to a reduction of molecular weight due to the carbon—car-
bon backbone cracking as suggested [27]. The resulting
increase in the modulus of elasticity and the degree of
crystallization of the composite probably supported this
finding. It is also worth highlighting the recyclability of
the LDPE/TPS composite recorded after 10 reprocessing
cycles [7]. Thus, the analysis of the findings of the above
referenced studies highlights the performance of PE/TPS/
fiber composites in terms of mechanical properties, bio-
degradability and recyclability.

In the present work, we attempted to prepare a biocom-
posite based on HDPE/starch blend reinforced with linen
fibers by two-steps process: mixing and thermocompression.
We investigated the effect of starch and linen fiber contents
on the physico-mechanical parameters of the processed
composites.

Experimental
Materials

Corn starch was obtained from Biochem Chemopharma,
France. 5502 grade HDPE with a density of 0.9545 g/cm®
at 23 °C and melt flow index of 0.58 g/10 min was obtained
from HDPE production unit of the Algerian state oil and Pet-
rochemicals Company Sonatrach. Chemically treated linen
fibers with an average length of 5-7 mm were used in this
study (fibers from Algeria).
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Fiber treatment

Linen fibers were immersed in 4% aqueous NaOH solution
during 3.5 h. Then, the fibers were retrieved and washed
with distillated water until reaching neutralization (pH 7)
and dried in a hot oven for 3 h at 80 °C before use.

Preparation of samples

Samples composed of HDPE and starch for a set and HDPE,
starch, and linen fibers for a second set were produced
according to the following process:

Mixing

The mixture (HDPE, starch with/without linen fiber) was fed
into a two-roll IQAPLAP mixer (Spain). The temperature
of the rollers was set at 170 °C and the rollers were rotated
in opposite directions, fusing the ternary or binary mixture
poured onto the interfacial area between the rollers. After
20 min of mixing and heating to ensure that the mixture was
homogeneous, the composite was collected into sheet and
cut into small pieces prior to the thermocompression pro-
cessing. Due to mixing capacity limitations, the maximum
fiber content in composite samples was set at 20%.

Thermocompression molding

The samples were hot-pressed using a IQAP LAP hydraulic
press (Spain) in two metal containers (molds) 21 x21 cm
and 2 and 3 mm thickness. The thermocompression was
carried out in 5 cycles with the features shown in Table 1.
The samples were removed and cooled to room temperature
after the cycles of thermocompression were completed. The
compositions of the samples are listed in Table 2.

Figure 1 shows samples of thermocompressed
composites.

After 48 h, the performed plates were subjected to cut
test shapes and kept in sealed bags to be prevented from
moisture. Mechanical test specimens of thermocompressed
composites are shown in Fig. 2

Table 1 Thermocompression features

Features/cycles Cyclel Cycle2 Cycle3 Cycle4 Cycle5
Upper and lower 177 177 80 40 30
plates’ temperature
O
Pressure (MPa) 1 5 10 5 0,1
Duration (min) 1 2 7 5 2

Table 2 Compositions of the samples

Sample code HDPE % (w/w) Starch % Fiber % (w/w)
(wlw)

P100 SO0 FOO 100 00 00

P60 S40 FOO 60 40 00

P60 S30 F10 60 30 10

P 60 S20 F20 60 20 20

Fourier transform infrared spectroscopy (FTIR)

The IR spectra were obtained from Shimadzu Tracer-100
IR Spectrometer (Japan) equipped with ATR sampling
technique (attenuated total reflection) and Lab solution
data acquisition system. The composites strips were intro-
duced directly into ATR cell and tested in transmittance
mode. The samples were scanned at a frequency range of
4000-600 cm™! with 20 scans and 4 cm™! resolution.

Morphological analysis

The morphological study using a scanning electron micros-
copy (SEM) FEI model Quanta 650 (FEI Company, USA)
with an accelerating voltage of 10 kV was carried out on the
fractured surfaces of the samples after the tensile rupture to
assess the interfacial structure within the matrix. Prior to
examination, the concerned surfaces were coated with metal-
lized layer of 4 nm in thickness. The images’ magnification
ranged from 257X to 1081x.

