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Abstract. The present study deals with the incorporation of different ratios of alkali-treated coir fibres (CF) and pineapple
leaf fibres (PALF) in polylactic acid (PLA) hybrid composites. Developed hybrid composites are characterized in terms of
mechanical, morphological, thermal and physical properties. Mechanical characterization revealed that alkali-treated C3P7
hybrid composites (CF:PALF = 3:7) showed highest tensile strength (30.29 MPa) and young’s modulus (5.16 GPa) among
all hybrids composites, whereas C1P1 (CF:PALF = 1:1) showed highest impact properties. Scanning electron microscopy
(SEM) justified the consequence of alkali treatment on fibre-matrix adhesion. Thermal analysis revealed that C1P1 and
C7P3 (CF:PALF = 7:3) having a higher thermal stability and char content due to the higher content of lignin in CF. Remarkably, the coefficient of thermal expansion (CTE) of treated hybrid composites displayed lesser values than untreated hybrid
composites. The physical tests revealed that C3P7 showed highest water absorption (WA) and thickness swelling (TS) though
after treatment the WA and TS values get reduced. Overall results indicated that treated CF/PALF/PLA hybrid composites
possess enhanced mechanical, thermal and physical properties with lowered CTE over untreated CF/PALF/PLA hybrid composites. The success of these findings results sustainable and degradable hybrid composites for different outdoor and food
packaging-based applications.
Keywords: biopolymers, mechanical properties, thermal properties, natural fibres, thickness swelling

1. Introduction

defined shortage [2]. Natural fibres such as coir fibres (CF) and pineapple leaf fibres (PALF) are interesting reinforcement in a composite system due
to their specific properties such as low density, lightweight and non-abrasiveness during processing. In
addition, they are low cost, renewable, biodegradable and abundantly available [3]. CF (Cocos nucifera) is known as versatile lignocellulosic fibres
and is currently broadly being used in diverse indus-

Natural fibre plastic thermosets or thermoplastics
composites are promising and sustainable green materials to achieve durability without the utilization of
toxic chemicals [1]. Currently, the most commonly
used agricultural by-products or agricultural-waste
materials as reinforcement includes most of the cereal stalks, rice husks, bagasse, coconut fibres, corn
cobs, nutshells and other wastes might alleviate the
*
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materials with respect to environmental concerns as
well. Hybridization of fibres has advantages over a
single fibre composite system as different fibres exhibit different properties which can complement each
other [21, 22]. PALF will improve the tensile and flexural strength of the composites due to its anatomical
structure [23] while CF will increase modulus and impact resistance properties. CF will help to improve the
thermal properties due to its lignin content and will
reduce water absorption and thickness swelling due
to its lower cellulosic content [24] and also reduce
the cost of the material. Hybridizing these two different fibres with PLA biopolymer has environmental and economic advantages. Dispersion and different fibre contents in hybrid composites is likely to
improve the mechanical properties as compared to
single fibre based polymer composite [25, 26]. Therefore, hybrid composites are cost-effective to develop
good strength materials based on the properties of
natural fibres [27].
Research findings reviewed that surface treatment of
PALF and CF considerably enhanced the mechanical
and thermal properties [3, 28]. However, research on
surface-treated CF and PALF reinforced PLA composites are still very inadequate and no details on hybrid CF/PALF/PLA composites have been found in
the literature. Our previous research on mechanical,
microstructural failure and thermal properties of
PALF/CF/PLA hybrid composites were studied [3,
29] and found that CF and PALF loading in a 1:1
ratio improved the thermal and mechanical properties than pure PLA. Addition of CF also enhanced its
impact and dynamic mechanical properties of the hybrid composites with regard to the pure PLA. A current research study is the extension of the previous
study based on untreated CF/PALF/PLA hybrid composites [3]. From this study, we assumed that treated
PALF will improve the mechanical properties such
as tensile strength and flexural strength while CF will
increase modulus and impact resistance properties.
SEM helped in analyzing the behavior of treated and
untreated fibres in the composites. CF will help to
improve the thermal properties due to it lignin content and reduce water absorption and thickness
swelling due to its lower cellulosic content.

