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ABSTRACT: Recycled high-density polyethylene (RHDPE)/coir fiber (CF)-reinforced biocomposites were fabricated using melt blending

technique in a twin-screw extruder and the test specimens were prepared in an automatic injection molding machine. Variation in

mechanical properties, crystallization behavior, water absorption, and thermal stability with the addition of fly ash cenospheres

(FACS) in RHDPE/CF composites were investigated. It was observed that the tensile modulus, flexural strength, flexural modulus,

and hardness properties of RHDPE increase with an increase in fiber loading from 10 to 30 wt %. Composites prepared using 30 wt

% CF and 1 wt % MA-g-HDPE exhibited optimum mechanical performance with an increase in tensile modulus to 217%, flexural

strength to 30%, flexural modulus to 97%, and hardness to 27% when compared with the RHDPE matrix. Addition of FACS results

in a significant increase in the flexural modulus and hardness of the RHDPE/CF composites. Dynamic mechanical analysis tests of

the RHDPE/CF/FACS biocomposites in presence of MA-g-HDPE revealed an increase in storage (E0) and loss (E00) modulus with

reduction in damping factor (tan d), confirming a strong influence between the fiber/FACS and MA-g-HDPE in the RHDPE matrix.

Differential scanning calorimetry, thermogravimetric analysis thermograms also showed improved thermal properties in the compo-

sites when compared with RHDPE matrix. The main motivation of this study was to prepare a value added and low-cost composite

material with optimum properties from consumer and industrial wastes as matrix and filler. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2015, 132, 42237.
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INTRODUCTION

Thermoplastics such as polyethylenes [PEs: high-density poly-

ethylene (HDPE), low-density polyethylene (LDPE), and linear

low density polyethylene (LLDPE)] and polypropylene (PP)

constitute nearly 60–70% of the polymer waste and the remain-

ing include polystyrene (PS) (approx. 10–15%), poly vinyl chlo-

ride (PVC) (approx. 15%) along with small quantities of

polyethylene terephthalate (PET) (approx. 5%). PEs and PP

constitute the major fraction of the polymer waste stream in

India1 and when disposed in land fills manifest a formidable

threat to the environment because of their nonbiodegradable

nature. Recycling of these is preferable over many other thermo-

plastics due to its lower melting point and ease in processing

on conventional plastic processing equipment at a lower tem-

perature and the process is quite economical.2 However, recy-

cling is usually accompanied by degradation and deterioration

of their technical properties. Hence, recovery of some of its

properties can be achieved by cross-linking, addition of fillers

either particulate or fibrous, and modifying it to improve their

property spectrum.

Biocomposites or natural fiber composites are composed of bio-

degradable natural fibers as reinforcement and biodegradable or

nonbiodegradable polymers as matrix. They can be used as an

alternative to glass fiber-reinforced polymer composites in auto-

motive and construction industries that can be environmentally

compatible.3 They have also found applications in furniture and

packaging industries.4 The mechanical properties of natural

fibers are much lower than those of glass fibers, but, their spe-

cific properties, especially stiffness, are comparable to those of

glass fibers. They are 50% lighter than glass, and in general

much cheaper.5 Natural fiber-reinforced polymer (thermoplastic,

thermosets, and rubber) composites have tremendous advan-

tages over the conventional materials in the scientific world.

They have gained vast popularity despite their high cost in

high-performance products that need to be light weight yet

strong to overtake harsh loadings.

Natural fibers are common industrial by-product that offers a

great potential as reinforcing agent in recycled PEs in forming

biocomposite materials. Some exclusive studies on the recycled

HDPE (RHDPE)/natural fiber composites give us knowledge on
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their dynamic properties to be useful in various areas. Lei et al.6

