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Abstract
N

Hybrid composites reinforced with the hemp (H) and sisal (S) in various layering
arrangements were fabricated, using hot press moulding technique and their properties were
investigated. The flexural, impact'and thermal properties of the sisal fibre reinforced composites
improved significantly. with.the, introduction of hemp in their stacking sequence. However, the
hybrid composite configurations at which the optimum properties occur vary from one stacking
sequence to the<other. The hybrid composites with sisal in skin and hemp at core (SHHS)
showed balanced mechanical properties, while the HHSS composites provided the best thermal
resistance. The Jincreased strength, stiffness and thermal stability for certain hybrid
configurations indicate their suitability for structural engineering applications.

Keywords: Green epoxy, hybrid composites, dynamic mechanical properties, thermal properties,
ANOVA.
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Natural fibre reinforced composites (NFCs) are witnessing huge demand and interest not

only because of their low cost, high strength to weight ratio, biodegradability, low.density, and
plenty of availability, but also due to the urgency in addressing the environmental, sustainability
and economic concerns [1-3]. Hence, there is a continuous increase 4in the ‘research and
development of new green materials based on plant fibres and bio-resins. Evenithough, NFCs are
used in many applications, such as automotive components, aerospace parts; sporting goods and
building materials in construction industry, they still have some restrictions:in usage due to their
hygroscopic nature, poor wettability and thermal stability, among'others [4,5]. These
shortcomings can be rectified effectively by hybridisation of the natural fibres with other
synthetic or natural fibres [6,7].
Studies have been reported on the hybridization of natural-synthetic and-natural-natural fibres in
synthetic and biopolymer matrices. Some researchers have “investigated the mechanical
properties of the hybridisation of sisal/glass fibre and sisal/silk fibres.in unsaturated polyester
resin [8,9]. They reported that the tensile properties of the hybridised unsaturated polyester
composites with sisal and glass fibres improved substantially [8]. Furthermore, they also found
significant improvement in the flexural and compregsive strengths of the sisal/silk hybrid
composites [9]. Similarly, a study on the jute/bananafibre reinforced epoxy hybrid composites
showed an increased mechanical and thermal properties with the addition of banana fibre up to
50% [10]. In another study, the dynamic mechanical analysis of short bamboo/glass fibre
polypropylene hybrid composites showed an increased storage modulus, indicating high stiffness
of the hybrid composites when comparedwith the composites and the pure matrix [11]. Alkali
treatment of palmyra palm leaf stalk and jutenfibres in polyester based hybrid composites
improved the storage and loss modulus of the hybrid eomposites. The hybrid with maximum jute
concentration possessed maximum damping. behaviour [12]. The effect of layering of different
fibres on the epoxy based hybrid compoesites was analysed. Glass fibre was used as external
layers of the hybrid composites, while banana and flax were layered in the inner core. The
lamination of glass fibre increased the mechanical properties, thermal stability and flame
resistance of the hybrid composites [13]. The hybridisation of glass fibres with hemp fibre
polypropylene composites improved the impact and the thermal properties [14]. The effects of
fibre loading on the thermalsstability of jute/bagasse epoxidised phenolic novolac resin hybrid
composites was studied. The .increase in thermal stability was observed when there was an
increase in the bagasse fibreloading [15]. Therefore, the above discussed relevant literature have
established the benefits. of hybridisation technique towards improvements of properties of
composite materials.

According to Pickering et al. [16], the usage of natural fibre reinfroced composites in
several applications couldbe increased by introducing a woven type of fiber composites owing
to their (i) /igh/strength and (ii) unique structure. Furthermore, woven fibre reinfroced
composites can be used inthe high strength structures due to their improved fracture toughness.
Kohndker“et al. [17] reported that the woven type of fiber could be used in car interiors and
aircraft, where the intended applications were found to be suitable in the long-term usage. Rajesh
and Jeyaraj [18] reported that introducing natural fibre in the form of woven fabric could
improve the strength of the composite. Hence, in the present study, the natural fibres in the form
of woven type have been chosen by the authors.