trial applications [4]. CF composed of a lower percentage of cellulosic content (36–43%) and hemicellulose (15.17%) and high level of lignin (32.25%) as
the bonding materials and very high microfibrillar
angle (30–45°) in comparisons to other natural fibres
[5, 6]. Due to less cellulosic content, CF’s exhibit
lower tensile modulus and strength compared to
other agro-fibres [4]. PALF’s are major agricultural
waste materials which are abundantly available in
producer countries. They are renewable and degradable cheap materials for various industries as well as
research purposes [7–9]. PALF is made up of high
cellulosic content(70–82%), lignin (5–12%) and ash
(1.1%) [3, 7].
Several pieces of research have been conducted using
CF as filler or reinforcement in biocomposites owing
to its good structural and wear properties [10]. Han
et al. [11] studied thermal and flammability properties of PLA/CF composites and reported that plasma
treatment enhanced the composites thermal stability,
in addition, reducing shrinkage with the increase of
the fibre content. Another research on CF reinforced
polypropylene (PP) composites showed high strain
failure along with better strain compatibility of fibre
and matrix [12]. Rosa et al. [13] investigated various
CF loading in ethylene-vinyl alcohol/glycerol/starch
blends. They observed that tensile strength was decreased with increase in the fibre content; though
tensile modulus improved considerably. Fibre content slightly affects the composite’s thermal stability
without disturbing its biodegradability. Another piece
of research based on PALF reinforced PLA composites reported that tensile modulus and thermal stability get slightly improved with the addition of PALF
[14]. Research on natural fibre reinforced composites are mainly conducted on single fibre and matrix
which focuses on improving the physico-chemical
qualities such as fibre-matrix bond strength, poor
wettability, and improvement on dimensional stability [15–18] to substitute non-renewable synthetic
fibre reinforced polymer composites.
PLA is one of the most popular commercial biopolymer derived from renewable resources like corn and
sugarcane [19]. PLA based composites materials are
appropriate for a variety of applications, though the
thermal and mechanical properties of composites
rely on the interfacial bonding of polymer and natural fibres [20]. CF and PALF are valuable natural fibres which are available in Malaysia abundantly as
agricultural wastes which are potentially positive

2. Experimental
2.1. Materials
The PLA used in this research was Natureworks
Ingeo™ Biopolymer 6202D pellets supplied by TT
718
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Table 1. Properties of PLA biopolymer [30].
Characteristics

Description

Characteristics

Description

Physical state

Pallets

Tensile strength

Colour

Translucent white

Young’s Modulus

3.98 GPa

Odour

No odour

Flexural strength

27.87 MPa

Density

1.25 g/mol

Melting point

Flexural modulus

3.75 GPa

150–170 °C

Impact strength

3.43 kJ/m2

55–60 °C

Water absorption

2.58%

Thickness swelling

1.42%

Glass transition temperature
Molecular weight

14.68 MPa

74 000 g/mol

Table 2. Properties of CF and PALF [30].
Properties
Density

[g/m3]

Diameter

[µm]

Cellulose

CF

PALF

1.20

1.07

100–450

20–80

CF

PALF

Moisture absorption [%]

Properties

10

11.8

Microfibrillar angle [°]

30–45

[%]

42.14

81.27

Elongation at break [%]

Hemicelluloses [%]

15.17

12.31

Aspect ratio

Lignin

35.25

3.46

[%]

8–15

17–47

1.6–4

020–100

125–500

Tensile strength

[MPa]

105–175

413–1627

Youngs modulus

[GPa]

4–6

34.5–82.5

CF/PALF/PLA mixtures were prepared by using an
internal mixer (Brabender) for 10 min at 180 °C temperature and 50 rpm speed. The fibre loading in PLA
was constant at 30 wt% with different CF:PALF ratios (3:7, 1:1 and 7:3). Two different batches of each
combination were prepared to verify reproducibility.
The hybrid composites were compression moulded
in a heated press at 180 °Cfor about10 minutes without pressure. After compression moulding, the samples were quenched using a water-cooled press and
stored at room temperature before subsequent characterization. Developed hybrid composites were cut
into different shapes and sizes according to the respective characterizations. The experimental density
and composition of CF and PALF in PLA hybrid
composites are shown in Table 3.