have suggested that maleated PE (MAPE), carboxylated polyeth-

ylene, and titanium-derived mixture improve the compatibility

between the bagasse fiber and RHDPE. The modulus and

impact strength of the composites have maxima with MAPE

content increase. Cui et al.7 have obtained improvement in the

mechanical properties of wood fiber/post consumer HDPE

composites by addition of coupling agent (MAPP). Yao et al.8

have described that both virgin and RHDPE/rice straw fiber

composites have comparable mechanical properties with those

of wood composites and they suggested rice straw fiber to be a

suitable filler in recycled plastics. Favaro et al.9 have observed

improved flexural and impact properties from the composites

prepared with modified sisal fibers and unmodified postcon-

sumer HDPE matrix. Oza et al.10 have observed that chemical

treatment of hemp fibers improve the flexural strength of

RHDPE/hemp fiber composites. Samariha et al.11 have found

that thickness swelling and water absorption increase with the

increase in bagasse fiber content in RHDPE and Aht-Ong

et al.12 have suggested that PE-graft-maleic anhydride (PE-g-

MA) compatibilizer can improve the properties of the compo-

sites prepared from cellulose fiber (cotton waste fabric) and

recycled PE. Some of our earlier publications13,14 also reflect the

beneficial properties obtained by the formation of composites

using synthetic fibers (short PET and glass) as reinforcement in

waste PE collected from municipal solid waste. The composites

obtained are cost effective and can be useful for various con-

struction purposes.

Coir fiber (CF) is the cheapest lignocellulosic natural fiber obtained

from the fibrous mesocarp of coconuts, the fruit of coconut tree

(Cocus nucifera). It is estimated that India and Srilanka account for

nearly 90% of the world’s coir production. Coir is a hard fiber,

highly durable, relatively waterproof and has high abrasion resist-

ance. Its efficiency as reinforcement in polymeric matrices is gain-

ing vast importance. Njoku et al.15 found out that environment

friendly biodegradable composites having good strength and mod-

ulus can be produced with alkali treatment as well as fiber content

variation in the CF reinforced cashew nut shell liquid-based bio-

polymer. Rao et al.16 found out that both the treated and untreated

coir can be successfully utilized to produce composite for value

added products and increase in coir loading increased the wear

resistance of CF-reinforced epoxy composites. Ayrilmis et al.17 sug-

gested that CF can be a partial replacement for heavier and costlier

glass fibers and they obtained an increase in tensile strength, flex-

ural strength, and modulus of elasticity for CF-reinforced PP com-

posites. Karthikeyan and Balamurugan18 found out that the impact

strength of CF-reinforced epoxy composites improved with alkali

treatment of fibers. Hussain et al.19 studied the mechanical behav-

ior of green CF-reinforced HDPE composites and observed

improvement in the tensile, flexural, and impact strengths with var-

iations in fiber length and volume fractions. Nam et al.20 studied

the mechanical properties of alkali-treated CF/poly (butylene succi-

nate) composites and obtained an increase of tensile strength by

54.5%, tensile modulus by 141.9%, flexural strength by 45.7%, and

flexural modulus by 97.4% compared to those of pure resin. Bettini

et al.21 investigated the use of CF as alternative reinforcement in PP

and they obtained an increase in tensile strength, impact strength,

and elastic modulus with decrease in elongation at break in pres-

ence of PP-g-MA. Wambua et al.5 studied the effect of various nat-

ural fibers (sisal, kenaf, hemp, jute, and coir) as reinforcement in

PP matrix. They suggested that the CF-reinforced composites dis-

played the lowest mechanical properties, but higher impact

strength in comparison with other fibers. Fernandes et al.22 studied

the composites prepared from HDPE/cork powder/short CF and

they obtained an increase in elastic modulus and tensile strength.

Bhagat et al.23 studied the mechanical properties and water absorp-

tion behavior of coir/glass fiber-reinforced epoxy-based hybrid

composites and they observed an improvement in flexural strength

(15 mm fiber length) and hardness (20 mm fiber length) of the

composites at 10 wt % fiber loading. They also observed a mini-

mum water absorption rate in the composites at 5 wt % fiber load-

ing and at 5 mm fiber length. Zainudin et al.24 studied the

mechanical and morphological properties of coir/oil palm empty

fruit bunch fibers-reinforced PP hybrid composites and they

obtained an enhancement in the mechanical properties. They also

suggested that the hybrid biocomposite material produced could

be used to produce components like rear mirrors’ holder and win-

dow levers, fan blades, mallet, or gavel.

