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Introduction

Thermoplastics mainly Polyethylene (PE), Polypropylene 
(PP), Polyvinyl chloride (PVC) and Polyethylene terephtha-
late (PET) constituting a major proportion of the polymer 
waste stream have gained considerable attention in the past 
decade. Their disposal is a greatest challenge faced by the 
polymer technologists. Recycling and reuse is the cheapest 
option for such thermoplastics in comparison to landfill, 
incineration and biodegradation [1, 2]. Their reuse by for-
mation of composites with particulate or fibrous fillers has 
considerable advantages in terms of property enhancement 
and usage [3]. Natural fibers being renewable and obtained 
as agricultural wastes are used as reinforcements in prepa-
ration of such thermoplastic composites. These composites 
have greatest advantage of light weight, low energy produc-
tion and environment friendly. These composites can also 
be used as a replacement for glass fiber reinforced compos-
ites for various applications [4].

In this study, Banana fiber (BF) and Flyash Cenospheres 
(FACS) were chosen as fillers for a Recycled High Density 
Polyethylene (RHDPE) matrix. BF is considered because 
it is renewable, abundantly available, non-abrasive, bio-
degradable fiber possessing excellent mechanical proper-
ties, low density and inexpensive. This good environment 
friendly feature makes this fiber very popular in engi-
neering markets such as the automotive and construction 
industry [5]. Many researchers have reported on this BF 
reinforced polymeric composites, which have successfully 
proved their applicability in various fields. Nayak et  al. 
[6] studied the detail properties of hybrid composites of 
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PP, BF and glass fibers with and without the presence of 
Maleic anhydride grafted polypropylene (MAPP) as a cou-
pling agent. They found out that such fabricated hybrid 
composites give an increase on tensile, flexural and impact 
strength, decrease in the rate of water absorption, increase 
in storage modulus, crystallization temperature and ther-
mal stability. Chattopadhyay et al. [7] prepared composites 
with chemically modified BF in PP. They found out that 5% 
MAPP at 15% fiber volume fraction showed an increase in 
impact strength by 80%, flexural strength by 48%, flexural 
modulus by 125%, tensile strength by 33%, tensile modu-
lus by 82% and heat deflection temperature by 18 °C. Some 
authors [8–10] also suggested that chemically treated BF 
reinforced polymer composites exhibited superior mechani-
cal properties than untreated BF reinforced composites.

Biswal et al. [11] examined the mechanical and morpho-
logical properties of PP modified BF nanocomposites and 
observed improved mechanical properties by treating the 
mercerized banana fibers with Sodium hydroxide (NaOH) 
solution. Addition of 30 wt% mercerized BF to PP nano-
composites improves the tensile strength up to 79.9% and 
the flexural strength to 68.8%. Morphological observations 
confirmed that the removal of cementing agents from raw 
BF enhanced the fiber adhesion properties with matrix. 
Yildiz and Cetinkaya [12] studied the mechanical proper-
ties and investigated the macrostructure of the composites 
based on polymer fibers (recycled PET bottles and poly-
carbonate fibers), banana and glass fibers. They suggested 
that agricultural wastes along with polymer wastes can be 
useful in prevention of environmental pollution. Pereira 
et  al. [13] studied the effect of washed and unwashed BF 
on the mechanical and thermal properties of HDPE. They 
obtained an increase in tensile strength, tensile modulus, 
melting and crystallization temperature, increased crys-
tallinity with a decrease in thermal stability by the use of 
washed fibers.

Jandas et  al. [14] evaluated the effect of fiber surface 
treatments on the mechanical properties of BF reinforced 
polylactic acid biocomposites. They obtained an increase 
in tensile strength by 136% and impact strength by 49% 
in the composites with treated BF in comparison with 
the untreated one. They also suggested that the surface 
modification of BF showed increased interfacial adhe-
sion between the fiber and the matrix which was evident 
from lowered difference between the experimentally and 
theoretically derived mechanical modulus. Khan and 
Shams et  al. [15] studied the mechanical properties and 
thermal stability of chemically modified (bleached, alka-
lized and acetylated) BF reinforced Low Density Polyeth-
ylene (LDPE). They observed that the treated fiber com-
posites exhibited better mechanical properties than the 
untreated ones with the acetylated fiber showing the best 
results. Studies highlighting exclusively the improvement 

in mechanical properties of RHDPE/other natural fiber 
composites like bagasse fiber [16, 17], wood fiber [18], 
rice straw fiber [19], sisal fiber [20], hemp fiber [21], 
cellulose fiber (cotton waste fabric) [22] with different 
treatment methods have been reported previously. These 
studies suggested the composites to be cost effective and 
useful for various construction purposes.