Biotechnologies Sdn. Bhd., Penang, Malaysia. The
properties of PLA are shown in Table 1. CFs used in
this research was supplied by Innovative Pultrusion
Sdn Bhd. Seremban, Malaysia whereas PALF were
procured from Southern part of India. Basic information regarding these fibre properties are displayed
in Table 2. Sodium Hydroxide (NaOH) flakes used
for fibre treatment were supplied by Evergreen Engineering & Resources, Selangor, Malaysia.

2.2. Treatment of fibres
CF’s and PALF were grounded in size 1 mm and immersed into alkaline solution (6% NaOH) for 3 hrs.
After immersion, these fibres were washed with tap
water to attain neutral pH. Then the fibres were airdried for 48 hrs. The selection of chemical, concentration and soaking time for surface treatment of CF
and PALF were followed from our previous study [3].

3. Characterizations
3.1. Tensile test
Tensile tests of hybrid composites were carried out
using a 5 kN Bluehill INSTRON Universal Testing
Machine, as per ASTM standard D 638-14 (2014).

2.3. Preparation of samples
PLA pellets and fibres were dried at 80 °C for 24 h
in the oven to make sure moisture is removed.

Table 3. Density and formulation of CF/PALF/PLA hybrid composites.
Composition of hybrid composites
(70% PLA constant)
Pure PLA

PLA

CF
Percentage by weight
[wt%]

100

–

Density
[g/m3]

PALF

Untreated
–

Treated
1.2

30% (30%CF/70%PALF) (C3P7)

70

9

21

1.05

1.19

30% (50%CF/50%PALF) (C1P1)

70

15

15

1.07

1.21

30% (70%CF/30%PALF) (C7P3)

70

21

9

1.09

1.18
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The temperature and humidity were set at 22 °C and
50% respectively. Six rectangular specimens were
cut from each hybrid composites, and they were
shaped into a dumbbell (120×20/13×3 mm3) by a
plastic moulder machine. The crosshead speed for
this test was set at 1.0 mm/min and samples were
gripped at a 30 mm gauge length.

to ASTM D696-16. Thermomechanical analyzerQ400 (TA Instruments) was utilized for this test. The
temperature was set at 30 to 200 °C withat the rate
of 5 °C/min. the objective of this test to dimension
changes in the sample thickness to analyse the CTE
of the composite.

3.7. Water absorption (WA) test
To investigate water absorption (WA) of the composites, samples were immersed in distilled water. The
weights of all the samples were carefully noted down
before and after soaking. WA was examined at three
intervals such as 3rd, 5th and 7th (saturation) day from
the day of soaking. The samples were wiped dry thoroughly before taking a measurement for accuracy in
measurement. The WA was calculated by taking an
average of all the measurements value. WA% was
calculated via Equation (1). The test was conducted
using ASTM D570-98 standard for different periods
of time:

3.2. Scanning electron microscopy (SEM)
The investigation on surface morphology and microstructure of untreated and treated tensile fractured
samples were done by SEM. The samples were gold
coated and operated at emission current of 58 μA,
using a Hitachi S-3400N-SEM machine at 5.0 kV.
The microscopic images also analyse the fibre distribution and pattern of fracture.
3.3. Fourier transform infrared spectrometry
(FTIR)
FTIR study of both untreated and alkali-treated
CF/PALF/PLA hybrid composites were carried out
by using FTIR machine (SHIMADZU81001, Japan)
to investigate the changes in functional groups on
the fibre surfaces and to confirm the chemical interaction between PLA and fibres. All spectra were
recorded in the range from 4000 to 500 cm–1.

WA !%$ =

Wn - Wd
Wd $ 100

(1)

where Wd and Wn are the weight of samples before
and after immersion respectively.

3.8. Thickness swelling (TS) test
TS tests were carried out on six specimens of each
sample of treated and untreated CF/PALF/PLA hybrid composites by calculating dimensions of each
sample. TS was investigated according to ASTM
D570-98 (1998) by using Equation (2). The dimensional measurement of the composites was measured
three times, 3rd, 5th and 7th days from immersion
dates and samples were also measured before immersing into water.