Fly ash cenospheres (FACS) are small proportion of the pulver-

ized fuel ash produced from the combustion of coal in power

stations. They are unique free-flowing powders composed of

hard-shelled, hollow, minute spheres consisting of silica, iron,

and alumina. They have ultra low density, low thermal conduc-

tivity, high particle strength, resistant to acids, and low water

absorption characteristics. These features suggest its use as a

good candidate material (filler) in various matrices. Deepthi

et al.25 reported that silane coupling agent treatment of FACS

and HDPE-g-dibutyl maleate as compatibilizer helps in improv-

ing the mechanical properties and thermal stability of the

HDPE/FA composites. Chand et al.26 observed excellent com-

patibility between the FACS and HDPE matrix by modification

of FACS surface using silane treatment that resulted in consider-

able improvement in the impact strength and sensitivity of the

composites which ultimately translated into better wear per-

formance of composites even in severe abrasive conditions. The

effect of silane coupling agent in FA-filled WPE/reclaim rubber

blend27 was evaluated in an earlier study by us and improve-

ments in the tensile strength, flexural strength, flexural modu-

lus, impact strength, and hardness of the blend composites was

obtained. Recent studies28,29 by us have suggested that use of

FA as filler in WPE and HDPE matrices gave an enhancement

in mechanical, thermal, and dynamic mechanical properties of

the resulting composites with various modifications and this

can be a good solution toward reduction of environmental

pollution.

The effects of FACS on the detailed mechanical and physical

characteristics of a natural fiber/recycled polymer composite

have not been yet reported. However, there exist some litera-

tures that indicate that the introduction of FA in the fiber/poly-

mer system can be satisfactory for enhancing the mechanical

properties. Kulkarni et al.30 observed a better compressive

strength and lowered density along with cost with the use of

inexpensive FA in the E-glass fiber/epoxy system. They sug-

gested an economically and engineering viable system to be

obtained that could be considered for further development.
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Saxena et al.31 obtained better physical, chemical, mechanical,

weathering, and fire resistance properties than conventional

materials like wood and wood substitute by using FA as filler in

jute/sisal-reinforced polyester resin composites. They suggested

that the developed composite system can be used for a number

of applications like partitioning, false ceiling, roofings, panels,

floorings, wall tiles, furniture, etc. Subham and Tiwari32 studied

the mechanical properties of FA-filled E-glass fiber/epoxy com-

posites by varying FA concentrations and modifying the FA sur-

face by c-amino propyl triethoxy silane coupling agent. With

surface modification of FA, the tensile and impact strength

showed improvement resulting in good interfacial bonding and

lower damping capability.

In this investigation, an effort has been made to evaluate the

performance characteristics of RHDPE/CF-reinforced compo-

sites filled with FACS. MA-g-HDPE has been used as the cou-

pling agent to improve the interfacial bonding between the

fibers and RHDPE matrix. Variation in mechanical properties of

RHDPE/CF composites as a function of FACS loading has been

evaluated. The composite samples were subjected to dynamic

mechanical analysis (DMA) measurements to evaluate the stiff-

ness and damping properties under specific periodic stress. The

fractured surface and interfacial adhesion morphology of the

composites were also observed using scanning electron micros-

copy (SEM). Thermal stability of the samples has been studied

using differential scanning calorimetry (DSC) and thermogravi-

metric analysis (TGA) thermograms. Water absorption and

aging behavior were also investigated to evaluate the extent of

mechanical degradation in the composites with aging.

EXPERIMENTAL

Materials

RHDPE was obtained from Sneha plastics, Hyderabad, India

and was used as the base polymer matrix material. It was found

to have an MFI of 0.84 g/10 min and density of 0.950 g/cc.