Nowadays, bio-polymers such as (i) polyhydroxybutyrate (ii) polylactic acid (iii) soya
oil-based epoxy (iv) modified cellulose (v) starch and (vi) lignin and their composites were also
2
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studied by many researchers for replacing the conventional thermoset or thermoplastic,based
polymers due to the increased environmental concerns involved in their disposal and recycling
[19][20][21][22][23][24]. However, works on completely biodegradable polymer composite
reinforced with hemp and sisal fibres were less common in the literature and hardly the effect of
stacking sequence on their mechanical and thermal properties were addressed. In this present
study, an attempt was made to develop hybrid composites with hemp~and sisal fibre as
reinforcement and green epoxy as the polymer matrix. The effects of stacking sequence on the
hybrid composites were analysed by varying the sisal and hemp fibrevin different layering
arrangements. Properties such as flexural, impact and dynamic mechanicalproperties were
investigated besides their thermal stability. For the purpose of comparison, the properties of
composites with pure hemp and pure sisal were also reported. ;The hybrid composites under
investigation were developed to suit the needs of structural .applications in the automotive,
construction industries and interior decorations.

2. Experimental procedure
2.1 Materials

Bidirectional woven fibre mat of hemp (yarn diameter = 486:333+11.96um) and sisal fibres
(yarn diameter = 504.496+3.07um) were supplied by Nirmala Industries, Hyderabad, India. The
images of the fibre mats and their scanning electron,migroscopic (SEM) micrographs are
presented in Fig. 1. Green epoxy (SR Greenpoxy. 56°), a produce with high content of carbon
from plant origin and the hardener (SD Suftf.Clear®) was supplied by Sicomin Epoxy Systems,
France. The properties of both the fibre mats and.the green epoxy resin are presented in Tables 1
and 2.

Fig. 1. (a) The hemp, (b) sisal fibres and their espectie SEM micrographs.
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Table 1 Properties and composition of hemp and sisal fibre mats [1,25].

Properties Hemp fibre Sisal fibre
Density (g/cm®) 1.48 1.50
Tensile Strength (MPa) 690 511- 635
Young’s Modulus (GPa) 70.0 9.4 -22.0
Elongation at break (%) 16 20-25
Cellulose content (%) 74.4 658~
Hemicellulose (%) 17.9 12.0
Lignin (%) 3.7 9.9

Table 2 Properties of the polymer matrix and hardener.

Properties Gregn epoxy reéin Hardener
Aspect/color Clear liquid Clear liquid
Density @ 20°C (g/cm®) 1.198 0.958
Viscosity (mPa.s) @ 20°C 1400 60
Refractive Index @ 25°C 1.535 -

Bio based carbon cantent (%) 50-58 0

2.2 Preparation of hybrid composites

In order to make the green epoxy matrix, green epoxy (SR Greenpoxy 56%) resin and the
hardener (SD Surf Clear®)were‘mixed in the ratio of 100:37 by weight. Here the hemp fibre mat
of 200 grams per square metre (GSM) and the sisal fibre mat of 210 GSM were used to stack as
per the designated layering sequence and was impregnated with green epoxy resin in the mould
with dimensions of 20 cmx.20 cm. The mould was then closed and left to cure at 100 °C for 1 hr
in hot press at a constant pressure of 275 bar. After curing, the composites were removed from
the mould and pest.curing'was done at 100 °C for about 10 min. For the purpose of comparison
of the results obtained,.a-pure green epoxy sample, composites with hemp and sisal fibre mats
were also prepared. The different layering sequences of the hemp and the sisal fibre mats used
for the fabrication of the hybrid composites and the abbreviations for the designated layering
sequence are presented in Fig. 2.
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c - HSSH

d - SHHS
a - HHSS

f- HSHS

24 126 (d) (e) 0]
26 127 Fig. 2. Stacking sequences of the greenepoxy composites with hemp and sisal fibre mats.