3.4. Izod notched impact test
For impact properties characterization, 70×15×
8 mm3 sizes samples of untreated and treated CF/
PALF/PLA hybrid composites were analysed using
impact testing machine (Instron CEAST 9050). The
temperature and humidity were set at 22 °C and 50%.
The dimensions and conditions of the tests were as
per ASTM D256-10e1 (2010). The average impact
load of all samples was calculated and demonstrated
in the chart.

TS !%$ =

3.5. Thermogravimetric analysis (TGA)
Thermal properties of both untreated and alkalitreated CF/PALF/PLA hybrid composites were characterized by using TG machine (TGA Q 500 TA Instrument, USA) according to ASTM E1131-08. Tests
were carried out from room temperature 30 to 600 °C
at 20 °C/minutes heating rate.

T1 - T0
T0 $ 100

(2)

where T0 and T1 are the thickness before and after
soaking.

4. Results and discussion
4.1. Tensile properties
The tensile modulus and strengths of the various
ratio of fibre loaded untreated and alkali-treated hybrid composites are shown in Figure 1. Among untreated hybrid composites, C3P7 showed least tensile strength and modulus whereas C1P1 showed
highest. C7P3 showed better tensile strength and

3.6. Thermomechanical analysis (TMA)
Thermomechanical analysis calculated the composite’s Coefficient of Thermal Expansion (CTE). The
dimensions of samples were 5×5×3 mm3 according
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Figure 1. Tensile properties of untreated and treated
CF/PALF/PLA hybrid composites.

due to surface modification of coir pith. Treatment
of fibres with NaOH on Kenaf/coir based PP hybrid
composites display enhanced fibre/matrix bonding
that leads to improvements in tensile strength and
modulus of hybrid composites [33].
It is assumed that untreated PALF had very poor
compatibility with PLA, a high amount of PALF in
the composite is agglomerated, poor wettability can
cause poor mechanical properties. After treatment,
PALF enhanced the property of hybrid composites
and showed that tensile properties increase with an
increasing amount of PALF.

modulus than C3P7 but improvement is not significant. After treatment of the fibres, the tensile strength
improved with an increase in the proportion of PALF
in the composites. Treated C7P3 exhibited 18.41 MPa
tensile strength which was 128.11% higher than untreated C7P3. The tensile modulus of treated C7P3
showed 5.02 GPa that was 112.3% higher than untreated C7P3.
Treated C1P1 showed higher tensile strength
(26.15 MPa) and modulus (4.94 GPa) than the untreated counterpart by 136.55 and 104% respectively. It is evident that untreated PALF and CF reduced
the tensile strength and modulus due to poor interfacial bonding of fibres and PLA due to the presence
of impurities and hydroxyl groups on the fibres [31].
It is reported that treated PALF enhanced tensile
strength and modulus drastically by debonding the
fibres bundles to improve the effectiveness of surface area during contact with the matrix [32].
A previous study [30] showed that tensile properties
of neat PLA and Coir/PLA and PALF/PLA composite and found out that tensile strength and modulus
of neat PLA are 14.68 MPa and 3.98 GPa respectively. Coir/PLA composites showed tensile strength
(13.96 MPa) lower and tensile modulus (4.35 MPa)
higher than neat PLA, while PALF/PLA composites
showed both tensile strength (21.86 MPa) and tensile
modulus (5.11 GPa) higher than neat PLA. PALF has
a lower diameter and matrix get more surface area
to attached with fibres and gives better interfacial
bonding, though untreated composites did not show
better result due to the presence of some waxy content on fibre surfaces. PALF showed higher cellulosic content which has a reason for better mechanical properties. From the obtained results, researchers
observed similar trends with our results; they reported enhanced tensile strength of hybrid composites