Thermal proprieties
Thermogravimetric analysis (TGA)

In studying the thermal degradation and stability of the
prepared composites, TGA measurements were carried out
using SDT Q 600 instrument (Artisan Technology Group,
USA) equipped with a computer for data acquisition (TA
Analysis). The samples, which had a weight ranging from 4
to 13 mg, were heated from 25 to 800 °C at a heating rate of
15 °C/min under nitrogen atmosphere (50 mL/min).

Differential scanning calorimetry analysis (DSC)

The differential scanning calorimetry was conducted using
a differential scanning calorimeter 131 evo (Setaram KEP
Technologies Company, Switzerland), under nitrogen flow of
30 mL/min. Each sample undergoes two heating cycles and
two cooling cycles: heated from 25 to 160 °C, then cooled
to 25 °C, reheated again from 25 to 160 °C and recooled to
25 °C with heating and cooling rates of 10 °C/min. The sam-
ples weight varied from 10 to 20 mg. The values of melting
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Fig. 1 Samples of thermocom-
pressed composites: a P60 S30
F10 and b P40 S60

Fig.2 Shape of mechanical test specimens of thermocompressed
composites

temperature (7,,) and enthalpy (AH ,,) were calculated from
the second heating, whereas the crystallization temperature,
T., and enthalpy (AH_) were calculated from the second
cooling from DSC curves.

The bulk crystallinity degree (X, %) was calculated using
the following equation [27]:

X = m
© 7 %(w x dH,, (D

where %(bywt) is the weight fraction of HDPE and dH,, is
the theoretical enthalpy of 100% crystalline HDPE. dH m, Nas
been estimated at 293.6 J/g as reported in the literature [28].

Characterization of mechanical properties

I1zod impact test

The Izod impact test as a standard method for determining
the impact resistance of materials was conducted according

to ASTMD D-256 standard using an Izod impact strength
tester apparatus: the Resil impactor provided by Ceast
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Company (Torino, Italy). Three notched specimens were
prepared from composite samples each with a thickness of
3 mm, a width of 12.7 mm, and a notch size of 2.5 mm and
tested using a pendulum speed of 2.9 m/s. The average value
of the energy required to break the specimen was calculated.

Tensile strength tests

Tensile tests were carried out on three standard specimens
according to ISO 527 on a universal testing machine 50 KN
(MTS Criterion model 45, France). The stress—strain tests
were conducted with a strain rate of 1 mm/min. The tensile
stress, Young’s modulus, and elongations-at-break were cal-
culated and their average values were considered as the most
meaningful.

Results and discussion
Fourier transform infrared spectroscopy (FTIR)

To investigate the type of interaction in HDPE/starch blends
and HDPE/starch/fiber composites, FTIR analyses of sam-
ples HDPE (P100%), starch (S 100%), P60 S40 and P60 S40
F20 were carried out and are shown in Fig. 3. Table 3 reca-
pitulates the appeared main peaks of the FTIR spectra and
their wavenumbers. The characteristics absorbance bands
for P100 samples are located at: 2914 cm™!, 2847 cm™! cor-
responding, respectively, to asymmetrical and symmetri-
cal stretching vibrations —CH, of the methylene group,
1474 ¢cm™!, which is due to the asymmetric deformation
vibrations (bending) of the methylene group, and the sharp
band of 719 cm™" due to CH, rocking vibrations. The dou-
blet peaks at 1474-1462 cm™' and 731-719 cm™" are indica-
tive of the crystallinity of PE [29]. The FTIR spectra of
starch illustrates the broad band near 3250 cm™! correspond-
ing to the stretching of hydrogen bonded O-H groups. Band
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Fig.3 FTIR spectra of: a HDPE, b starch, ¢ P60 S40 and d P60 S20
F20

near 2930 cm™! is attributed with the axial deformation of
CH, group. The peak at 1632 cm™ is characterized by the
stretching vibration of H-O—H in water molecules present
in hygroscopic materials [30]. The peak at 1337 cm™! cor-
responds to C—OH bending vibration of starch molecule, and