28 128 3. Characterisation

129 3.1 Flexural testing

31 130 The three-point bending flexural:tests were carried out in accordance with ASTM D790
32 131 standards. The crosshead speed and gauge. length were set to 1.27 mm/min and 50 mm,
33 132 respectively. For each layering sequence, five identical specimens with dimensions of 120 x 20 x
34 133 3 mm were tested and the average values are reported. As an example, the specimen sample
35 134 Dbefore and after the flexural test is presented in Fig. 3.

49 135

51 136 Fig. 3. The composite specimens (a) before testing and (b) after the 3-point bending test.

53 137
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3.2 Impact testing

The 1zod impact test was conducted based on ASTM D 256 standards by. using
Zwick/Roell HIT5.5P impact testing machine. Similar to the flexural testing, for each layering
sequence, five identical specimens with dimensions of 63 x 13 x 3 mm swere tested and the
average results are reported. Figure 4 shows the specimen (samples) before and.after the impact
testing.

Fig. 4. The pure hemp (HHHH) compesite specimens before and after the impact tests.

3.3 Microscopic analysis

In order to investigate the failure ‘mechanism of the composites through the fibre-matrix
bonding, the SEM analysis was performed for-the fractured samples, using a FEI, Quanta 450
scanning electron microscope.

3.4 Dynamic mechanical analysis

To study the effect/of stacking sequence on the visco-elastic properties of the hybrid
composites, the dynamic| mechanical analysis was carried out. Hence, a DMA/SDTA861°
(Mettler Toledo) dynamic mechanical analyser was used. Samples with dimensions of 60 x 12.5
x 3 mm were used. The storage modulus, loss modulus and the mechanical damping factor were
evaluated in a dual cantilevermode within a temperature range of 25 to 150 °C, with a frequency
of 1 Hz, at a constant load of 3 N and a displacement amplitude of 10 um. The test was carried
out at a heating rate of 3 °C/min under nitrogen (N,) atmosphere.

3.5 Thermogravimetric analysis

The-thermal degradation behaviour of the hybrid composites was investigated using a
TGA/DSC 3" thermogravimetric analyser (Mettler Toledo). The thermograms were recorded
within a temperature range of 25 — 600 °C at a heating rate of 10 °C/min. All the samples were
tested under Nz'atmosphere with a flow rate of 60 mL/min.

4. "Results and discussion
4.1 Mechanical properties
4.1.1 Flexural strength

Page 6 of 21
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The results of the flexural strength and modulus of the pure epoxy, pure hemp;‘pure sisal
and hybrid composite configurations obtained from the 3-point bending test are qresentedin
Figs. 5(a) and 5(b).
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Fig. 5. Effects of stacking sequences of the green epoxy hybridised composites on their (a)

flexural strength and/(b) flexuralPmodulus.

The maximum flexural strength of 71.94:MPa wasrobtained for the pure epoxy while the
composites with fibre reinforcements were foundte.have superior flexural modulus than the pure
green epoxy. This observation reiterates the fact that flexural strength is governed by the matrix
and flexural modulus is a function of theustacking sequence in the laminate. Generally, the
flexural strength of any material is based on.the combination of compression and tensile behavior
at the inner and outer layers/respectively.“In this work, the addition of fabrics makes the
composite ductile than the pure bio epoxy matrix which was confirmed from the flexible bending
of the samples. Since, the bending stiffness of the composites was found decreased due to the
poor compatability of the bio resign and fabrics, the failure criteria like fiber breakage and fibre
pull out have not been appeared. in the‘outer region of the flexural tested specimens. Such kind
of observations were also noticed for flexural strength from different fibre reinforced composite
material reported in literature [26] and [7].