4.2. SEM analysis
The microstructure of fractured part of tensile tested
samples of untreated and alkali-treated hybrid composites having various fibre loadings are illustrated in
Figure 2. Figure 2a, 2c and 2e showed SEM images
of the untreated hybrid composites whereas SEM micrographs of the treated sample of hybrid composites
are presented in Figure 2b, 2d and 2f. It is evident
from Figure 2a that fibres were uniformly distributed
throughout in the C7P3 hybrid composites, void contents and micro-cracks were also illustrated on the matrix surface along with some fibre pullout. The fibre
pullout showed that the bonding between fibre and
matrix is weak and cracks on the matrix surface
showed that either fibre loading is not enough or fibre
distribution in the composite is heterogeneous [34].
Figure 2b illustrated that the distribution of fibres
found better and the fibre breakage is found more than
fibre pullout which showed treatment improved the
interfacial bonding than untreated C7P3.
A research done by Shih et al. [35] revealed that alkali-treated PALF improved bonding with a polymer.
Some hybrid composites showed poor fibre distributions and fibres pull out. Moreover, Figure 2c revealed
the clear matrix’s surface has high void content (C1P1
hybrid composites), whereas Figure 2d illustrated better fibre distribution, more broken fibre and less fibre
pull-out. No micro-cracks observed, revealing better
bonding between fibres and the polymer, thus provide
better mechanical properties to hybrid composites
[36]. In untreated C3P7, found micro-cracks and very
clear fibre pullout. The fibre slippage of fibre and
polymer can be seen in Figure 2e. Treated C3P7
showed comparatively better fibre distribution, interfacial strength, no void contents and micro-cracks, as
observed from Figure 2f. Furthermore, composites
fractured surface also showed lower fibre pull out that
721
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Figure 2. SEM images of tensile fractured CF/PALF/PLA hybrid composites; (a) untreated C7P3 (b) treated C7P3 (c) untreated C1P1 (d) treated C1P1 (e) untreated C3P7 and (f) treated C3P7.

increase aspect ratio of the fibre; which then improved
the adhesion with polymer matrices thus enhance the
mechanical strength [37].

causes fibres fracture, although in certain places fibre
breakage are observed with no debonding, resulting
polymer transferred effective stress to the fibres that
ultimately improved the mechanical strength [34]. It
can be ascribed by the fact that fibre treatments clean
the surfaces and create rough surface and also increase
the surface area, sometimes fibres are in bundle form,
so treatments break the bundles and change the

4.3. FTIR of CF/PALF/PLA hybrid
composites
FTIR spectroscopy revealed the structural properties
of CF/PALF/PLA hybrid composites and effects of
722
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alkali treatments on fibres in composites as shown
in Figure 3. A broad band ranging from 3000 to
3700 cm–1 showed hydroxyl group (–OH) in the cellulosic structure of fibres [31] that can be easily
pointed out in every natural fibre reinforced hybrid
composite, whereas band from 2800–3000 cm–1 revealed the presence of C–H bond of methylene
groups [38]. The treated hybrid composites (C7P3A,
C1P1A and C3P7A in Figure 3) showed weak intensity between 3000 to 3700 cm–1 and 2800–3000 cm–1
that showed the less hydrophilic property and removal of cellulose and hemicelluloses. Alkaline treatments induced variation in the physicochemical
properties of CF and PALF. This phenomenon has
been associated with the mercerization of natural fibres. Mercerization removes waxy epidermal tissue,
adhesive pectins and hemicelluloses that bind fibre
bundles to each other and the pectin and hemicellulose-rich sheaths of the core [39, 40]. Untreated hybrid composites showed a sharp peak at 2000 cm–1
while treated hybrid biocomposites are revealed near
to disappeared peak spectrum. The peak at 2000 cm–1
was attributed to silicon compound. A sharp peak at
1736 cm–1 was attributed to C=O stretching of carbonyl groups in both untreated and treated hybrid
composites, showed availability of carbonyl groups
evident the presence of hemicelluloses in fibres.
Peaks at 1436 cm–1 indicated the presence of lignin
structure in untreated hybrid composites but after
treatment, these peaks showed weak intensity in all
treated hybrid composites, it showed NaOH partially
dissolved low molecular compounds from fibres
[41]. All treated CF/PALF/PLA hybrid composites
showed partially removed hemicelluloses and lignin.
Many researchers [28, 40, 42, 43] reported the effect

