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ABSTRACT

Owing to sustainable characteristics, natural lignocellulosic fibers (FNLs) and graphene nanoplatelets (GNP)-
reinforced composites are currently seeing applications in a wide range of industrial fields. Thus, in the present
work, the mechanical, and flexural properties of high-density polyethylene (HDPE) reinforced with 0, 0.10, 0.25,
and 0.50 wt.% of GNP and 50 vol.% of jute fabric were investigated and statistically validated through ANOVA
and the Tukey test. The extrusion process followed by hot pressing resulted in films of GNP-reinforced HDPE
nanocomposites that were used to fabricate the jute fabric-reinforced composite plates. In particular, the Jute/
HDPE/0.25%GNP composite outperformed the strength of those described in the literature, even some with
higher GNP. Enhancements of 38% were observed for the composite’s flexural modulus as compared to the
GNP-free Jute/HDPE composite. Regarding the tensile properties, the ductility of the Jute/HDPE/0.25%GNP was
increased by 112% when compared to the Jute/HDPE. Moreover, the toughness of the Jute/HDPE/0.25%GNP
was 161% superior to the Jute/HDPE composite. SEM analysis of the fracture surfaces showed that, as GNP con-
centration rises, the fracture mechanisms change from a shear band to a complex mixture of fibrillation, tearing,
and crazing. Consequently, the results reveal the novel Jute/HDPE/0.25%GNP nanocomposite as a promising
material for engineering applications.
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RESUMEN

Debido a sus caracteristicas sostenibles, las fibras lignoceluldsicas naturales (FLN) y los compuestos reforzados con na-
noplaquetas de grafeno (GNP) estdn siendo utilizados en una amplia gama de campos industriales. En este trabajo, se
investigaron las propiedades mecdnicas y de flexion del polietileno de alta densidad (HDPE) reforzado con 0%, 0.10%,
0.25% y 0.50% en peso de GNP combinado con 50% en volumen de tejido de yute. Se validaron estadisticamente las
propiedades mecdnicas y flexurales del polietileno de alta densidad (HDPE) reforzado con GNP y tejido de yute utilizan-
do ANOVA Yy la prueba de Tukey. El proceso de extrusion seguido del prensado en caliente dio como resultado peliculas
de nanocompuestos de HDPE reforzados con GNP que se utilizaron para fabricar las placas compuestas reforzadas
con tejido de yute. En particular, se observé que el compuesto Jute/HDPE/0.25%GNP superd la resistencia de los com-
puestos descritos en la literatura, incluso algunos con mayor concentracién de GNP. Se observaron mejoras del 38% en
el médulo de flexion del compuesto en comparacion con el compuesto Jute/HDPE sin GNP. En cuanto a las propieda-
des de traccion, se incrementé la ductilidad del Jute/HDPE/0.25%GNP en un 112% en comparacioén con el Jute/HDPE.
Ademds, la tenacidad del compuesto Jute/HDPE/0.25%GNP fue un 161% superior a la del compuesto Jute/HDPE. El
andlisis SEM de las superficies de fractura mostré que, a medida que aumenta la concentracion de GNP, los mecanis-
mos de fractura cambian de una banda de corte a una mezcla compleja de fibrilacién, desgarro y agrietamiento. En
consecuencia, los resultados revelan que el novedoso nanocompuesto Jute/HDPE/0.25%GNP es un material promete-
dor para aplicaciones de ingenieria.

PALABRAS CLAVE

Nanocompuesto; tela de Jute; nanoplaquetas de grafeno; Polietileno de alta densida.

RESUMO
Devido as caracteristicas sustentdveis, as fibras lignoceluldsicas naturais (FNLs) e os compdsitos reforcados
com nanoplaquetas de grafeno (GNP) estdo atualmente tendo aplicagbes em uma ampla gama de campos
I industriais. Assim, no presente trabalho, foram investigadas as propriedades mecdnicas e de flexdo do
polietileno de alta densidade (PEAD) reforcado com 0, 0,10, 0,25 e 0,50% em peso de GNP combinado com
50% em volume de tecido de juta. Em particular, o compdsito Jutaluta/HDPE/0,25%GNP superou a
resisténcia daqueles descritos na literatura, mesmo para alguns com maior GNP. Melhorias de 38% foram
observadas para o modulo de flexdo do compdsito em comparagdo com o compdsito de juta/HDPE livre de
GNP. Com relagdo as propriedades de tracdo, a ductilidade da Juta/HDPE/0,25%GNP foi aumentada em
112% quando comparada a Juta/HDPE. Além disso, a tenacidade do compdsito Juta/HDPE/0,25%GNP foi
161% superior a do compdsito Juta/HDPE. A andlise SEM das superficies de fratura mostrou que, a medida
que a concentracdo de GNP aumenta, os mecanismos de fratura mudam de uma banda de cisalhamento
para uma mistura complexa de fibrilagdo, rasgo e fissura. Consequentemente, os resultados revelam o
novo nanocompdsito Juta/HDPE/0,25%GNP como um material promissor para aplicacbes em engenharia.
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1.INTRODUCTION