In a 3-point bending test performed according to ASTM D790, the specimen is loaded
specifically at regions “in, contact with the support and loading nose. The applied load is
immediately carried by the matrix and with the further increase of load; the specimen fails by
matrix cracking and breakage. Failure from matrix cracking and breakage is also evident from
the images of the‘failed specimen shown in Fig. 3(b). This behavior in the composite indicates
the role of the.matrix in carrying the flexural stress. Despite the significant influence from the
matrix, the reinforcements also help to carry the load under bending as could be seen from the
difference in flexural strength as the fibre stacking sequence was changed.

Among the pure fibre reinforced composites, HHHH composites presented higher flexural
strength and modulus than the SSSS composites. The superior performance by HHHH under
flexural load is due to the higher cellulose content and high fibre aspect ratio of the hemp than
the sisal fibre [27-29].
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For the hybrid composites, the fibre type and stacking sequence in the laminat also
found to influence their flexural properties. Significantly, the use of stronger hem
skin (HSSH) resulted in composites with slightly higher strength and modulus thi
arrangement. This is because external layers or skins of the fibre reigorc d e S
subjected to more significant deformation than the fibre layers in the core. '
properties such as strength and stiffness are defined by the external lay . Sup
strength and modulus for the composites having stronger fibre at the skin eaker fibre at the
core were also reported earlier [6,32]. Both HSHS and HHSS hyk osite samples
exhibited poorer strength and modulus compared to the other configurations. difference in
behavior of the HSHS and HHSS samples can be attributed to the use of dissimilar fibres with
varying fibre properties in the skin and core. '
, a

W

Fig. 6. SE cto aphy of flexural tested (a) HHHH, (b) SSSS, (c) HSSH and (d) HHSS
composite samples.

. 6(a-d) shows SEM images of the fractured specimens from the flexural test. The
t imens subjected to flexural load showed brittle failure with multiple cracks in the
own in Figs. 6(b) and 6(d). Absence of the fibre-matrix de-bonding, fibre pull-out

as a sl unit and resisted the bending load such that fibre failure did not occur and (ii) better
ibility between the fibres and resin, as shown in Figs. 6(a) and 6(b).
8
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The set of data obtained from the one-way analysis of variance (ANOVA)<statistical
analysis on the mean flexural strength and mean flexural modulus of the various composite
configurations at 95% confidence level are presented in both Tables 3 and 4, respectively.

Table 3 Variance analysis of the flexural strength using one-way ANOVA!

Source DF Adj SS Adj MS F-Value P-Value
Between the group 5 1200.8 240.16 7.28 0.000
Within the group 24 791.7 32.99

DF — Degree of Freedom; Adj SS — Adjacent Sum of Square; Adj/MS —Adjacent Mean Square

Table 4 Variance analysis of the flexural modulus using one-way ANOVA.

Source DF Adj SS Adj MS F-Value P-Value
Between the group 5 2957769 591554 8.56 0.000
Within the group 24 1658806 69117

DF — Degree of Freedom; Adj SS — Adjacent Sum/of Square; Adj MS — Adjacent Mean Square

It is evident from both Tables 3 and.4 that P-value was less than the significance level,
implies that o = 0.05 for both the flexural strength and modulus. This implies that null hypothesis
is not valid and there is a statistically significant difference on the mean flexural strength from
one composite stacking sequence to the,other.

4.1.2 Impact strength

The impact strengths of the green epoxy and its hybrid composites with various stacking
sequences are shown in Fig. 7. The green epoxy without reinforcement showed the lowest impact
strength compared to the composites reinforced with fibres. This observation indicates the
inability of the matrix to abserb-the impact energy. It has also been highlighted in the literature
that the contribution of the'matrix to the energy absorption during impact is negligible [26]. In a
fibre reinforced composite material, fibre layer acts as a medium for stress transfer, restrict the
formation of cracks 'in the matrix, and help in withstanding the impact load. Hence, higher
impact strength was_observed for the pure hemp reinforced composites (HHHH) and the pure
sisal reinforced composites. (SSSS).