Figure 4. Typical structure of (a) untreated and (b) alkalized
cellulosic fibre [44].

of alkali treatment on reducing moisture absorption
of natural fibres polymer composites. The surface of
the fibres gets cleaned during the surface treatments
to eliminate impurities, lignin, oils and waxy substances (Figure 4a) which increases the fibre surface
roughness (Figure 4b) and reducing the moisture absorption by removal of the coat of OH groups of fibres [44]. The proposed reaction mechanism of
NaOH and CF/PALF during treatment is given in
Equation (3).
CF/PLAF - OH + NaOH
RCF/PLAF - O- W Na+ + H2 O

(3)

It is assumed that the strength of fibres will remain
and interfacial bonding with polymer will improve
and it will enhance the mechanical properties of hybrid composites [31].

4.4. Impact properties
Impact strength is defined as a measure of the fracture toughness of materials when applying an impact
load. It is highly influenced by the material’s nature
which straightforwardly related to its toughness as a
whole. It is the medium of cracks formation as well
as the transformation of stress [45]. So, the impact
strength of hybrid composites heavily depends on
the structure and geometry of the natural fibre and
fibre/matrix bonding. Izod notched impact strength
of all tested composites are shown in Figure 5. A previous study [30] showed impact strength of neat PLA
and Coir/PLA and PALF/PLA composite and found
out that impact strength of neat PLA, Coir/PLA and
PALF/PLA composites are 3.44, 3.75 and 3.57 kJ/m2.
The impact strength of both untreated and alkalitreated CF/PALF/PLA hybrid composites improved

Figure 3. FTIR of untreated and treated CF/PALF/PLA hybrid composites.
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Figure 5. Impact strength of untreated and treated
CF/PALF/PLA hybrid composites.
Figure 6. TGA plots of untreated and treated CF/PALF/PLA
hybrid composites.

by the addition of CF. From Figure 5, it can be seen
that treated C1P1 hybrid composites illustrates highest impact strength among all untreated and treated
hybrid composites. A general trend of increase in impact strength is observed with the incorporation of
CF. This could be due to CF’s shallow structure which
absorbs shock. In general, mechanical strength of
natural fibres mainly depends on cellulosic constituents. Research study reviewed that PALF cellulosic structure ensures excellent elasticity that makes
it high strain resistant when compared with similar
fibres [28, 46].
In general, the toughness of fibre reinforced polymer
composites depends on three major factors; i) the nature of the reinforcing fibre; ii) the polymer matrix
and iii) their interfacial shear strength (IFSS) [47].
As can be seen in Figure 5, the hybrid composites
containing CF and PALF in an equal ratio (1:1) have
best impact strength and untreated hybrid composites showed slightly better impact strength compares
to their successive alkali treated ones. This could be
due to the delignification and partial dissolution of
hemicelluloses in fibres by alkali treatment [31, 39].
As per our results, it appears an adequate mix of
CF’s and PALF’s provides effective resistance to
fracture propagation during the impact tests. This is
due to an enhancement in interfacial adhesion owing
to homogeneity and stress capacity, which is associated with load distribution and fibre pull-out [48].

C1P1 and C7P3 were 92.96, 89.65 and 96.18% at
275.86, 288.26 and 284.56 °C respectively. On the
other hand, alkali-treated hybrid composites (C3P7A,
C1P1A and C7P3A) increase the weight loss temperatures were also declined improved as compared
to the untreated hybrid composites which can be
seen in Table 4.
A previous study [29] showed thermal degradation
of neat PLA and Coir/PLA and PALF/PLA composite and found out that Tg and ash content of neat PLA
were 277.18 °C and 1.05%. Tg and ash content of
Coir/PLA and PALF/PLA composites are 252.73 °C
and 11.17% and 287.23 °C and 5.53%.
The main weight loss took place in this phase were
between 87 and 97% in the temperature range of
275–289 °C. The thermal degradation in this range
is due to the breakdown of hemicelluloses, lignins,
pectins plus the glycosidic linkages of cellulose of natural fibres via heat decomposition [32, 49]. In treated
hybrid composites, the weight loss increased and the
temperature is decreased, which may be due to the
partial elimination of lignin and hemicelluloses. As
reported in the literature [13] alkali treatments partially dissolved lignin and hemicelluloses of the fibre,
that leads to an increase in the amount of exposed
cellulose, ultimately change the crystallinity of CF.
Lignin is also considered a thermal resistant component in natural fibres [50]
Researchers declared that alkali treatment partially
dissolved binding material through the rupture of
ester linkages between lignin and polyuronic, which
increase the crystallinity index in alkali-treated fibres
[31, 51, 52]. Moreover, the curve of treated fibres
did not show higher temperature as a significant content of hemicelluloses being dissolved during alkali
treatment. The final residues of untreated and treated