Table 3 Peaks’ wavenumbers and transmittance intensity of main signals

the characteristic bands observed between 1149 cm™! and
762 cm™! correspond to starch molecule. Several absorben-
cies are attributed to C—O bond stretching vibrations in the
C-O-H groups (1150 cm™!, 1076 cm™") and in the C—-O-C
groups (993 cm™!, 860 cm™!, and 762 cm™!) within the anhy-
droglucose ring of the starch structure. The FTIR spectra of
the PE60 S40 and P60 S20 F20 blends are similar reveal-
ing the characteristic bands of PE and starch at the same
peaks recorded on the previous spectra with slight shifts
and varying absorption intensities (Fig. 3c, d and Table 3).
Indeed, the absorption intensity of the peaks at 2916 and
2847 cm™! decreased and at 1462 cm™! a small reduction
appeared, which clarifies a weakening of the CH, groups
in the PE chains. In addition, the broad and strong absorp-
tion in the 3250 cm™! region related to the O—H groups of
starch (Fig. 3b), decreased significantly in the presence of
PE (Fig. 3c, d), which is indicative of the decrease of starch
concentration in the samples and the dispersion of O—-H
groups between the PE molecular chains. The similarity of
chemical structure of starch and lignocellulosic fiber such
as linen makes their chemical groups absorb in infrared at
similar regions [10]. The uniform dispersion of the starch in
the HDPE matrix was achieved, regardless of their immis-
cibility as evidenced by no shift in the correlative peaks and
no change in their shape. These results are consistent with
the literature [31].

Morphological analysis

SEM micrographs of tensile fracture surfaces of HDPE/
starch blends and HDPE/starch/linen fibers composites at

Main signals PE 100% Starch 100% (PE 60%/starch 40%) (PE 60%/starch 20%/
fiber 20%)
Wave- Intensity (%) Wavenumber (cm™') Intensity (%) Wave- Intensity (%) Wave- Intensity (%)
number number number
(em™h (em™h (em™)
O-H stretch - - 3250.05 79.21 3332.99 91.17 3336.85 87.84
Symmetric and asym- 2846.93 33 2929.87 92.08 2846.93 46.39 2846.93 43.54
metric aliphatic C-H, 291444  29.88 291636  42.86 291636 40.19
stretch
Stretch vibration - - 1631.78 99.12 1652.99  94.56 1652.99  94.53
H-O-H
C-OH bending vibration — - 1336.67 93.76 1340.52 99.51 1340.52 98.36
C—O-H stretch vibration — - 1149.57 82.12 1151.50 94.88 1151.50 90.54
1076.28 74.96 1078.20 90.18 1078.20 80.41
C-O-C asymmetric - - 993.34 50.09 1020.34 84.36 1024.20 74.04
stretch 860.25 86 860.25  99.30 860.25  99.25
761.88 82.15 763.81 98.07 763.81 97.75
—CH, bending (shear) 1473.61 76.91 - - 1462.04 74.82 1462.04 73.72
—CH,-vibration (rocking) 719.44 68.31 - - 719.44 68.45 719.44 67.13
gslppl @ Springer
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different compositions are given in Fig. 4a—d with differ-
ent magnifications (from 257x to 1081x). For the HDPE/
starch blends, the surface morphology revealed well-visible
dislocated regions similar to spherical particles, represent-
ing starch particles and indicating the partial miscibility
between the HDPE and starch (Fig. 4a). Increasing starch
content to 60% (Fig. 4b) leads to a clearer phase separa-
tion on the rupture surfaces (an increase in the degree of
phase separation), which can explain the decrease of tensile
stress following the increase of starch introduced amount.
Figure 4c, d shows the fractured surfaces morphology of
the HDPE/starch/linen fiber composites (P60 S30 F10) and
(P60 S20 F20), respectively. The micrographs clearly show
the fibers dispersion in the atrix composed by HDPE/starch
and serving as reinforcement of the composite structure.
Furthermore, deformations were also noticed in the matrix
surfaces, which is indicative of the low interfacial adhesion.
However, no significant pull-out zones, which are common
in fibers’ composites were observed.