Introducing_hemp fibres in hybrid combination with the hemp improves their impact
strength. All¢the hybrid configurations showed superior impact strength than the SSSS.
Furthermore, the'stacking sequence of the fibre layers was also found to influence the impact
strength. Among.the‘hybrid composites, maximum impact strength was exhibited by the HHSS
followed by thes<SHHS and HSHS. Superior impact strength observed for the HHSS could be
related to better fibre compatibility between the fibre layers. Since fibres in the outer layer are
identical to the adjacent fibre layers in the core; the absorbed impact energy by the outer layer is
efficiently transferred to the core.

It has'been reported and established that fibre-matrix debonding and inter-layer delamination
aresthe_principal failure mechanisms responsible for the reduction in the impact strength of a

9
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composite laminate with stacked fibre layers [33]. In this study, the specimens subjected to
impact failed by fibre pull-out, as shown in Fig. 8(a) and Fig. 8(b). It is also evident from the
fractography images that the specimen did not undergo any delamination post-impact.

30

21.6015.94
22.8112.44
25 T
19.1943.13
o J
204

£
=
-
= 14.4411.26
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c T ~
g I
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E 4481174
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. . r
Green epoxy HHHH SSSS HSSH SHHS HHSS HSHS
Stacking sequence

Fig. 7. Effects of stacking sequences of the green epoxXy hybridised composites on their
impact strengths.

[E—r J—

2mm
SCI KMUTNB

Fig. 8. SEM fractography of impact tested (a) HSSH and (b) HHSS hybrid composite samples.

The variance analysis using one-way ANOVA for mean impact strength of the various
composite configurations is presented in Table 5. Similar to the flexural strength and modulus, P-
value was-observed to be less than the significance level of 0.05. Thus, the null hypothesis can be
rejected and there Is a statistically significant difference on the mean impact strength between the
composite configurations with different stacking sequences.

Table 5 Variance analysis of the impact strength using one-way ANOVA.
Souree DF Adj SS Adj MS F-Value P-Value

10

Page 10 of 21



Page 11 of 21

oNOYTULT D WN =

263

264
265

266
267

268

269
270
271
272
273
274
275
276
277
278
279
280

281
282

283
284

285

AUTHOR SUBMITTED MANUSCRIPT - MRX-116365.R1

Between the group 5 455.1 91.02 10.24 0.000
Within the group 24 213.4 8.891
DF — Degree of Freedom; Adj SS — Adjacent Sum of Square; Adj MS — Adjacent Mean Square

4.2 Dynamic mechanical analysis

Visco-elastic properties and phase changes in the hybrid compaosites were studied, using
dynamic mechanical analysis. The inferences are subsequently discussed.

4.2.1 Effect of layering sequence on the storage modulus ~

Figure 9(a) shows the effect of layering sequence on the storage modulus (E'). In the glassy
region, £’ of the investigated composites followed this order: HHHH >"SSSS > HHSS > Green
epoxy > HSSH > HSHS > SHHS. Since storage modulus represents stiffness of the composites,
the maximum storage modulus observed from HHHH sample is.credited to the superior tensile
properties of the hemp over the sisal. The E’ of neat green epoxy.was higher compared to SHHS,
HSHS and HSSH hybrid composite samples until 55°C. Beyond 55 °C, the storage modulus of
neat green epoxy dropped suddenly and reached zero. It was corroborated that epoxy loses its
stiffness owing to the increased molecular movements atsRigher temperature [12]. Pure and
hybrid composites showed comparatively higher storage modulus in the transition region of 60
°C - 100 °C than the green epoxy. Improvementin storage modulus due to the fibre incorporation
into the matrix in the transition region was in accerdance with the findings from the previous
studies [34-36].

: . ——ssSS
i Transition Region | ——HSSH
N | ——SHHS

Storage Modulus (MPa)
(=2}
3
1

T T T T T T T T T T 1
40 60 80 100 120 140
Temperature (°C)

Fig. 9(a@)=Variation in storage modulus of the green epoxy hybridised composites

Additionally, the effects of reinforcement on storage modulus of the composites were further
characterised by a coefficient, C [37], using Equ. (1).