FACS on the other hand is the hard shelled, hollow, 
minute spheres produced during pulverized coal combus-
tion for power generation. They possess ultra low density, 
low thermal conductivity, high particle strength, resist-
ant to acids and low water absorption characteristics. It 
is also inexpensive filler having a basic composition of 
silica, iron and alumina [23]. Considering the high levels 
of production of FACS, any attempt to use it in produc-
tion of composites can give value addition to this mate-
rial and also beneficial in reducing pollution. Improved 
mechanical properties were obtained by addition of 
FACS into HDPE matrix upon silane treatment of filler 
[24, 25]. In one of our works, we have successfully uti-
lized FA as filler in waste PE/HDPE blend matrix [26] 
and obtained enhancement in mechanical, thermal and 
dynamic mechanical properties of the composites upon 
electron beam irradiation. Therefore, the incorpora-
tion of such industrial waste into fiber reinforced poly-
meric composites can suggest route to explore options 
for developing industrial sector in turn increasing its 
economic value. Some literature exists on the usage of 
FACS as filler into fiber/polymer system [27–31] wherein 
the authors obtained composites with improved compres-
sive, tensile and impact strength along with fire resist-
ance properties. Also, in our own work on FACS filled 
RHDPE/coir fiber system [32] stronger and stiffer com-
posites were obtained with remarkable increase in only 
flexural modulus and hardness values in comparison with 
unfilled system. Thus, detail analysis on various natural 
fiber/polymer composite systems filled with such indus-
trial wastes has to be explored further to be useful for 
specific applications.

In this current investigation, variation in mechanical 
properties of FACS filled RHDPE/BF biocomposites as 
a function of FACS and fiber loading has been evaluated. 
The FACS filled biocomposite samples are also subjected 
to dynamic mechanical analysis (DMA) to evaluate stiff-
ness and damping properties under periodic stress. The 
morphology of composites was also observed using scan-
ning electron microscopy (SEM). Thermal stability of 
samples has been studied using differential scanning calo-
rimetry (DSC) and thermogravimetric analysis (TGA). 
The purpose of conducting the detail property analysis is 
to suggest the potential utilization of FACS as a source of 
reinforcing filler in RHDPE/BF composites for various out-
door applications.
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Experimental

Materials

RHDPE (MFI: 0.84  g/10  min; density: 0.950  g/cc) was 
obtained from Sneha plastics, Hyderabad, India and was 
used as the base polymer matrix material. BF procured 
from local sources was used as a reinforcing agent. The 
physical and chemical properties of BF are represented 
in Table  1. MA-g-HDPE (OPTIM E-156) having MFI: 
4.5  g/10  min and density: 0.954  g/cc was procured from 
M/s Pluss Polymers, India and has been used as a compati-
bilizer. FACS (grade: 5–150 µm) was procured from Swift 
Services, Secunderabad. The average particle size of FACS 
used in the experiment was found to be 125  µm and the 
assorted shape and size of the same was identified by SEM 
analysis [32]. The FACS particles are mainly spherical in 
shape with relatively smooth surfaces having average par-
ticle density of 0.6 to 0.8 g/cc and their chemical composi-
tion being  Al2O3(27–33%),  SiO2(55–65%) and  Fe2O3(6%).

Preparation of Biocomposites

The fibers were detergent washed and dried in vacuum 
oven at 70 °C for 24  h before composite preparation. To 
ensure easy blending of the fibers with the RHDPE matrix, 
these detergent washed fibers (untreated) were cut into a 
fiber length of ∼6 mm manually. Prior to compounding the 
ingredients: RHDPE, detergent washed BF, MA-g-HDPE 
and FACS was pre dried in a vacuum oven.

RHDPE/BF at different weight percent of fiber (10–30 
wt%) was compounded in an intermeshing counter rotat-
ing JSW-twin screw extruder (PR/EX/02, Japan). The 
process was carried out at a screw speed of 150  rpm 
and temperature range of 140, 150, 160, 170 and 180 °C 
from the feed to die zone, respectively. The extrudates 
were cooled in water at room temperature, granulated 
in a pelletizer (HJC D75, Korea) and dried at 105 °C for 
4h to eliminate residual humidity before injection mold-
ing. The dried granules were taken for preparation of 

mechanical (tensile, flexural, izod impact and hardness) 
test specimens; according to ASTM D standards using 
an automatic injection molding machine (Kloner Wind-
sor (P) Ltd., India, PR/AIM/02) at 190 °C and injection 
pressure of 65 psi having a clamping force of 130 TONS. 
Then MA-g-HDPE at different weight percents (1, 3 and 
5 wt%) was compounded with RHDPE/BF composites 
(30 wt% BF loading). Subsequently, these mixtures were 
injection molded to prepare required mechanical test sam-
ples. Finally, based on the weight of RHDPE, the FACS 
content was varied (2.5, 5, 7.5 and 10 wt%) and the com-
pounding was done at fixed loading levels of 30 wt% BF 
with 3 wt% MA-g-HDPE, respectively to form RHDPE/
BF/MA-g-HDPE/FACS composites. The mechanical 
test samples were prepared by injection molding as men-
tioned above.