4.5. Thermal stability
Thermographs of untreated and alkali-treated CF/
PALF/PLA hybrid composites showed a single step
thermal degradation in Figure 6. The initial weight
loss occurred below 100 °C temperature due to the
evaporation or drying out of water molecules from
the composites [28]. From the TGA results, thermal
degradability of untreated hybrid composites (C3P7,
724
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Table 4. various percentage of thermal degradation of untreated and treated CF/PALF/PLA hybrid composites.
Hybrid
composites

Temperature at thermal degradation, Td
[°C]

Glass transition
Weight loss
[%]

Final residue
[%]

Td10%

Td50%

Td90%

Temperature
[°C]

C3P7

275

310

349

275.86

2.96

3.84

C1P1

269

304

470

288.26

89.65

6.55

C7P3

270

305

445

284.59

96.18

2.61

C3P7A

268

318

393

279.35

88.23

2.53

C1P1A

277

324

390

282.11

89.14

2.58

C7P3A

267

320

407

279.35

87.36

2.54

decomposition peaks of treated hybrid composites
shifted towards lower temperatures except for
C3P7A. C3P7A C7P3A hybrid composites showed
21%/min rate of degradation of derivative weights
whereas C1P1A and C7P3A hybrid composites
showed 24 and 23%/min rates of degradation of derivative weights respectively. On the other hand, untreated hybrid composites revealed a low rate of
weight loss. Degradation rate indicated the breakdown of cellulose and hemicelluloses constituents of
the fibres as well as the presence of voids or loose
fibres in the composites under examination [53].

CF/PALF hybrid composites at 600 °C were 2–7%.
Remarkably, the highest final residue was found in
C1P1 while low residues were 2.53 and 2.54 in
C3P7A and C7P3A, respectively. All samples had
similar residue content except C1P1 and the amount
of char residue in hybrid composites determine the
flame retardancy behavior [28]. Overall we observed
that PLA is not thermally stable biopolymer which
we reported in our previous study [29] but fibre reinforcements and hybridization showed positive results.
Coir fibre has higher lignin content which improved
thermal properties and it can be seen higher coir content composites showed higher glass transition.

4.6. Derivative thermogravimetry (DTG)
Figure 7 illustrates the DTG plots of all untreated
and treated CF/PALF/PLA hybrid composites. The
degradation temperature is indicated by each peak in
the given plots. As can be seen, single peaks were
present in the range of 250–420 °C. An initial peak
was also observed below 100°C attaining its maximum rate of 1.1%/min, which proves the existence
of hydroxyl group in natural fibres [37]. The main
peaks were also obvious in Figure 5, which illustrates maximum weight losses by degradation. The

4.7. Thermomechanical analysis (TMA)
TMA was conducted to assess the coefficient of thermal expansion (CTE) of material. Assessment of
CTE was carried out in both the rubbery and glassy
regions of the samples. The CTE of the materials
were measured before and after the glass transition
(Tg) in the linear trends of the thermograms. Figure 8
illustrates the TMA graphs of all the studied composites. Treated and untreated C1P1 and C3P7 hybrid
composites revealed steep down curve towards the
rubbery stage which is associated with low crosslinking materials [54]. Moreover, treated hybrid

Figure 7. DTG plots of untreated and treated CF/PALF/PLA
hybrid composites.