Pt
C= Eg/Eg composite 1
- E'/E' ( )
¢/ R resin

11
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where E'c and E'r are the storage modulus values of composites in the glassy and rubbery
regions, respectively. The higher value of C indicates lower efficiency of fibre reinforcement and
vice-versa. The coefficients of the composites were calculated and their results are tabulated in
Table 6.

Table 6 Co-efficient of the effectiveness of composites.
Composites Co-efficient of effectiveness (C)

HHHH 0.01570
SSSS 0.88144
HSSH 0.88730 -
SHHS 1.16133
HHSS 1.01520
HSHS 1.03003

Based on the analysis, varying the stacking sequence and introducing fibres in hybrid
combination was less effective in terms of thermal properties..

4.2.2 Effect of layering sequence on loss modulus

Loss modulus (E™) defines the amount of energy dissipated by the composites under cyclic
loading. Figure 9(b) illustrates the variation of loss.modulus of green epoxy, pure and hybrid
composites at various temperatures. The,glass transition temperature, T shifted from 61.9 °C for
green epoxy to a temperature range of 70.°C —80 °C as the reinforcements were introduced into
the matrix. Further observation on the peak:loss modulus was that both pure HHHH and SSSS
composite samples displayed considerably larger values than the hybrid counterparts. Similar
observations were also reported~in a study on the hybrid bamboo-kenaf fibres reinforced
composites [38]. The highest loss modulus was observed by the pure kenaf/epoxy composites
followed by bamboo/epoxy cemposites./Hybrid configurations such as HSSH, SHHS and HSHS
composite samples exhibited lower peak modulus than the other configurations. In all these
configurations, the adjacent. layers within the laminate are dissimilar fibre layers. Due to their
varying fibre properties, the energy dissipation behaviour was affected, consequently, it had an
impact on the peak 1oSs modulus, as shown in Table 7.
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Fig. 9(b). Variation in loss modulus of the green‘epoxy hybridised composites

Table 7 Glass transition temperatures of pure and hybrid compesites obtained from loss modulus
and tan delta plots.

Peak height of loss Peak Temperature (°C)
Samples modulus curve height of T from T .
(MPa) Tandelta 'o'rom fan  Tyfrom E
delta
Green epoxy 67.2454 0.79425 83.635 61.9116
HHHH 97.1006 0.48675 82.253 75.3581
SSSS 108.0700 0.44599 87.589 80.0455
HSSH 54,2625 0.43715 87.356 80.8571
SHHS 52.4075 0.43800 89.379 82.7050
HHSS N77.6106 0.48432 81.263 74.8622
HSHS 47.6246 0.45260 87.657 80.1912

4.2.3 Effect of layering sequence on tan delta

The tan delta-values which represent the damping characteristic of neat green epoxy, single
fibre and hybrid fibre composites with the temperature are shown in Fig. 9(c). The ratio of loss
modulus (viscous properties) to storage modulus (elastic properties) is referred to as the damping
factor. Ar“higher,degree of molecular movement in the polymeric chains is a desirable
phenomenon tofhave greater damping characteristic [39]. Introducing fibre reinforcements
restricts the molecular movements within the polymeric chains, unlike pure epoxy which has the
highest molecular movement. As a consequence, the composites with fibre reinforcements
possess lower peak tan delta values than the green epoxy (Table 7). It was attributed to the
enhanced-fibre-matrix bonding in the composites. Moreover, the reduction of tan delta values of
both the pure and hybrid composites suggested that improvement of rigidity at the interface can
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reduce the molecular movement at the interfacial zone. It resulted in better damping. Besides, the
effectiveness of fibre reinforcement was also indicated by the least value of tan delta

(c)