Mechanical Testing

Tensile properties (tensile strength, tensile modulus and 
elongation at break) of the biocomposites were meas-
ured as per ASTM D638 (Standard test method for ten-
sile properties of plastics) with guage length of 60 mm, 
at a crosshead speed of 10  mm/min by using Universal 
Testing Machine (AGS-10 KNG, Shimadzu). Flexural 
properties (flexural strength and modulus) were meas-
ured as per ASTM D790 (Standard test method for flex-
ural properties of unreinforced and reinforced plastics 
and electrical insulating materials) with guage length of 
60  mm, at a crosshead speed of 1.3  mm/min using the 
same Universal testing machine (AGS-10 KNG, Shi-
madzu). Notched izod impact strength of the composite 
specimens was evaluated using an Impactometer (Tinius 
Olsen, USA) as per ASTM D256 (Standard test method 
for determining the izod pendulum impact resistance of 
plastics) with a notch depth of 2.54 mm and notch angle 
of 45° using a 7 J hammer. The shoreD hardness values 
of the individual composites was determined according to 
ASTM D2240 (Standard test method for rubber property, 
Durometer hardness) in a ShoreD Hardness Tester (RR-
12). Hardness is generally used to describe resistance of 
material to surface indentation, scratching or marring. 
The measurements were carried out 15 s after the durom-
eter tip had touched the sample.

Tests for determination of mechanical properties were 
carried out in a standard temperature of 23  ±  2   °C and 
50  ±  2% RH. The data reported are from the average of 
6 specimens for each test. Corresponding standard devia-
tions have also been reported. The mechanical properties 
of the biocomposites were statistically evaluated with a one 
way analysis of variance (ANOVA) followed by a post-hoc 
Tukey HSD at 0.05 level of significance.

Table 1  Physical and chemical properties of BF [7, 33]

Property Values

Density (g/cm3) 0.712
Tensile strength (MPa) 54–754
E-modulus (GPa) 7.7–20
Elongation at break (%) 10–35
Moisture absorption (%) 9
Cellulose (wt%) 64
Lignin (wt%) 5
Hemicellulose(wt%) 19
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Thermal Properties

The melting, crystallization and thermal stability of 
RHDPE and the composites with fiber and FACS were 
studied using DSC (TA Instruments, DSCQ100) and 
TGA (TA Instruments, TGAQ500), respectively.

DSC analysis was carried out using 5–10  mg of the 
samples at a scanning rate of 20 °C/min and at a tem-
perature of 30–200 °C under nitrogen atmosphere. Sub-
sequently, the samples were held at 200 °C for 1  min 
and then cooled to 30 °C at the same rate and was again 
reheated from 30 to 200 °C. Corresponding melting tem-
perature, heat of fusion and crystallization temperature 
were recorded.

The thermal stability of the BF, RHDPE and the biocom-
posites was determined using TGA with samples of ≤5 mg 
weight and scanned from 40 to 600 °C at a heating rate of 
20 °C/min under nitrogen atmosphere. The initial, final and 
maximum degradation temperature and corresponding per-
centage weight loss for the samples were noted.

Scanning Electron Microscopy

The SEM of tensile fractured composite specimens was 
carried out using Hitachi-S520 (Oxford Link-SEM Model, 
Japan). The samples were sputtered with gold and were 
dried for half an hour at 70 °C in vacuum, before study.

Water Absorption Test

Water absorption test of RHDPE/BF and RHDPE/BF/
FACS composites was performed as per ASTM D570 
(Standard test method for water absorption of plastics). 
Specimens were dried at 80 °C in a vacuum oven until a 
constant weight was attained. Subsequently, they were 
immersed in water in a thermostated stainless steel water 
bath at 30 °C. Weight gain was recorded by periodic 
removal of the specimens from the water bath and weigh-
ing on a balance with a precision of 1  mg. The percent-
age gain at any time as a result of moisture absorption was 
determined.

Dynamic Mechanical Properties

The dynamic mechanical behavior of the samples was stud-
ied using dynamic mechanical analyzer (TA Instruments, 
DMAQ800). The experiments were carried out at a fixed 
frequency of 1 Hz and at a heating rate of 5 °C/min. The 
tests were conducted in a temperature range of −100 to 
+100 °C using specimen of dimensions 55 × 10 × 3 mm3.

Results and Discussion

Mechanical Properties

Effect of Fiber Loading on the Mechanical Properties 
of RHDPE/BF Composites

The tensile properties of RHDPE/BF composites at vari-
able weight percentage of BF (10–30 wt%) are represented 
in Table 2 and their corresponding stress–strain curves are 
presented in Fig.  1a. A significant decrease was observed 
in the values of tensile strength with increase in BF con-
tent up to 30 wt% in comparison with RHDPE. The ten-
sile strength of the composites decreased by 28% with an 
increase in the BF content to 30 wt%. The tensile strength 
of RHDPE is 25.51 MPa(±1.59) and at 30 wt% BF loading 
the tensile strength decreased to 18.27 MPa(±0.29). A sim-
ilar decrease in the tensile strength values was observed by 
various researchers for composites of RHDPE with Bagasse 
fiber [16], rice straw fiber [19], sisal fiber [20] and poplar 
fiber [34]. They explained that the decrease in the tensile 
strength values of the RHDPE matrix with the incorpora-
tion of these natural fibers owed to the dewetting effect. In 
the fiber/matrix boundary region stress concentrates around 
the reinforcement particle resulting in weak fiber–matrix 
interaction. However, the tensile modulus value of the com-
posites increased significantly (p < 0.05) by 100% from 
146.34  MPa(±39.76) to 295.57  MPa(±20.23) at 30 wt% 
BF content in comparison with the RHDPE matrix. This 
clearly indicated that addition of BF, significantly improved 
the stiffness of the composites. This increase in modulus of 
the RHDPE/BF composite with the increase in BF content 
can be attributed to the high stiffness of the fibers [35–37]. 
Such decrease in tensile strength with increase in tensile 
modulus values was also observed by Favaro et al. [20] for 
RHDPE/sisal fiber composites. The elongations at break of 
all the composites are also shown in Table 2. It is evident 
that there is a significant decrease in the elongation with 
the increase in BF loading in the RHDPE matrix implying 
reduction in ductility of the matrix. Destruction of struc-
tural integrity with the increase in loading of fibers [35, 38] 
results in decrease in the elongation at break values of the 
composites.