Natural lignocellulosic fibers (NLFs) have been gaining
attention from researchers around the world as reinforce-
ment for engineering applications in the past decades [1-
5]. They find applications in polymer matrix composites,
particularly in the automobile industry [6,7], packaging
[8], biomass [9], as well as building materials [10,11]. The
potential of NLF composites has been associated with
several of their inherent advantages when compared to
synthetic fibers such as low cost, low density, comparab-
le specific tensile properties, non-abrasion to equipment,
non-irritation to the skin, reduced energy consumption,
lower health risk, renewability, recyclability, and bio-
degradability [11]. In fact, polymer matrix composites
reinforced with NLFs proved to be as efficient as those
produced with synthetic fibers, especially fiberglass [12].
Furthermore, in recent years it has been reported that NLF
composites can even successfully replace aramid fiber or
fabric (Kevlar™) in ballistic protection applications with
equal or even greater efficiency [13-20].

Regarding polymeric composites reinforced with
NLFs, they could be cheaper, stronger, and more environ-
mentally friendly, but the potential of NLFs for polymeric
composites has not yet been fully explored. As for the ma-
trix, there are three options widely available: thermoset,
rubber, and thermoplastic. According to Gowda et al. [21],
the main thermoplastics used as matrices for composites
are nylon, cellulose acetate, polystyrene (PS), polypro-
pylene (PP), polyethylene (PE), polycarbonate (PC), poly-
vinyl chloride (PVC), polyether-ether ketone (PEEK), and
acrylonitrile-butadiene-styrene (ABS). Among these, the
PE composites, more specifically the high-density polye-
thylene composites (HDPE), offer low cost and ease of pro-
cessing (via injection molding or extrusion) [22]. Several
authors have reported the use of natural fibers as reinfor-
cement in HDPE composites such as corn [23], PALF [24],
kenaf [25], sugarcane bagasse [26], and coconut [27,28].In
all cases, the composites showed improved tensile, ben-
ding, impact, and thermal properties. These properties
might be further improved in novel nanocomposites.

Nanocomposites, notably those based on graphene,
have distinguished themselves from composites consis-
ting merely of NLFs and polymeric matrices due to their
even more optimized characteristics and diversity of rein-
forcements [29,30]. Due to its amazing capabilities, gra-
phene has attracted a great deal of interest ever since it
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was discovered and industrially produced [29]. Graphene
has become a more desirable alternative as a reinforcing
phase in polymeric materials, due to the possibility to be
produced in vast quantities from inexpensive graphite
[31-34]. High-ratio graphene nanoplatelets (GNP), which
can be thought of as small stacks of graphene sheets with
thicknesses varying from 1 to 20 nm, are produced when
graphite expands. In theory, the large surface area of GNPs
is a key factor for nucleation during polymer crystalliza-
tion. Consequently, this can cause a considerable increase
in thermal, mechanical, and physical properties [30,33,34].

Jute fiber (Corchorus capsularis) stands out among the
many NLFs with potential application in engineering. This
fiber is one of the best-known and most studied NLFs in
the world, as well as one of the cheapest and strongest
[35]. Jute fiber has traditionally been used to make bags,
fabrics, rugs, yarns, and ropes. The automotive, construc-
tion, and packaging industries have also used this fiber
as a reinforcing material [36-39]. In addition, compared
to glass, carbon, and aramid fibers, jute fiber has a lower
density and is lighter, with higher specific strength and
stiffness. Some important physical and mechanical pro-
perties of jute fiber are as follows: density 1.3-1.46 g cm-
3, elongation 1.5%-1.8%, tensile strength () 393-800 MPa,
specific tensile strength () 302-547 MPa/gcm?®, Young's
modulus (E) 10-30 GPa and specific Young's modulus ()
8-20.5 GPa/gcm?® [35,40].

Consequently, polymer matrix composites reinforced
with jute fiber and GNP offer certain essential sustaina-
bility qualities. Such as the use of more environmentally
friendly materials, such as jute fiber, and the manufactu-
ring of GNP that does not result in solvent discharge in the
environment. There is also the added value to the product,
which was formerly utilized for handicrafts. As a result, the
novel nanocomposite will be able to have nobler uses,
such as engineering applications, and shift the economy
more forcefully towards more sustainable materials. Thus,
in this work, for the first time, the mechanical and flexural
properties of jute fabric/GNP-reinforced HDPE nanocom-
posites were investigated.

2. MATERIAL AND METHODS

2.1 Jute Fabric

The jute fabric was purchased from the company Sisalsul,
Figure 1, based in Sdo Paulo, Brazil. The fiber density was
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assumed to be ~1.3 g/cm’, according to Monteiro et al.
[31.

Figure 1: Jute: (a) Plant (Corchorus Capsulares); (b) fabric.
Source: Author (2023).