Figure 8. CTE of untreated and treated CF/PALF/PLA hybrid composites.
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treated composites. Findings also suggest that the
hydroxyl groups were removed by alkali treatment
resulting in treated hybrid to absorbed lesser water.
Interestingly, fibre treatments usually fill the surface’s pores and create a barrier for a water molecule
to enter into fibres [56]. Theoretically, C3P7A supposed to have higher WA owing to higher PALF content and C7P3A should reveal lower WA. However,
the results revealed that C1P1A absorb more water.
In many studies, it is reported that the presence of
hydroxyl groups in natural fibres offers a gateway to
water molecules into the composites. Besides this
pore fraction, void content, lumen size and fibre-matrix adhesion also contribute to WA [57, 58]. The
long-time immersion of composites into the water
leads to absorption of water molecules through capillary action. This absorbed water fills the voids and
cracks/pores in the composites [59, 60]. Overall based
on the perfect fibres matrix adhesion with no microcracks and voids on the surface area of matrix treated
hybrid composites have better adhesive properties
and lower WA.

composites displayed Tg at below 60 °C but untreated hybrid displayed Tg at above 60 °C, even though
the difference is very low. The CTEof treated hybrid
composites displayed the least values than untreated
hybrid composites. The lowest decrease for both
glassy and rubbery regions showed for C1P1A, followed by C7P3A. The lower Tg in treated hybrid composites could be due to the removal of lignin, while
in the rubbery stage, hybrid composites showed dimension change dramatically because of the matrix
properties.

4.8. Water absorption (WA)
WA tests were performed for both alkali-treated and
untreated CF/PALF/PLA hybrid composites for certain periods of time, i.e, 3, 5 and 7 days. As the developed composites made up of natural fibres which
usually absorb water due to numerous reasons such
as cellulose, hemicelluloses content, humidity, the
hydrophilicity of fibres, presence of voids, temperature and viscosity of matrix [55]. As displayed in
Figure 9, the untreated hybrid composites revealed
more WA compared to treated hybrid composites.
Out of all the untreated hybrid composites, C7P3 absorbed the least water followed by C1P1 however
C3P7 displayed highest WA in seven days (7.36%).
This high WA implies the presence of voids and porosity in untreated composites, furthermore, the weight
of composite also get increases by trapping water inside these voids [55]. The difference of theoretical
densities and measured densities showed in Table 3
that samples have some trapped void areas.
Alkali treated hybrid composites showed lower WA
compared to untreated hybrid and the lowest WA was
found in C7P3A with 5.24% calculated value. C1P1A
absorbed the highest amount of water among the

4.9.Thickness swelling (TS)
Dimensional stability is best investigated by analysing
the moisture-resistant capacity of the composites
through TS measurements. Samples were soaked into
the water to investigate dimension stability. Generally, most of the natural fibres behave by means of
capillary action when soaked into the water which
caused the intake of water into the sample ultimately
leads to the swelling of fibres and thus increase the
sample’s dimension [55]. From Figure 10, the treated hybrid composites displayed higher water-resistant, however, untreated hybrid composites revealed
higher TS and vice versa. Among all the samples tested, C1P1A revealed highest dimensional stability
(DS) while untreated C3P7 showed least at nearly
10%. Amongst the treated hybrid composites, C3P7A
and C7P3A displayed similar low DS while C1P1 illustrates the least TS among untreated hybrid composites.
The presence of void and high porosity is the major
cause of high TS in the untreated hybrid composites.
Moreover, the dimension of lignocellulosic based
composites is based on the water content in the lumen,
predominantly in the thickness and the linear expansion caused by reversible and irreversible swelling
of the composites [61]. PALF contains a higher
amount of cellulosic content [31] and C3P7 hybrid

Figure 9. WA of untreated and treated CF/PALF/PLA hybrid
composites.
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displayed the least values than untreated. Remarkably
alkali treatment also reduces the WA tendencies compared to untreated. C7P3 hybrid composites absorbed
least moisture and C7P3A showed least WA among
untreated and treated composites. WA and TS test illustrate that less PALF content reduced the WA tendencies and void content. Overall, we concluded that
among all hybrid composites, C1P1A revealed the
highest stability dimensionally while untreated C3P7
hybrid composites showed at least nearly 10%.
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