The flexural properties of the composite samples as a 
function of increasing fiber loading are presented in Table 2 
and their corresponding stress–strain curves are depicted in 
Fig.  2a. There was some increase in the flexural strength 
of the RHDPE matrix with incorporation of BF. However, 
no significant difference was observed with increase in 
fiber loading. But, a significant increase (p < 0.05) in flex-
ural modulus was observed with an increase in BF loading 
and is found to be 120% at 30 wt% loading of fiber. The 
flexural modulus in case of RHDPE is 154.03 MPa(±4.95), 
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which increased to 337.64  MPa(±19.19) at 30 wt% BF 
content. Bettini et  al. [39] also observed such increase in 
flexural modulus values with a decrease in tensile strength 
values for PP/coir fiber composites. They explained that 
the increase in flexural modulus could be due to the mobil-
ity of the amorphous region which becomes increasingly 
restrained owing to the presence of fibers that are stiffer 
than the polymer matrix. Table 2 also represents the izod 
impact strength of RHDPE/BF composites. Incorporation 
of BF resulted in a significant decrease in the izod impact 
strength of the RHDPE matrix. Incorporation of 30 wt% BF 
resulted in a decrease in the impact strength of the RHDPE 
matrix from 22.43  kJ/m2(±3.09) to 4.59  kJ/m2(±0.59). 
This decrease in the impact strength was due to the pres-
ence of fiber in the composites, which reduced the energy 
absorbed by the composites resulting in reduced toughness. 
A similar decrease in impact strength of RHDPE with fiber 
inclusion was observed by various researchers [16, 19, 40, 
41] suggesting the poor bonding quality between the fiber 
and the polymer matrix. The ShoreD hardness values of 
the samples increased with the increase in fiber loading 
(Table 2). This suggests that the degree of resistance of the 

composite to indentation measured in shore durometer is 
high [42]. Composites prepared at 30 wt% BF loading into 
RHDPE matrix have been taken for compatibilization with 
MA-g-HDPE.

Addition of MA-g-HDPE resulted in significant increase 
in the mechanical properties of RHDPE/BF composites, 
which is in agreement with results established in litera-
ture [16, 43]. Figures 1b and 2b represents the tensile and 
flexural stress–strain curves of the RHDPE/BF composite 
samples with addition of MA-g-HDPE at different weight 
percentage. The composites prepared at 30 wt% BF loading 
and 3 wt% MA-g-HDPE exhibited optimum mechanical 
strength (Table 2). It was observed that the tensile strength 
of RHDPE/BF/MA-g-HDPE composites increased to 40% 
[18.27  MPa(±0.29)–26.22  MPa(±0.25)], tensile modu-
lus to 30% [295.57  MPa(±20.23)–377.81  MPa(±15.66)
], flexural strength to 20% [28.35  MPa(±0.42)–34.19  MP
a(±1.09)], flexural modulus to a marginal 2% [337.64  M
Pa(±19.99)–342.43  MPa(±7.91)] and hardness (ShoreD) 
to 15% [65–75], respectively, when compared with neat 
RHDPE/BF composites. However, the elongation at break 
of the composites decreased significantly. There was no 

Fig. 1  Tensile stress versus strain curves for RHDPE/BF composites with variation in a Fiber, b Compatibilizer and c FACS loading
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significant difference in the values of izod impact strength 
by the incorporation of MA-g-HDPE in the RHDPE/BF 
composite system. From statistical analysis, significant 
increase (p < 0.05) in tensile strength, tensile modulus, 
flexural strength and hardness values were found in the 
RHDPE/BF composites with the addition of only 3 wt% 
of MA-g-HDPE. This increase in the mechanical behavior 
of the composites with the addition of compatibilizer owes 
to the reaction between the anhydride groups present in 
the compatibilizer with the hydroxyl groups of the natural 
fibers forming an ester linkage at the interface [44]. The 
MA-g-HDPE having more flexible PE chains can diffuse 
into the RHDPE/BF matrix leading to inter chain entangle-
ments, thereby contributing to the mechanical continuity 
of the system. This improves the fiber–matrix interface by 
reducing the void volume between the fibers and the matrix 
[33, 45, 46]. However, increase in the MA-g-HDPE content 

to 5 wt% resulted in a decrease in the mechanical strength 
of the composites which was due to self entanglement 
among the compatibilizer chains and not with the polymer 
matrix resulting in slippage [32, 44].