The jute fabric with a simple weave was cut to the di-
mensions of 120 x 120 mm and properly dried in an oven
at 60 °C for 24 h.

2.2. High-density polyethylene (HDPE)

High-density polyethylene (HDPE), grade HE150, was
purchased from Braskem, Sdo Paulo, Brazil, in the form
of pellets. HDPE density was considered to be 0.948 g/
cm?, according to the product specification provided by
Braskem. The HE150 resin is specially developed for the
monofilament extrusion process. Commonly applied for
the extrusion of orientated structures, it exhibits a low le-
vel of gel and an excellent mix of processability, reliability,
and stability.

2.3. Graphene nanoplatelets (GNPs)

UCSGraphene, Caxias do Sul, Brazil, provided the graphe-
ne nanoplatelets (GNP). This material was supplied as a
powder with particles made up of 10 to 50 layers of gra-
phene. Used to strengthen the HDPE matrix in nanocom-
posites with 0,0.10, 0.25, and 0.50 wt.% of GNP.

2.4. Nanocomposites fabrication

Initially, the GNP powder was mixed with HDPE throu-
gh mechanical agitation to produce a concentrate.
Subsequently, the GNP/pellets mixture was processed
into four GNP weight fractions, corresponding to 0.10,
0.25, and 0.50 wt.%. in an interpenetrating, co-rotating,
twin-screw extruder Tecktril, model DCT-2. According to
Escocio et al. [41], the ideal extrusion conditions were set
as: screw rotation of 300 rpm; feeder rotation of 15 rpm;
temperature in the processing zones: first: 90 °C; second
to fifth: 140 °C; sixth to ninth: 160 and 180 °C.

https://doi.org/10.29183/2447-3073.MI1X2023.v9.n3.50-65

Then, from each fraction of HDPE/GNP, 300 um-thick
films were produced by hot compression molding at 150
°C, using a heat press. As one can see in Figure 2, to pro-
duce the nanocomposite plates, a laminate pattern was
used, in which the fabric layers were alternately arranged
with polymeric films. Thus, to reach the condition of 50
vol.% of reinforcement in the polymeric matrix, based on
the methodology of Tomasi Tessari et al. [42], 20 layers of
jute fabric were used and, consequently, 21 layers of HDPE
films.

ane Vastartaicn
g Extrusion

= e

'] ‘\r‘u‘

Composite Plate k “
HOPE film

Mok prewsing
(LA S

Figure 2: Scheme of the fabrication of the composite plates.
Source: Author (2023).

During the processing, the pressure was increased
by one ton during 1 min for each new pressure step
and 30 s of degassing. This process was repeated until
reaching a pressure of 12 tons. Finally, cooling was per-
formed at room temperature resulting in the composite
plates denotated as: Jute/HDPE, Jute/HDPE/0.10%GNP,
Jute/HDPE/0.25%GNP, and Jute/HDPE/0.50%GNP. Each
plate had dimensions of 120 x 120 x 10 mm. The density
of the nanocomposite plates was determined using the
Arquimedes test and was validated by geometric measu-
rements to be 0.92+0.031 g/cm>,

2.5. Tensile test

The tensile tests were performed at the Mechanical
Testing Laboratory at PUC-Rio, Rio de Janeiro, Brazil, using
an INSTRON 3365 universal machine. The test speed and
cell load parameters were 2 mm/min and 10 KN, respecti-
vely. Seven samples were cut manually with a bandsaw to
the dimensions of the samples 120 x 15 x 10 mm3, adap-
ted from the ASTM D3039 standard [43]. From the tensile
test, Young'’s modulus (E), tensile strength (), and ductility
(€) were calculated for all the composites.

2.6. Bending test

The bending test was carried out in the three-point
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bending mode using an EMIC machine model DL10000,
at the Non-Destructive Testing, Corrosion and Welding
Laboratory, Rio de Janeiro, Brazil. The test methodology
was in accordance with ASTM D790 [44]. The specimens
were made from the composite plates by adapting the
standard dimensions to 120 x 15 x 10 mm. Seven samples
were used for each composite condition. Other parame-
ters, such as the deformation speed and the distance be-
tween the supports were set as 2 mm/min and 4 times the
specimens’ width, respectively. The flexural results were
analyzed in order to obtain both the maximum stress or
flexural strength (cmax) and the flexural modulus (E), whi-
ch were calculated using the Egs. (1) and (2).

3LQ,,
Tmax = 5paz (1)
mL3
E=a @

Where:

Q,, — maximum load, N;

m — slope of the tangent to the initial straight-line
portion of the load-deflection curve, N/mm;

L — support span, mm;

b, and d — width of beam tested, mm, and depth of
beam tested, mm respectively;

2.7. Transmission electronmicroscopy (TEM)

The morphology and crystalline structure of
GNPs were analyzed by high-resolution
transmission electron microscopy (HR-TEM) and
Selected area electron diffraction (SAED) modes.