Brown CF procured from Sri Srinivasa coir products, Hydera-

bad, India, was used as a reinforcing agent. The physical and

chemical properties of CF are represented in Table I. 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 compatibilizer. FACS (grade: 5–150 mm) was

procured from Swift Services, Secunderabad. The average parti-

cle size of FACS used in the experiment was found to be 125

mm, as shown in Figure 1. The assorted shape and size of the

same was identified by SEM analysis, as shown in Figure 2. The

FACS particles are mainly spherical in shape with relatively

smooth surfaces having average particle density of 0.6–0.8 g/cc

and their chemical composition 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 CF at different weight percents (10, 20, 30, and 40 wt

%), MA-g-HDPE (1, 3, and 5 wt %), and FACS (2.5, 5, 7.5,

and 10 wt %) were pre-dried in a vacuum oven.

In the first stage, RHDPE/CF at different weight percents of

fiber (10, 20, 30, and 40 wt %) was compounded in an inter-

meshing counter rotating 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 pel-

letizer (HJC D75, Korea) and dried at 105�C for 4 h to elimi-

nate residual humidity before injection molding. The dried

granules were taken for preparation of mechanical (tensile, flex-

ural, izod impact, and hardness) test specimens; according to

ASTM D standards using an automatic injection molding

machine (Kloner Windsor (P) Ltd., India, PR/AIM/02) at

190�C and injection pressure of 65 psi having a clamping force

of 130 tons.

In the second stage, MA-g-HDPE at different weight percents

(1, 3, and 5 wt %) was compounded with RHDPE/CF compo-

sites (30 wt % CF loading). Subsequently, these mixtures were

injection molded to prepare required mechanical test samples.

Finally, based on the weight of RHDPE, the FACS content was

Table I. Physical and Chemical Properties of CF5,34

Property Values

Density (g/cm3) 1.25

Tensile strength (MPa) 220

E-Modulus (GPa) 6

Elongation at break (%) 15–25

Moisture absorption (%) 10

Cellulose (wt %) 36–43

Lignin (wt %) 41–45

Hemicellulose (wt %) 10–20

Figure 1. Average particle size of FACS.
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varied (2.5, 5, 7.5, and 10 wt %) and the compounding was

done at fixed loading levels of 30 wt % CF with 1 wt % MA-g-

HDPE, respectively, to form RHDPE/CF/MA-g-HDPE/FACS

composites. The mechanical test samples were prepared by

injection molding as mentioned above.

Mechanical Testing

Tensile properties (tensile strength, tensile modulus, and elonga-

tion at break) of the biocomposites were measured as per

ASTM D638 (standard test method for tensile properties of

plastics) with guage length of 60 mm, at a cross-head 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 flexural

properties of unreinforced and reinforced plastics and electrical

insulating materials) with guage length of 60 mm, at a cross-

head speed of 1.3 mm/min using the same Universal Testing

Machine (AGS-10 KNG, Shimadzu).

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 shore D hardness values of the individual composites was

determined according to ASTM D2240 (standard test method

for rubber property, Durometer hardness) in a Shore D Hard-

ness Tester (RR-12). Hardness is generally used to describe

resistance of material to surface indentation, scratching, or mar-

ring. The measurements were carried out 15 s after the durome-

ter tip had touched the sample.

Tests for determination of mechanical properties were carried out

in a standard temperature of 23 6 2�C and 50 6 2% RH. The

data reported are from the average of six specimens for each test.

Corresponding standard deviations have also been reported.

Statistical Analysis

All mechanical data were statistically analyzed. The mechanical

properties of the RHDPE/CF, RHDPE/CF/MA-g-HDPE, and

RHDPE/CF/MA-g-HDPE/FACS composites were statistically

analyzed using t-test; p values <0.05 were considered to be

significant.

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 temperature of 30–200�C
under nitrogen atmosphere. Subsequently, 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 temperature, heat of fusion, and crystallization temper-

ature were recorded.

The thermal stability of the CF, RHDPE, and the composites

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 degrada-

tion temperature and corresponding percentage weight loss for

the samples were noted.

Water Absorption Test

Water absorption test of RHDPE/CF and RHDPE/CF/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 thermo stated

stainless-steel water bath at 30�C. Weight gain was recorded by

periodic removal of the specimens from the water bath and

weighing on a balance with a precision of 1 mg. The percentage

gain at any time as a result of moisture absorption was

determined.