Effect of FACS Loading on the Mechanical Properties 
of RHDPE/BF Composites

As the RHDPE/BF composite samples at 30 wt% fiber 
loading and 3 wt% MA-g-HDPE showed optimum proper-
ties, this composition has been taken for fabrication with 
FACS. The tensile properties of RHDPE/BF composites 
with MA-g-HDPE containing different weight percentage 
of FACS are depicted in Table  2 and their corresponding 
stress–strain curves are presented in Fig.  1c. There was 
a significant increase (p < 0.05) in the values of tensile 
strength when FACS content was increased from 2.5 to 

Table 2  Mechanical properties of RHDPE/BF and RHDPE/BF/FACS composites with and without MA-g-HDPE as coupling agent (Values in 
parenthesis represents standard deviations)

*Average values followed by different letters in the same column are statistically different at p < 0.05

Sample Tensile 
strength 
(MPa)

Tensile modu-
lus (MPa)

Elong. at break (%) Flexural 
strength 
(MPa)

Flexural 
modulus 
(MPa)

Izod impact 
strength (kJ/m2)

Hard-
ness 
ShoreD

RHDPE 25.51
(1.59)

146.34
(39.76)

128.02
(41.68)

25.08
(0.43)

154.03
(4.95)

22.43
(3.09)

60

RHDPE/BF (90/10) 23.03b*
(1.26)

169.85a
(14.36)

44.03c
(8.26)

27.05a
(1.33)

247.36a
(19.96)

11.79c
(1.24)

60

RHDPE/BF (80/20) 19.95a
(0.50)

175.82a
(30.48)

50.58c
(13.64)

27.28a
(1.63)

257.37a
(13.19)

9.52cb
(3.19)

62

RHDPE/BF
(70/30)

18.27a
(0.29)

295.57b
(20.23)

19.85a
(7.34)

28.35a
(0.42)

337.64b
(19.99)

4.59a
(0.59)

65

RHDPE/BF/
MA-g-HDPE (69/30/1)

24.46bc
(1.77)

328.7bc
(9.04)

9.17ab
(0.42)

33.77b
(0.84)

339.57b
(37.92)

4.63a
(0.45)

68

RHDPE/BF/
MA-g-HDPE
(67/30/3)

26.22c
(0.25)

377.81c
(15.66)

13.81b
(1.32)

34.19b
(1.09)

342.43b
(7.91)

4.59a
(0.23)

75

RHDPE/BF/
MA-g-HDPE
(65/30/5)

23.56bc
(0.50)

295.00b
(47)

16.99ab
(3.15)

33.71b
(1.22)

321.93b
(14.73)

4.63a
(0.33)

72

RHDPE/BF/
MA-g-HDPE/
FACS
(64.5/30/3/2.5)

25.74c
(2.23)

365.68c
(35.62)

5.48ab
(1.20)

33.04b
(0.36)

347.49b
(33.51)

5.52a
(0.22)

74

RHDPE/BF/
MA-g-HDPE/
FACS
(62/30/3/5)

28.5d
(1.44)

391.58c
(78.37)

12.58ab
(1.51)

34.32b
(0.87)

357.94b
(19.29)

6.3ba
(0.6)

76

RHDPE/BF/
MA-g-HDPE/
FACS
(59.5/30/3/7.5)

29.97d
(0.47)

421.08c
(23.59)

9.77ab
(0.90)

34.67b
(0.95)

398.40c
(37.70)

6.9ba
(0.9)

82

RHDPE/BF/
MA-g-HDPE/
FACS
(57/30/3/10)

24.92bc
(2.24)

402.3c
(39.33)

7.03b
(1.79)

33.10b
(1.76)

362.85b
(24.06)

5.38a
(0.39)

80
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7.5 wt% owing to the effective dispersion of FACS in the 
RHDPE/BF matrix [47]. However, with further increase in 
FACS loading to 10 wt% the phenomenon of agglomeration 
of the filler particles occurred with a decrease in strength 
and modulus suggesting filler–filler interaction being more 
in comparison with the polymer-filler interaction, leading 
to a weak polymer/filler matrix [48]. There was no signifi-
cant difference in the values of tensile modulus and elonga-
tion at break with the increase in FACS loading.

The flexural strength and modulus of the RHDPE/
BF composites with variation in FACS loading from 2.5 
to 10 wt% was measured (Table  2; Fig.  2c). The flexural 
strength and modulus of RHDPE/BF composites at 0 wt% 
FACS loading were found to be 34.19  MPa(±1.09) and 
342.43  MPa(±7.91), respectively. FACS incorporation 
showed significantly no difference in the flexural strength 
values of the RHDPE/BF composite system. However 
the rigidity of the RHDPE/BF composites improved with 
the addition of FACS. The modulus of the composites 
increased significantly (p < 0.05) with increase in FACS 
loading. Thus incorporation of filler increased the flexural 
modulus due to restriction in chain mobility which was 

more pronounced at 7.5 wt% FACS loading [49–51]. The 
notched izod impact strength of the RHDPE/BF composites 
showed no appreciable change with the incorporation of 
FACS (Table 2). The presence of FACS particles makes the 
failure mode brittle and relatively less energy is absorbed 
by the composite having sound dispersoid/matrix bonding 
with less impact strength values [52]. The shore D hard-
ness values of the RHDPE/BF composites filled with FACS 
are shown in Table 2. There was a significant increase in 
the hardness values with increase in FACS loading and was 
maximum at 7.5 wt% which was in line with literature [53].