Analyzes were performed using the JEOL 2100F
at the Brazilian Center for Physical
Research  (CBPF), Rio de The
microscope was equipped with a CMOS camera
and operated with an accelerating voltage of 200
kV.

microscope,

Janeiro, Brazil.

2.8. Scanning electron microscopy(SEM)

Microscopic analyses performed in order
to observe the fracture surface of the composites
after
morphology  of the

were

the tensile tests, as well as the surface
HDPE HDPE/GNP
nanocomposites films, using a scanning electron
(SEM Quanta FEG 250, FEI),
operating with secondary electrons accelerated at
10 kV. Samples were sputter coated in a LEICA

and

microscope
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equipment model EM ACE600, at the CBPF.

2.9. X-ray diffraction (XRD) analysis

XRD analysis was performed to determine the
diffraction patterns, as well as estimate the
crystallinity  fraction of HDPE, HDPE/0.10%GNP,
HDPE/0.25%GNP, HDPE/0.50%GNP
nanocomposites. The equipment wused was a
PANalytical ~X&#39;pert Pro diffractometer. The
diffractometer was equipped with a Co (cobalt)
anode and scintillation counter type detector

(Nal). Operation parameters were set as power 40
mA x 40 kv, to 75°% in the
configuration 6—-20 coupled.

sweep from 5°

3. RESULTS AND DISCUSSIONS
3.1. TEM analysis

HR-TEM  characterization performed to
visualize the morphology of the graphene sheets,
These
sizes  (ranging

however,

was

as presented in sheets have
different  shapes,
micrometers  to
present

these

Figure 3a.
from
they
Some of

and
nanometers);
layer
rolled or

thicknesses.
semi-rolled, as
displayed in Figure 3b and c. This is due to the

nanometric
sheets are

higher  thermodynamic  stability of the 2D
membrane resulting from microscopic crumpling
via bending or buckling [45]. The sheet’s
structure was analyzed by SAED, as shown in

Figure 3d, showing well-defined &#39;monocrystalline-
type&#39; spots, which were indexed as ICSD-76767
with the space group P63/mmc.
In addition to the sheets, clusters of GNP were
also found, Figure 3d, with less than 20 nm in length
as shown in Figure 3e. However, all GNP together
polycrystalline  sheet, which
confirmed by the SAED diffraction pattern in Figure
3f. The
diffraction patterns in Figure 3g shows peaks with
maxima  at interplanar  distances to
P63/mmc (hexagonal), which are consonant with
the ones found in the literature [46-48].

act as a was

integrated angular intensity of the

similar
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Figure 3: Shows the HR-TEM images of the GNPs

(a) agglomerate of GNPs;

(b) presents the GNP monocrystalline structure semi-rolled;

(c) displays GNP completely rolled;

(d)diffraction pattern of monocrystalline structured GNPs;

(e) agglomerate with nanometric GNPs;

(f) Diffraction pattern of polycrystalline agglomerate;

(9) Intensity profile and interplanar distances of the indexed planes through the dif-
fraction points indicated in the panel of areas.

Fonte: Authors (2023).
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As can be seen from Figure 3g, the interplanar dis-
tances for the monocrystalline planes {002}, {100}, {111},
{004}, and {110} from SAED were calculated as 0.34, 0.22,
0.20, 0.17, and 0.12 nm, respectively. Figure 3h displays
the interplanar distance of 0.34 nm which corresponds to
the d-spacing of the {002} planes of GNPs that was further
confirmed by the XRD analysis. The diffracted crystal pla-
nes registered in XRD ({002}, and {004}) are also confirmed
by SAED.

However, Figure 3g shows some unidentified reflec-
tions that may have their origin due to the electron wa-
velength being smaller than the XRD, and causing dif-
fraction at smaller angles, i.e, the multiple scattering in
SAED. This is attributed to the interactions of matter with
electrons being stronger than with X-rays resulting in re-
flections in SAED that are not observed in XRD [49,50].
The diffracted crystal planes registered in XRD ({002}, and
{004}) are different from the ones identified in SAED {104},
and {015}, except for {100}.

3.2. X-ray diffraction analysis

The crystal structures of GNPs, HDPE, and HDPE/GNP
nanocomposites were studied and their XRD patterns are
shown in Figure 4. The GNP diffractogram shows a sharp
peak at 20 = 30.69° and weak peaks at 26 = 51.96°, and
64.18° corresponding to carbon reflections {002}, {100},
and {004}, respectively [36,50]. The sharp peak located at
20 = 30.69° is characteristic of hexagonal nanoplatelets,
with a d-spacing of 0.338 A, calculated using Braag’s law.

3069 ) —

25.16°
| 2810 HOPE

HDPE/0.10%GNP

Intensity (a.u)

HDPE/0.25%GNP

3521 4251° HDPE/Q.50%GNP

—
Figure 4: XRD patterns of the HDPE/GNP nanocomposites with different nanofiller

loadings.
Source: Authors (2023).