Green epoxy
= HHHH

——S8SS
—— HSSH
—— SHHS
——HHSS

0.8 +

0.6

Tan Delta
o
Y
1

o
N
1

0.0 4

- - - . . -
40 80 80 100 120 140
Temperature (°C)

Fig. 9(c). Variation in tan delta of the green epoxy hybridised composites

Pure hemp (HHHH) and pure sisal (SSSS) fibre reinforce.d composites possessed a damping
factor of 0.48675 and 0.44599, respectively. This implies that damping factor for the hybrid
composites were dictated by the fibre properties and fibre stacking sequence similar to the
observations in loss modulus and storage modulus. The varying stiffness and fibre aspect ratio
due to the fibre arrangements in HHSSyand HSHS composites helped them to retain higher tan
delta than the SHHS, HSSH and SSSS configurations. The Tg obtained from the peak tan delta
values from the hybrid composites also showed only a slight shift in temperature compared to the
green epoxy.

4.2.4 Effect of layering sequence on Cole-Cole plots or Wicket plots

Structural aspects such as*homogeneity or heterogeneity of a polymeric material can be
analysed from Cole-Cole or wicket plots [37,40]. A smooth and semi-circular plot indicates
homogeneity, while sdmperfect or elliptical plot represents the heterogeneity [41]. Pure sisal
(SSSS) and hemp (HHHH) fibre composites displayed a broader peak compared to the hybrid
composites which shows a degree of homogeneity, as shown in Fig. 9(d). Introducing hemp and
sisal in hybrid combination induced heterogeneity, as reflected from the narrow peaks.
According to some earlier reports, the imperfect shape refers to better interfacial adhesion within
the fibres anddmatrix in‘@ polymeric composite [42,43].
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Fig. 9(c). Cole-Cole plot of the green epoxy hybridised composites

4.3 Thermogravimetric analysis

To examine the thermal stability of the hybrid composites, the thermogravimetric
analysis was performed. The primary and derivative thermograms of pure green epoxy matrix,
pure hemp and sisal fibre mats and the hybrid compgsitesiafe shown in Figs. 10(a) and 10(b).
The decomposition of pure green epoxy matrix took place in a single stage. It can be observed
that there is no peak found in the temperature range of 30-100 °C indicating the absence of
moisture content. The inflection point correspending to the maximum degradation was found at
328.62 °C for the pure green epoxy imatrix. This may be attributed to the degradation of main
polymeric chains of green epoxy matrix. The'weight loss in the fibres occurred mainly due to the
decomposition of cellulose, hemicellulose'and lignin components present in them. The higher the
decomposition temperature recorded denotes a greater the thermal stability [44].
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Fig. 10. (a) Primary thermograms and (b) derivative thermograms of the green epoxy hybridised

composites.

T
500

600

From the Fig 10, it can be established that the degradation process of the fibres took place
in different stages. The evaporation of the moisture content in the fibres took place between 30-
100 °C. It can also be observed that the degradation of the main components occurred in two
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stages. The degradation in the temperature range of 320-360 °C may be attributedto the
decomposition of the least stable hemicellulose in the sisal and hemp fibres. Furthermore, the
decomposition of cellulose and lignin contents in the fibres occurred at a temperature range of
410-450 °C. The higher decomposition temperature of cellulose components,in the fibres may be
due to strong crystalline structure of cellulose, which is resistant to hydrolysis. [45]."From the
thermograms obtained, it was evident that both pure hemp and the sisal fibre mats,possessed a
very similar range of thermal stability, but they are greater than that of 4¢he pure green epoxy
matrix, as depicted in Fig. 10(b). In addition, the thermal stability .of the composites with
hemp/green epoxy (HHHH) and sisal/green epoxy (SSSS) was also investigated. It has been
reported that the thermal stability of the composites is governed by beth.the matrix material and
the individual reinforcement material [46]. From the thermograms/(Fig..40), it was observed that
the main degradation of the composites occurred in two steps. Alsoyit was also evident that the
incorporation of sisal and hemp fibre mats greatly enhanced:the ithermal stability of the
composites, when compared with the pure green epoxy matrix. Thisicould be attributed to the
high cellulose content in the sisal and hemp fibres. The sisal/green epoxy composites exhibited
higher thermal stability of 391.06 °C compared to the hemp/green‘epoxy composites of 379.54
°C. The thermal stability of the hybrid composites slightly increased compared with the HHHH
and SSSS composites. In case of the hybrid composites, the HSSH sample exhibited the highest
thermal stability of 392.5 °C, followed by the HSHS sampleywith a thermal stability of 388.56
°C. It was observed that the values of thermal stability of the hybrid composites, with exception
of HHSS samples, were higher than that{of,the pure.green epoxy matrix, HHHH and SSSS
composite samples. This observation may be attributed to the improved fibre matrix interaction.
The inflection temperatures corresponding to. the maximum degradation rate of the matrix
material, fibres, the pure composite systems.and the hybrid composites are presented in Table 8.