The RHDPE/BF composites had significant enhance-
ment (p < 0.05) in the values of tensile strength, flexural 
modulus, hardness and an optimum in tensile modulus, 
flexural strength and izod impact strength values with the 
addition of FACS suggesting it to be effective reinforcing 
filler. Such development of composites utilizing recycled 
thermoplastic matrix (shredded waste HDPE bottles from 
pharmaceutical industries) with natural fibers (residue of 
agro industries)/ FACS (wastes of thermal power stations) 
as reinforcements have potential to be cost- and energy-
effective wood substitute for building applications and a 

Fig. 2  Flexural stress versus strain curves for RHDPE/BF composites with variation in a Fiber, b Compatibilizer and c FACS loading
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sincere effort towards reduction of environmental pollu-
tion. Furthermore, composites produced in this study satis-
fied the requirements of ASTM D7032 in relation to tensile 
strength (24–27 MPa) and flexural strength (17.2 MPa) for 
utilization in deck boards and guardrail systems.

Thermal Properties

Differential Scanning Calorimetry

The melting and crystallization patterns of RHDPE/BF, 
RHDPE/BF/FACS composites and neat RHDPE matrix 
obtained through DSC analysis are shown in Fig.  3a–b. 
Table 3 summarizes the results obtained from these curves. 
The melting temperature  (Tm) of the RHDPE and its com-
posites with BF/FACS in presence of MA-g-HDPE was 
taken as the maximum of the endothermic peak obtained 
from the second heating (Fig.  3a), whereas the crystalli-
zation temperature  (Tc) was taken as the maximum of the 
exothermic peak from the cooling cycle (Fig. 3b).

Melting temperature  (Tm) did not show a tendency to 
increase or decrease with the addition of only BF, which 
was similar to result found by Mattos et al. [54] in case of 
polypropylene/lignocellulosic fiber composites. Here the 
authors observed a stabilization of  Tm and concluded that 
BF did not affect the crystalline structure of RHDPE.  Tm 
showed no change with inclusion of BF and increased with 
addition of FACS. This increment showed that the presence 
of FACS particles in the RHDPE/BF system causes a slight 
increase of  Tm.

Comparing the DSC cooling thermograms of RHDPE 
with respect to RHDPE/BF composite; it is observed that 
the  Tc of RHDPE was about 116.25 °C, with a degree of 
crystallinity,  Xc of 53.58% (Table 3). Incorporation of BF 

in the RHDPE matrix, results in a significant decrease 
in  Tc (112.33 °C) as well as the degree of crystallinity 
 (Xc) (35.09%) suggesting that mere presence of MA-g-
HDPE in the composite system reduced the perfection 
of RHDPE crystals. Addition of FACS to RHDPE/BF/
MA-g-HDPE system showed a  Tc of 113.68 °C and  Xc of 
about 31.14%. The degree of crystallinity has been esti-
mated using the following equation

where  Xc is the percentage of crystallinity, ΔHf is the 
experimental melting heat of fusion, ΔH100% is the heat of 
fusion of 100% crystalline HDPE (293 J/g) [16] and  WW is 
the weight fraction of FACS.

As observed in Table  3, melting (or crystallization) 
enthalpy (ΔHf) and  Xc of the composites with BF and 
both BF/FACS in presence of MA-g-HDPE decreased 
significantly in comparison with the RHDPE matrix. This 
reduction is related to the transcrystalline region in which 
restrictions in the lateral direction of growth of spheru-
lites are observed, resulting in a columnar layer [54]. 
Also such lowering in crystallinity level results in an 
improvement in the compatibility of the composite sys-
tem as suggested in literature [16, 24].

X
c(%) = ΔH

f
× 100∕ΔH

100%

(

1 −W
W

)

Fig. 3  DCS a heating and b cooling curve of RHDPE, RHDPE/BF/MA-g-HDPE and RHDPE/BF/MA-g-HDPE/FACS composites

Table 3  Melting and crystallization behavior of RHDPE, MA-g-
HDPE compatibilized RHDPE/BF and RHDPE/BF/FACS biocom-
posites

Sample Tm (°C) Tc (°C) ΔHf (J/g) Xc (%)

RHDPE 134.33 116.25 157.0 53.58
RHDPE/BF/MA-g-HDPE 134.84 112.33 95.10 35.09
RHDPE/BF/MA-g-HDPE/

FACS
135.79 113.68 84.40 31.14
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Thermogravimetric Analysis

The thermograms (TG)/derivatives (DTG) in Fig.  4a, b 
showed that RHDPE presented the highest onset tempera-
ture (461 °C) and, consequently, the highest thermal sta-
bility in relation to RHDPE/BF and RHDPE/BF/FACS 
composites compatibilized with MA-g-HDPE. For BF, two 
peaks with distinct intensities according to its composition 
were observed. First peak (218–398 °C), corresponds to the 
hemicellulose and cellulose degradation and the second 
peak (423–620 °C) is related to the degradation of lignin, 
one of the common components of any natural fiber.