Furthermore, two strong peaks centered at 20 = 25.16°
and 20 = 28.10°, corresponding to reflections {110} and
{200} of the HDPE orthorhombic phase, and two weak
peaks centered at 20 = 35.21° and 42.51°, corresponding
to the reflection planes {210} and {020}, respectively, were
clearly seen in the plain HDPE XRD pattern [50].
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In the XRD patterns of HDPE/GNP nanocomposites,
the peak intensities at 20 = 25.16° and 20 = 28.10° decrea-
sed with increasing GNP load, while the peak intensities at
20 =35.21°and 20 = 42.51° increased. The XRD pattern of
HDPE-based nanocomposites exhibited a combination of
HDPE and GNP associated peaks.

The crystalline fraction was estimated using the ratio
of the area under the crystalline peaks to the total area
under the spectrum for each nanocomposite. As a result,
the crystallinity fraction increases as the amount of GNP
increases, HDPE (57.45%), HDPE/0.10%GNP (58.60%),
HDPE/0.25%GNP (60.17%) and HDPE/0.50%GNP (65.43%).
Thus, these results indicate that GNPs can act as nuclea-
ting agents and that nucleation begins in the vicinity of
GNPs [36,42,50].

3.3. Bending test results

Three-points bending tests were carried out on the
hot compression molded Jute/HDPE, Jute/HDPE/0.10%G-
NP, Jute/HDPE/0.25%GNP, and Jute/HDPE/0.50%GNP na-
nocomposites. Considering the overlap observed in error
bars, as shown in Figure 5, it can be inferred that the fle-
xural strength changed very little with the different com-
posite formulations. As a result, an analysis of variance
(ANOVA) was conducted using the data of Figure 5, and
the discussion is provided below.

45

a0 F

35 |

30 F

32.34

25 F

20 f

15 b

Flexural strength (MPa)

10 F

Jute/HDPE/0.10%GNP Jute/HDPE/0.25%GNP Jute/HDPE/0.50%GNP

Jute/HDPE

Figure 5: Flexural strength at yield of the nanocomposites with different GNP
loadings.
Source: Authors (2023).

From ANOVA, the F-calculated (2.26) is lower than
F-critic (3.01); therefore, this result indicates that the ave-
rage values of flexural strength are equal, with 95% of
confidence. However, a significant increase in the flexural
modulus with increasing GNP wt.% was found in Figure
6. The Jute/HDPE/0.50%GNP nanocomposite presented
a higher elasticity modulus than the other composites
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investigated in this work. A 65% increase in the elastici-
ty modulus of Jute/HDPE/0.50%GNP nanocomposite was
observed, when compared to the Jute/HDPE composite.

3,000

~
3

»
8

2138.72

b

Flexuralmodulus (MPa)
g 8
1786.19

I
8
1,294.14
931.35

Jute/HDPE Jute/HDPE/0.10%GNP Jute/HDPE/0.25%GNP Jute/HDPE/0.50%GNP

Figure 6: . Flexural modulus of the nanocomposites with different GNP loadings
Source: Authors (2023).

The Tukey test was performed, based on the mini-
mum significant difference (msd), which is a value that
can discriminate which treatment shows the difference
in its average values. This value can be calculated using
Eg. (3). Once the difference between the average values
of groups, compared two by two, is higher than the msd
value, this pair is considered to be different.

ASR

msd =q - -

(3)

where ASR is the average square of the residue inside
the groups; r is the number of repetitions of each treat-
ment inside the groups; and q is the total student am-
plitude (tabulated value), which depends on the degree
of freedom (DF) of the residue and the number of treat-
ments.

Then, based on the results shown in Figure 6, ANOVA
was performed. With 95% confidence, one can say that
the average values are different since F-calculated (39.28)
> F-critic (3.24). As a result, the Tukey test was used to
determine how groups varied from one another, and the
msd was calculated as 387.28. As a direct consequence,
the values presented in red in Table 1 are thought to be
distinct from their corresponding rows and columns, or
vice versa.

Almost all values in Table 1 differ from one another
when compared two by two, with the exception of Jute/
HDPE/0.10%GNP and Jute/HDPE. Additionally, the Jute/
HDPE/0.25%GNP showed a noteworthy rise of 38%. The-
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se findings show that the flexural characteristics of the
nanocomposite's changed as a result of the melt mixing
process of the GNP nanofiller into the HDPE matrix.

‘I'_"g:’ Jute/HDPE | Jute/HDPE | Jute/HDPE
OF | 10.10%GNP | 10.25%GNP | /0.50%GNP
Jute/HDPE | 0.00 | 362.78
Jute/HDPE | 3627
10105 GNP 0.00

Jute/HDPE
10.25%GNP

Jute/HDPE
0.50% GNP

Table 1: Tukey test for the results of Flexural modulus of the nanocomposites.
Source: Authors (2023).