Table 8 Inflection temperatures corresponding to the maximum degradation rate.

Degradation temperature (°C)

Samples Step.1 Step 2 Re(f)/'gue
Onset Inflection Endset Onset Inflection  End set
Green epoxy 302419 31136 368.24 - 7.46

Hemp fibre mat ~ 322.77 352.81 361.77 412.48 431.98 448.37 16.11
Sisal fibre mat 330.62 358.76 369.36 413.50 432.84 448.76 16.08

HHHH 300.26 318.00 328.44 361.49 379.54 413.33 15.50
SSSS 301.69 318.47 329.29 373.44 391.06 412.13 18.01
HSSH 302:38 317.82 328.98 372.12 392.5 414.64 14.44
SHHS 302.28 316.72 330.64 369.54 385.57 412.96 13.33
HHSS 300.52 317.62 328.40  366.6 372.88 410.23 18.86
HSHS 296.69 314.77 325.43  366.85 388.56 414.16 17.26

5. Conclusions
The mechanical, dynamic mechanical and thermogravimetric analysis of the sisal (S) and
hemp:(H) reinforced green epoxy hybrid composites were studied, with various fibre stacking
sequences within the laminates. The presence of hemp fibre in the skin and sisal at core (HSSH)
resulted in composite with the best flexural strength and flexural modulus among the hybrid
16
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composites. Hybrid composites with both sisal and hemp in the skin and core (HHSS) exhibited
maximum impact strength of 22.81 kJ/m? compared to the neat green epoxy, pure’sisal, puré
hemp and hybrid fibres reinforced polymer composites (among all samples). The superior impact
properties for the hybrid (HHSS) composites were due to the absence of delamination.as evident
from the micrographs, which showed only fibre pull-out. The maximum mechanical performance
depicts the benefits of hybridisation technique and desired fibre stacking sequencerin composite
materials. However, pure hemp (HHHH) fibre reinforced composite recorded the highest flexural
strength and modulus of 60.56 MPa and 2.86 GPa, respectively, when camparedwwith other fibre
reinforced polymer composite samples. This implies that hybridisation of hemp fibre with sisal
fibre in studied stacking sequences or configurations reduced both flexural strength and modulus
of hemp fibre. It was further evident as the composite sample of pure sisal{SSSS) fibre recorded
lower flexural strength and modulus when compared with the composite sample of pure hemp
(HHHH) fibre.

Conclusively, the hybrid composites with dissimilar_fibres ‘in their adjacent layers,
namely: HHSS and HSHS exhibited inferior flexural properties. Though, they outperformed the
other hybrid configurations in terms of impact strength and thermal stability, as reflected from
the highest peak modulus obtained from the dynamic. mechanical analysis and higher char
residue from the thermogravimetric analysis, respectively. Evidently, variation in their properties
from one stacking sequence to the other indicates|that hybrid’composites can be tailored to meet
out the suitable applications.
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