From the previously obtained FTIR spectra and morpho-
logical analysis results, it can be inferred that the compatibil-
ity between PE and starch is clearly reduced by increasing
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Fig.4 SEM analysis of fracture surfaces of: a P60 S40 F0O, b P40 S60 F00, ¢ P60 S30 F10 and d P60 S20 F20
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the starch content in the composite formulation. The intro-
duction of linen fibers into the composite formulation is
shown to improve the compatibility by acting as a bridge
between starch and PE as can be seen from the P60 S20 F20
micrographs.

Thermogravimetric analysis
Thermogravimetric analysis

Three samples with the best mechanical properties were
selected for thermal analysis: pure HDPE (P100), HDPE/
starch blend (P60 S40) and HDPE/starch/linen fiber (P60
S20 F20). The TGA curves shown in Fig. 5 represent the
variation in the weight loss of the samples with the increas-
ing temperature, which is indicative of their degradation.
The thermal decomposition of P100 samples showed only
one stage corresponding to the entire weight loss starting
at around 416 °C and ending at 500 °C. For the P60 S40
samples, three stages were identified. The first weight loss
of the sample (10% at 100 °C) was related to water evapo-
ration, the second (29% at 256 °C) and the third (60% at

" HV  mag n det
10.00 kV/

£ N \
HV mag = det WD |[spot 11/23/2020 mode
DLAB-SONATRACH
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Fig.5 TGA curves of P100, P60 S40 and P60 S20 F20

446 °C) are due to the thermal decomposition of starch and
HDPE, respectively. Similarly, curve for P60 S20 F20 sam-
ples exhibited three stages with approximately 10%, 40%
and 50% weight loss at about 100 °C, 271 °C and 446 °C and
corresponding to water loss, starch and linen degradation,
and HDPE decomposition, respectively. Obviously, the ther-
mal decomposition of HDPE is achieved at high tempera-
ture, indicating its high stability and, therefore, low degrada-
bility. Its thermal stability was superior compared to HDPE/
starch and HDPE/starch/linen composites, indicating close
agreement with the literature [11, 27]. The thermal stabil-
ity of HDPE/starch blend and HDPE/starch/linen composite
was almost the same up to 350 °C, with only 30% weight
loss, but above this value, at 400 °C, it increased from 34%
(by wt) for the P60 S40 samples to 46% (by wt) for the P60
520 F20 samples. These results indicated that the process-
ing and applications of these composites are restricted to
a safe temperature of 250 °C not exceeding the degrada-
tion temperature of both starch and linen fibers. It has been
reported that the thermal stability limit of the composites
with lignocellulosic fibers estimated by the temperature
associated with the onset of thermal degradation is in the
range of 240-355 °C, and are attributed to the decomposi-
tion of the lignocellulosic fiber [32]. However, despite this
limitation, the decrease of composites thermal degradation,
when not leading to inferior mechanical properties, does not
necessarily hinder the use of these materials.

Differential scanning calorimetry analysis

The thermal behavior of HDPE, HDPE/starch blend, and
HDPE/starch/linen fibers composite was investigated by
DSC analysis and their thermograms are shown in Fig. 6.
To assess the influence of starch and fiber incorporation
into the HDPE matrix on the physical and mechanical prop-
erties of the obtained blend and composite, their thermal
proprieties (T, T,,dH,,,dH,, X,) were determined and are

recapitulated in Table 4. The most important property is
crystallinity, which significantly increases intermolecular
bonding, enhancing the physical and mechanical properties
of these materials, resulting in improved practical perfor-
mance characteristics. Indeed, compared to the amorphous
phase, the crystalline phase of the HDPE remains unaffected
during the glass transition, enhances the density, and further-
more tends to increase stiffness and tensile strength, whereas
the amorphous phase soften over the glass transition tem-
perature, however, it is more effective in absorbing impact
energy [33].