Furthermore, the Jute/HDPE/0.50%GNP composite's
flexural characteristics outperformed those reported in
the literature for HDPE nanocomposites with multiple GNP
concentrations ranging from 0 to 10 wt%. [28]. According
to these findings, thermoplastic matrices combined with
NLFs and GNP may provide a brand-new, highly promising
class of nanocomposites for use in engineering [28,51].

These findings may be related to the dispersion and
aligning of the nanofiller in the HDPE matrix, i.e., the smaller
amount of GNPs used in the extrusion and subsequent hot
molding of the HDPE/GNP films resulted in less agglomera-
tions and GNPS misalignment in the HDPE films. Therefore,
the flexural characteristics tend to increase with the incre-
ase in GNP amount since they are scattered perpendicular
to the flexural stress [51].

3.4. Tensile test results

Through the tensile tests, the ultimate strength (ou),
modulus of elasticity €, ductility (et), and toughness (T)
(area under the o vs € curve) were obtained. Figure 7 shows
the results for the modulus of elasticity.

80

o) ~
=} (=]

w
[=]
55.63

S

Modulus of elasticity (GPa)
5 8 3
46.72
23.93
28.54

=
S

o

Jute/HDPE Jute/HDPE/0.10%GNP Jute/HDPE/0.25%GNP Jute/HDPE/0.50%GNP

Figure 7: Modulus of elasticity of the nanocomposites with different GNP loadings.
Source: Author (2023).
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As the nanofiller weight fraction increases, the value of
E presents a tendency to decrease, as seen in Figure 7. The
results from the ANOVA and Tukey tests, to determine if the
average values are substantially different from one ano-
ther, are displayed in Table 2.

Because the F-calculated value (23.73) is higher than
the F-critic, it is evident that the average values E are sig-
nificantly different (3.49). Then, one is able to note that the
Jute/HDPE/0.25%GNP and Jute/HDPE/0.50%GNP are dis-
tinct from the Jute/HDPE and Jute/HDPE/0.10%GNP based
on the Tukey test, with a msd of (1477.88), shown in Table 2.

‘JH“::’:',’ Jute/HDPE | Jute/HDPE | Jute/HDPE
oF | 10.10%GNP | 10.25%GNP | 10.50%GNP
Jute/HDPE | 0.00 1271 48

Jute/HDPE
MMAD%NGNP
Jute/HDPE
0.25%GNP
Jute/HDPE
10.50%GNF

470.64 0.00

Table 2: Tukey test for the results of Modulus of elasticity of the nanocomposites.
Source: Authors (2023).

The increase in GNP fraction caused significant changes
in the value of E. For tensile properties, lower amounts of
GNP showed to be more efficient at enhancing the mecha-
nical behavior. This phenomenon might be associated with
stress concentration points due to the agglomeration of
the GPNs in the HDPE matrix [51-53]. However, the values E
found for the Jute/HDPE composites (4.27 GPa) were much
higher than those reported in the literature (~1.0 GPa)
[54,55].

An increase of 50% was shown by the Jute/
HDPE/0.10%GNP composite (6.40 GPa) in comparison to
the Jute/HDPE composite studied in this work. When com-
pared to the value reported in the literature, the increase
becomes 540% [54,55]. Additionally, another noticeable
fact was that the value of E for the Jute/HDPE/0.10%GNP
composite is similar to that found for the jute composites
with thermoset matrices [55].

Regarding the tensile strength, Figure 8 shows the ave-
rage values and their standard deviation. Because of the
overlapped standard deviation bars, the ANOVA and Tukey
tests were performed to investigate if the average values
present any significant difference.
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Jute/HDPE Jute/HDPE/0.10%GNP Jute/HDPE/0.25%GNP Jute/HDPE/0.50%GNP

Figure 8: Ultimate strength of the nanocomposites with different GNP loadings.
Source: Author (2023).

From the ANOVA, since F-calculated (9.081) is higher
than f-critic (3.098), it was possible to affirm that the ave-
rage values are not equal with 95% of confidence. Thus,
the Tukey test was performed and is presented in Table 3.
The msd was calculated as (4.37), which means the Jute/
HDPE/0.10%GNP showed a significant difference in relation
to the Jute/HDPE composite.

Jute/
HDP

Jute/HDPE
0. 10%GNP

Jute/HDPE | Jute/HDPE
10.25%GNP | 10.50%GNP

Jute/HDPE

Jute/HDPE
10.10% GNP
Jute/HDPE

10.25%GNP
Jute/HDPE
10.50%GNP

Table 3: Tukey test for the results of ultimate strength of the nanocomposites.
Source: Author (2023).

On the other hand, the Jute/HDPE/0.50%GNP and Jute/
HDPE/0.10%GNP were considered to be equal, i.e., the ave-
rage values of ultimate strength did not change with fur-
ther increments in GNP fractions over 0.10 wt%. This result
indicates that at low nanofiller content, graphene nanopla-
telets perform significantly better than in higher amounts
due to the agglomeration and alignment of the GNPs in the
HDPE matrix [53,56-59].