There are two thermal stages for the composite sys-
tems containing fiber/filler. One degradation stage was 
for the fiber added, and the other was for the RHDPE. 
In RHDPE/BF composite, the initial peak at 295–365 °C 
corresponded to the decomposition of cellulose and hemi-
cellulose, while the peak at 417–497 °C corresponded 
to the RHDPE degradation and was confirmed by the 
behavior of RHDPE thermal degradation. In this range, 
lignin degradation could also occur as its degradation is 
slow and occurs from 100 to 900 °C [54]. The addition 
of fiber to the RHDPE matrix decreased the thermal sta-
bility of composite, which is confirmed due to the low 
onset temperature of the composite studied in relation to 
the neat matrix. The coupling agent had little influence 
on the degradation of the composites behavior and this 
was in line with results reported earlier [16]. Similarly, in 
case of RHDPE/BF/FACS composites, the two step deg-
radation process was observed. The first stage occurred 
at 307–378 °C, while the second one corresponded to 
416–509 °C. The maximum thermal degradation for these 
composites with FACS occurred at a higher temperature 
in comparison with the RHDPE/BF composites without 

FACS. This suggested that the addition of FACS to the 
RHDPE/BF system had a significant increase in the ther-
mal stability of the composite system. BF showed a resid-
ual of 18.9% suggesting carbonization of fiber along with 
mass loss. RHDPE/BF composite showed a residual of 
8.3%, whereas RHDPE/BF/FACS composite presented a 
residual of 9.5%. On the other hand, RHDPE showed a 
residual of 0.1% only.

Scanning Electron Microscopy

The morphology of the tensile fractured surfaces of 
RHDPE/BF composites with and without MA-g-HDPE 
and RHDPE/BF/FACS composites with MA-g-HDPE is 
depicted in Fig. 5a–c. As shown in Fig. 5a, poor disper-
sion was noticed in the RHDPE/BF composites without 
compatibilizer, where the fibers were seen to agglomerate 
into bunches, and some holes were seen after fiber pull-
out from the matrix on account of tensile stress. On the 
other hand, in the RHDPE/BF composites with compati-
bilizer (Fig. 5b), improved adhesion and fiber dispersion 
were seen resulting in less voids and fiber pullouts. Thus 
in presence of compatibilizer, satisfactory mechanical 
properties was observed which was in concurrence with 
results reported by authors on other natural fibers rein-
forced RHDPE matrix composites [16]. In the case of 
RHDPE/BF/FACS composite samples (Fig. 5c), addition 
of FACS to RHDPE/BF composites in presence of com-
patibilizer exhibited improved dispersion of BF within 
the RHDPE matrix with considerable reduction in the 
gaps between the fiber and the matrix. The FACS parti-
cles were encapsulated in the RHDPE/BF matrix result-
ing in less flaws and defects.

Fig. 4  TGA thermographs of a weight loss and b derivative weight loss with temperature of RHDPE, RHDPE/BF/MA-g-HDPE, RHDPE/BF/
MA-g-HDPE/FACS and BF
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Water Absorption Test

The influence of BF and FACS on the water absorption 
values of RHDPE/BF composites and RHDPE/BF/FACS 
composites is shown in Fig.  6. It is evident from the test 
results that there is a linear increase in the water absorp-
tion in all the samples with increase in the immersion 
time. However, with the addition of MA-g-HDPE into the 
RHDPE/BF composites the water absorption values are 
lowered, which is further lowered with the incorporation of 
FACS filler in the composite.

From Fig. 6 it is observed that the RHDPE/BF compos-
ite sample exhibited a greater tendency of water absorption 
in comparison with the RHDPE/BF/MA-g-HDPE compos-
ite, suggesting that the inclusion of MA-g-HDPE decreased 
the water absorption rate [33, 55]. In the case of RHDPE/
BF/FACS biocomposites, the presence of FACS cre-
ates longer diffusion paths resulting in further decrease in 
water absorption rate. The presence of FACS in the voids 
of the fiber and matrix prevents penetration of water into 
the deeper parts of the composite and the presence of MA-
g-HDPE leads to better interaction and decrease in water 
absorption values. This behavior was also reported in the 

Fig. 5  SEM micrographs of a RHDPE/BF, b RHDPE/BF/MA-g-HDPE and c RHDPE/BF/MA-g-HDPE/FACS composites

Fig. 6  Water absorption characteristics of Column1.RHDPE/BF, 
Column 2.RHDPE/BF/MA-g-HDPE and Column 3. RHDPE/BF/
MA-g-HDPE/FACS composites
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use of different matrices and fillers by Biswal et  al. [44] 
and Nourbaksh et al. [56].

Dynamic Mechanical Analysis

The dynamic mechanical properties of the RHDPE, 
RHDPE/BF and RHDPE/BF/FACS composites compati-
bilized with MA-g-HDPE were investigated to get a clear 
idea about the matrix/fiber-filler interactions. The dynamic 
mechanical analysis curves of the composites with increase 
in temperature, is shown in Fig. 7a–c.