DSC thermograms showed single exothermic and endo-
thermic peaks, which indicated the crystallization and melt-
ing processes that occurred during the cooling and heating
cycle, respectively. Starch generally has no melting point
and its decomposition occurs at high temperature, and there-
fore, has an impact on the thermal properties of HDPE/
starch blend. As it can be seen from Table 4, increasing
the starch content from 0% (by wt) to 40% (by wt) resulted
in an increase in X from 53.87 to 60 and 67%, i.e., a 6.8%
increase, and an increase of dH, and a decrease of dH,,,.
The higher X, for PE/starch blend can be explained by the
nucleating action of starch for enhancing the crystalliza-
tion of PE [7, 29]. However, (T,) and (7,,) of HDPE/starch
blends did not change significantly, which is in accordance
with the literatures [7, 27]. On the other hand, the introduc-
tion of linen fibers from 0% (by wt) to 20% (by wt) into the
HDPE/starch blend resulted in a small reduction of X from
60.67 to 58.39%, which is a 4.5% increase compared to the
HDPE crystallinity. An increase of dH, and decrease for dH
were also registered (Table 4). These results revealed that
the contribution of starch was more important than that of
linen fiber in X, enhancement. T, and T, of PE/starch/fiber
composites did not shift regardless to the amount of fiber
inserted due to the partial miscibility between components.
These findings are consistent with those obtained for LDPE/
starch and starch/fiber composites [16, 31].

Mechanical properties
1zod impact test

Impact tests were used in studying the toughness of the
prepared composites. Table 5 shows the results of Izod
impact strength test. For the samples of HDPE/starch
blends with starch content, the impact strength showed a
low value (0.170 J) compared to the HDPE value (0.473 J),
which is due to the relatively low miscibility of starch
with polyethylene [31]. Indeed, imperfections in the sam-
ple caused by poor mixing and/or incompatibility between
starch and HDPE, acting as a stress riser and reducing the
impact energy resulted in the Izod impact test low value.
Conversely, the incorporation of linen fibers, however, for
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Fig.6 DSC curves of: a P100, b P60 S40 F00, ¢ P60 S30 F10 and d P60 S20 F20

Table4 Main DSC thermal proprieties for HDPE/starch/linen fiber
composites

Sample T.(°C) T,(°C) dH_,(lg) dH_ (/g) X, (%)
P100 SOFO0 113.505 135.787 158.177  —151.453 53.87
P60 S40 FOO  109.602 137.483 106.88 —112.705 60.67
P60 S30 F10 112.356 136.43 98.789 —99.151 56.07
P60 S20 F20  108.488 137.164 102.875 —115.185 58.39
Table 5 .Izod impact of the Sample code  Izod impact (J)
composites
P100 SO0 FOO 0.473+0.025
P60 S40 FOO  0.170+0.014
P60 S30 F10  0.209+0.013
P60 S20 F20  0.302+0.018
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HDPE/starch blend increased the impact strength to reach
0.302 J, which is nevertheless slower to HDPE strength
value. The linen fibers effect on increased Izod impact can
be attributed probably to the fact that Izod hammer, reach-
ing the fibers in the matrix did not break them but made
them folded, which increased the energy needed for break-
age. It was reported that for the composites with weak
interfacial bonding, [zod impact tests commonly result in
fiber pull-out and higher energy dissipation [25]. It was
also reported that fiber enhanced the impact strength of
composites of different compositions [34]. Indeed, the
linen fibers acted as a “load transfer medium”, which
resisted to fracture, enhancing the impact strength of the
composite. These findings are consistent with the literature
[35].
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Table 6 Results of tensile