Regarding the ductility (et) the results indicate that the
higher the amount of GNP in the HDPE matrix, the higher
the ductility, as one can see in Figure 9. This could be as-
sociated with the voids in the HDPE matrix around the
GNPs due to the low compatibility between them, as well
as with the agglomeration of the GNP in the HDPE matrix
[59]. These features cause a decrease in the GNPs’ superfi-
cial area, hence the load transmission through the matrix
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decreases with the increase of added GNP fraction.

4.75

Ductility (%)
w
2.85

N
2.19

Jute/HDPE Jute/HDPE/0.10%GNP  Jute/HDPE/0.25%GNP  Jute/HDPE/0.50%GNP

Figure 9: Results of ductility () for the nanocomposites.
Source: Author (2023).

As seen in Figure 9, some relatively higher values of the
standard deviation may cast doubt on the possible diffe-
rences between the average values of the listed properties.
In order to evaluate if there was a significant difference be-
tween the tensile results, within the groups of each proper-
ty, the (ANOVA) and Tukey test were performed.

For ductility, F-calculated (43.90) is higher than F-critic
(3.10), which guarantees that the average values are di-
fferent with 95% of confidence. Then, the Tukey test was
performed in order to identify what composites presented
the most significant difference and the result of the test is
presented in Table 4.

o utef
HDP

Jute/HDPE | Jute/HDPE | Jute/HDPE
0.10% GNP | 10.25%GNP | /0.50%GNP

Jute/HDPE

Jute/HDPE
MADLGNP
Jute/HDPE

M.25%GNP
Jute/HDPE
M.50%GNP

Table 4: Tukey test for the results of ductility of the nanocomposites.
Source: Authors (2023).

The msd was calculated as 4.45, and then based on Table
4, with a 95% confidence level, the Jute/HDPE/0.50%GNP
group is the one exhibiting the highest ductility in Figure 9.
Moreover, one should notice that the Jute/HDPE and Jute/
HDPE/0.25%GNP formulations also present a significant
difference. However, the Jute/HDPE/0.25%GNP and Jute/
HDPE/0.50%GNP are considered to be equal in relation to
their average ductility values in Figure 9. Similarly, no signi-
ficant difference is found for the ductility values between
Jute/HDPE and Jute/HDPE/0.10%GNP nanocomposites. In
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fact, this means that the GNP in the HDPE matrix does in-
fluence the ductility of the nanocomposites.

1.20
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S S 3
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Jute/HDPE Jute/HDPE/O.10%GNP  Jute/HDPE/0.25%GNP  Jute/HDPE/O.50%GNP

Figure 10: Results of toughness (T) for the nanocomposites.
Source: Authors (2023).

The toughness, as shown in Figure 10, is the energy ne-
eded to break the composite, and can be calculated from
the area under the stress-strain curve or by the datasheet
of the tensile test. One can notice an increase in the tou-
ghness with theincrease of the GNP amount until 0.25 wt.%.
In comparison to the Jute/HDPE (0.36 MJ/m?®), the Jute/
HDPE/0.10%GNP (0.56 MJ/m® and Jute/HDPE/0.25%GNP
(0.94 MJ/m®) presented significant enhancements of 56%
and 161%, respectively. In practical terms, this result in-
dicates that for the formulation of an ideal composite for
engineering applications, such as ballistic protection, the
amount of GNP has a limit of 0.25 wt.%.

Regarding the ANOVA for the values of toughness,
F-calculated (51.86) is higher than F-critic (3.24), which me-
ans the average values of toughness cannot be considered
equal with 95% of confidence. Consequently, the Tukey test
was performed and the msd was calculated as 0.17. From
the Tukey test, presented in Table 5, it is possible to affirm
that the amount of GNP causes a significant change in the
toughness.

Jute/HDPE

Jute!HDPE
A0S GNP

Jule/HOPE
.25 GNP 0.00 0.08
Jute/HDPE

. 50% GNP 0,09 0,00

Table 5: Tukey test for the results of toughness of the nanocomposites.
Source: Authors (2023).
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Furthermore, according to Han et al., [59], at low frac-
tions (<0.25 wt%), fillers have much space to disperse
and thus can achieve strong interactions with the matrix.
Therefore, stress transferring and load sharing between the
filler and matrix are improved. While at higher fractions, the
fillers become swarming and aggregating so that clustering
has a high chance to form. These aggregates act as stress
amplifiers and hence cracks can be easily initiated [42].

3.5. SEM analysis

The morphology of HDPE and HDPE/GNP nanocompo-
site films, as well as the fracture mechanisms of the Jute/
HDPE and Jute/HDPE/GNP composites, were observed
using SEM analysis. The surface of the HDPE film is smooth,
and uniform as shown in Figure 11a. The HDPE/0.10%GNP
film, shown in Figure 11b, has some GNP agglomerates that
are protected by the HDPE matrix. The HDPE/0.25%GNP
and HDPE/0.50%GNP films are depicted in Figure 11c and
d, respectively.