Storage Modulus (E′)

The variation of storage modulus as a function of tem-
perature for different samples is graphically represented in 
Fig.  7a. It is evident that by addition of BF the modulus 
of the RHDPE matrix is increased. This behavior is pri-
marily attributed to the reinforcing effect imparted by the 
fibers that allowed a greater degree of stress transfer at 
the interface resulting in increase in the stiffness [57]. For 
RHDPE, the highest storage modulus value was found to be 
3131.62 MPa, whereas for the RHDPE/BF composites the 
value was increased to 3935.59 MPa. In case of RHDPE/
BF/FACS composites a much enhanced storage modulus 
value of 4328.60 MPa was observed showing improved dis-
persion of the FACS within the fiber-resin matrix. Thus the 
storage modulus values obtained were in agreement with 
the flexural modulus values studied in earlier section sug-
gesting E′ to be a measurement of load-bearing capacity 
of the material [51, 58]. Also the increased storage mod-
ulus values of the composites with fiber/FACS indicated 
an improvement in interfacial bonding and stiffness of the 
composites [59]. For RHDPE, the highest storage modulus 
value was found to be 3131.62 MPa, transition temperature 
from loss modulus peak (Fig.  7b) was 57.52 °C and the 
damping value (Fig.  7c) at the transition temperature was 
0.18.

Loss Modulus (E″)

In this study, the loss modulus curves of RHDPE, 
RHDPE/BF and RHDPE/BF/FACS composites with MA-
g-HDPE has been investigated and represented in the 
Fig. 7b. The E″ curves of RHDPE as well as the biocom-
posites with BF and FACS exhibited a single prominent 
peak at 30–60 °C which can be attributed to the α’ transi-
tion temperature [60, 61]. From the figure, this α’ transi-
tion temperature is significantly shifted to higher temper-
ature in case of RHDPE/BF/MA-g-HDPE and RHDPE/
BF/MA-g-HDPE/FACS composites in comparison with 
RHDPE. In the case of RHDPE, the maxima of the α’ 
peak is obtained at a temperature of 57.52 °C. In the 

case of RHDPE/BF composites the α’ transition peak is 
shifted to 61.95 °C. Further with the addition of FACS, an 
increase in the α’ transition peak temperature to 63.23 °C 
was observed which indicates a genuine interface. This 
shift to higher temperature is attributed to the restriction 
in the mobility of the polymer chains in the crystalline 
phase so that more energy is required for the transition 
to occur [32, 62]. The E″ value was 163.71 MPa in case 
of RHDPE, which significantly increased to 244.69 MPa 
in RHDPE/BF/MA-g-HDPE and to 268.54  MPa in case 
of RHDPE/BF/MA-g-HDPE/FACS composites. This 

Fig. 7  a Storage modulus, b Loss modulus and c Loss tangent of 
RHDPE biocomposites with respect to RHDPE
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increment in the loss modulus value of the composites 
with filler addition owes to maximum viscous dissipation 
[51].

Loss Tangent (tan δ)

The tan δ values as a function of temperature is represented 
in Fig.  7c. The composites as well as the matrix, showed 
relatively the same tan δ values and the curves overlayed 
below the onset of α’ transition. It is after this point that 
the matrix and the composites curves start deviating from 
each other. A slight reduction in tan δ value is obtained for 
the BF and both BF/FACS filled composites in comparison 
with RHDPE matrix. This suggests less energy dissipation 
with a stronger interface that becomes more pronounced 
at temperatures above α’ transition [44, 59]. The damping 
(tanδ) values of RHDPE, RHDPE/BF and RHDPE/BF/
FACS composites compatibilized with MA-g-HDPE at the 
α’ transition temperature were 0.18, 0.16 and 0.15, respec-
tively. Thus from DMA analysis, in FACS filled RHDPE/
BF/MA-g-HDPE composite, a good bonding at the filler-
matrix interface was observed.

Conclusion

FACS and BF are successfully used as filler in RHDPE 
to prepare biocomposites. Mechanical, thermal, morpho-
logical and dynamic mechanical evaluations were done. 
Mechanical properties such as tensile strength, flexural 
modulus and hardness of the BF/RHDPE composite sys-
tem increased significantly with the addition of FACS. 
The decreased melting enthalpy and crystallinity degree 
suggested an interaction of the fiber/FACS in the RHDPE 
matrix. The thermal stability of the fiber/polymer system 
increased in presence of FACS. The storage and loss modu-
lus values increased with the incorporation of the FACS in 
the RHDPE/BF composite system with a decrease in damp-
ing factor. Based on the findings obtained from this study, 
the FACS can be efficiently used as reinforcing filler in 
natural fiber/recycled thermoplastic composites to be useful 
for false roofings, floorings, deckings and furniture applica-
tions. FACS as filler in polymeric composites has a lot of 
research potential, considering the present day environmen-
tal concerns. Further analysis using various treatments on 
to the fiber/FACS in the preparation of composites with the 
same as well as different matrices can be carried out and 
their potential applications can be explored.
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