A . Sample code Tensile stress (MPa) Young’s modulus (MPa) Elongation-at-break (%)
proprieties of composites
P100S00F00 26.7+2.26 1031.90+65.78 586.5+50.16
P 60 S40 FOO 19.55+1.03 1415.36 £46.54 3.47+0.36
P 60 S30 F10 20.1+0.85 1918.34+31.32 2.54+0.15
P 60 S20 F20 21+1.04 2239.69 +121.90 2.55+0.21

Tensile properties

Table 6 shows the mechanical properties (tensile strength,
modulus, and elongation-at-break) for the different compo-
sitions of HDPE/starch/linen fibers. With the increase of
starch content from 20 to 40% (by wt), the tensile strength
and elongation-at-break decrease considerably, while the
Young’s modulus increased significantly. This behavior is
attributed to the fact that the transition was made from the
flexible HDPE with a 586% elongation-at-break and a tensile
strength of 26.7 MPa to the stiffened matrix in which the
rigid starch was dispersed in HDPE, and whose elongation-
at-break and tensile strength at 40% (by wt) starch content,
diminished to 3.47% and 19.55 MPa, respectively. In this
case, Young’s modulus increased from 1032 to 1415 MPa.
The effects resulting from the incompatibility between starch
hydrophilic molecules and HDPE hydrophobic molecules
impacted evidently the mechanical properties of the HDPE/
starch blends [31, 36]. Similar results were obtained for poly-
propylene/starch blends, which exhibited an improvement
of Young’s modulus with the addition of starch, whereas
elongation-at-break as well as maximum strength or hard-
ness decreased [37, 38]. Compared to the values obtained for
the blend samples (P60 S40 F00), the composites samples
(P60 S30 F10 and P60 S20 F20) exhibited improved ten-
sile strength, elongation-at-break and Young’s modulus; the
values of 21 MPa, 2.55% and 2240 MPa were, respectively,
recorded for the samples P100 S20 F20. The slight increase
in the tensile stress of the composites was due the mechani-
cal anchorage provided by the simultaneous blending of
the linen fibers and the HDPE/starch matrix. However, the
poor interfacial adhesion between the hydrophobic HDPE
and the hydrophilic fiber reduced their compatibility and
hindered a substantial increase in tensile strengths. Thus,
in contrast to the elongation-at-break, the stiffness of the
samples was significantly improved by the reinforcement
provided by the linen fibers. The Young’s modulus increase
was more dependent on the linen fibers content than fiber/
matrix interface. These findings are in agreement with the
literature [10, 25, 39].

According to these results, increasing the starch content
in HDPE/starch blend reduced impact strength, tensile stress
and elongation-at-break. This impact was presumably due
to the low compatibility between the two components with
opposite chemical affinities, and counter-balanced by the

improved mechanical anchorage provided by the reinforce-
ment of linen fibers in the HDPE/starch/linen fibers compos-
ites. The high fracture resistance of the fibers also improved
Young’s modulus of these composites.

Conclusion

The morphological aspects and the thermal and mechanical
properties of the HDPE/starch/linen fiber composite with
different starch and fiber contents were investigated. From
the FTIR spectra and morphological analysis results, it was
found that the compatibility between HDPE and starch was
relatively poor, showing some visible dislocated regions,
which negatively affected the impact strength, tensile
stress and elongation-at-break of the HDPE/starch blend.
On the other hand, the stiffness and Young’s modulus were
improved due to the increase in the degree of crystallinity
attributable to the nucleating action of the starch on crystal-
lization. The trend was counter-balanced by the effects of
the dispersed fibers in the HDPE/starch matrix, involving
a good mechanical anchorage between these compounds
and resulting in good mechanical properties despite weak
compatibility between the HDPE and the starch. Based on
these results, the HDPE/starch/linen fibers with 60:20:20
composition exhibited good thermal and mechanical proper-
ties suitable for use in manufacturing and packaging, with
the degradation temperature of the starch and linen fibers
satisfied.
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