The size and quantity of the agglomerate groups
grow as the filler content rises, resulting in a drawback be-
tween the GNPs' content and their reinforcing function.
Additionally, there are no visible spaces between the HDPE
matrix and the GNPs, indicating good GNP-polymer melt
bonding. For this reason, the state of dispersion in the spe-
cimens indicates that a good interaction of the GNPs with
the polymer matrix was achieved [60]. According to Figure
11, the surface of nanocomposites becomes rougher as the
GNP concentration rises because the GNP aggregates pre-
sent greater dimensions.

The deformation mechanisms of Jute/HDPE and Jute/
HDPE/GNP nanocomposites includes deformation bands,
crazing, tearing, fibrillation of the matrix, and fiber rupture.
Figure 12 shows the failure surface of Jute/HDPE and Jute/
HDPE/GNP nanocomposites after tensile tests.

Figure 12a displays the typical shear band morpholo-
gy and fracture features of Jute/HDPE. The fracture me-
chanism for Jute/HDPE composites differs from the Jute/
HDPE/GNP nanocomposites. Fibrillation is a part of the tea-
ring process, as seen in Figure 12b, as a result of significant
localized plastic deformation. Additionally, SEM microgra-
phs of nanocomposite materials containing 0.10 wt.% GNPs
show the presence of voids and the beginning of cracks
from these voids. In this case, polymeric fibrils stabilize the

Mix Sustentavel | Floriandpolis | v.9 | n.3 | p.50-65 | JUL. | 2023




Mechanical Behavior Of High-density Polyethylene Reinforced With Graphene Nanoplatelets And Jute Fabric | Costa, Bezerra, Huaman, Monteiro, Pinheiro & Nascimento

https://doi.org/10.29183/2447-3073.MIX2023.v9.n3.50-65

voids [60].

In the fracture mechanism of HDPE nanocomposites fil-
led with GNPs at high filler contents, i.e., > 0.25 wt%, the

Figure 11: SEM images of surfaces of as-produced.

(a) HDPE, (b) HDPE/0.10%GNP, (c) HDPE/0.25%GNP, and (d) HDPE/0.50%GNP nano-
composite films..

Source: Authors (2023).

Polymeric fibrils —)
Voids P
Shear band \

me:hanism\ e ‘\'}"k"‘

Striations

Figure 12:. Fractured specimens of (a) Jute/HDPE, (b) Jute/HDPE/0.10%GNP, (c) Jute/
HDPE/0.25%GNP, (d) Jute/HDPE/0.50%GNP.
Source: Authors (2023).
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percentage of fibrillation and tearing increases with incre-
asing agglomeration diameter. The fracture surfaces of the
Jute/HDPE/0.25%GNP and Jute/HDPE/0.50%GNP nano-
composites are shown in Figure 12c and d.

One can see in those figures that the HDPE/GNP matrix
was warped in between the jute fabric's fibers. This shows
that the HDPE and HDPE/GNP matrices had strong adhe-
rence to the jute fabric and filled all gaps between the fa-
bric layers. SEM analysis confirmed that shear banding is
the mechanism that governs ductile fracture in Jute/HDPE
composites, whereas fibrillation fracture is the mechanism
for Jute/HDPE/GNP nanocomposites with larger diameter
sizes and GNP contents [60].

CONCLUSIONS

In the present work, the mechanical and flexural perfor-
mance of novel graphene nanoplatelets (GNP)-reinforced
high-density polyethylene nanocomposites reinforced
with jute fabric was examined for the first time. In com-
parison to the Jute/high-density polyethylene (HDPE), the
flexural modulus (1,796.19 MPa), ductility (4.64%), and tou-
ghness (0.94 MJ/m3) of the Jute/HDPE/0.25%GNP, respec-
tively increased by 38%, 112%, and 161%. Several natural
fiber composites with higher GNP contents or thermoset
matrices, described in the literature, were found to be infe-
rior in this combination of properties.

The contribution of GNPs was analyzed by XRD, HR-
-TEM, and SEM, highlighting their structures and morpho-
logies. According to HR-TEM analysis, GNPs are monocrys-
talline structures that take on a variety of sizes, forms, and
configurations when they are aggregated. However, they
always exhibit sheet morphologies with nanometric thi-
cknesses. Additionally, the HDPE/GNP films' XRD spectra
show that the GNPs perform as a nucleating agent for the
crystalline phase of the HDPE matrix.

The fracture mechanisms found in Jute/HDPE composi-
tes reveal the characteristic shear band deformation of the
HDPE matrix. However, when the content of GNP increases
in the matrix, the fracture mechanism changes to a more
complex combination of fibrillation with tearing and voids.
The results presented herein corroborate the novel Jute/
HDPE/0.25%GNP nanocomposite as a promising type of
composite for engineering applications.
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