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.

Dynamic Mechanical Properties

The dynamic mechanical behavior of the samples was studied

using dynamic mechanical analyzer (TA Instruments,

DMAQ800). The experiments were carried out a fixed frequency

of 1 Hz and at a heating rate of 5�C/min. The tests were con-

ducted in a temperature range of 2100 to 1100�C using speci-

men of dimensions 55 3 10 3 3 mm.

RESULTS AND DISCUSSION

Mechanical Properties

Effect of CF Loading on the Mechanical Properties of RHDP-

E/CF Composites. The mechanical properties of RHDPE/CF

composites at variable weight percentage of CF (10–30 wt %)

are represented in Table II. It was observed that the composites

prepared using CF loading of 40 wt % was difficult to process

in the JSW twin-screw extruder. This may be probably due to

improper wetting of the fibers within the RHDPE matrix which

means the RHDPE content is not sufficient to wet all the fiber

surfaces leading to poor interfacial adhesion, in turn difficulty

Figure 2. SEM micrograph of FACS particles.
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in processing. Thus in this case, CF loading up to 30 wt % in

the RHDPE matrix was taken into account and the detail

mechanical properties were studied thereof.

The tensile strength of RHDPE/CF composites with increase in

fiber content are shown in Table II. Tensile strength is basically

the ability of a material to resist breaking under tensile stress

and is an important and widely measured property of materials

used in structural applications. The force per unit area (MPa or

psi) required to break a material in such a manner is the ulti-

mate tensile strength or strength at break. Tensile strength of

any composite depends on the chemical composition of the

fiber and its internal structure. No significant difference was

observed in the values of tensile strength with increase in CF

content up to 20 wt % in comparison with RHDPE. The tensile

strength of the composites decreased marginally by 9% with an

increase in the CF content to 30 wt % (Table II). In this case, it

is found that the tensile strength of RHDPE is 25.51 MPa

(61.59) and at 30 wt % CF loading, the tensile strength

decreases to 23.21 MPa (61.67). Cellulose content plays an

important role in the tensile strength of natural-fiber-filled

composites because cellulose chains have high resistance in ten-

sion.5,17 In RHDPE/CF composites, the decrease in the tensile

strength owes to the lower cellulose content of CF as compared

to other natural fibers. Contrary results were obtained by Njoku

et al.15 in the case of CF/CNSL composites where they observed

an increase in the tensile strength values with increase in CF

loading up to 30 wt %. However, a similar decrease in the ten-

sile strength values of the composites were observed by Lei

et al.6 for RHDPE/bagasse fiber, Yao et al.8 for RHDPE/rice-

straw fiber, Favaro et al.9 for RHDPE/sisal fiber, and Nour-

bakhsh et al.34 for RHDPE/poplar fiber composites. They

explained that the decrease in the tensile strength values of the

RHDPE matrix with the incorporation 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.

The tensile modulus value of the composites increased signifi-

cantly (p< 0.05) by 15% from 146.34 MPa (639.76) to 360.84

MPa (639.82) when the CF content increased from 10 to 30 wt

% (Table II) in comparison with the RHDPE matrix. Tensile

modulus is basically the measure of stiffness of a material. The

observations from Table II clearly indicated that increasing the

CF content significantly improved the stiffness of the RHDPE/

CF composites. This increase in modulus of the RHDPE/CF

composite with the increase in CF content can be attributed to

the fact that the CF are stronger, stiffer, and capable of adhering

to the RHDPE matrix enabling load transfer from the matrix to

the fibers through the fiber/matrix interface.15,17 A significant

increase in the tensile modulus values was also observed by

Favaro et al.9 in RHDPE/sisal fiber composites. The elongations

at break of all the composites are shown in Table II. It is evi-

dent that there is a severe fall in the elongation with the

Table II. Mechanical Properties of RHDPE/CF, MA-g-HDPE Compatibilized RHDPE/CF and RHDPE/CF/FACS Composites

Sample

Tensile
strength
(MPa)

Tensile
modulus
(MPa)

Elong.
at break
(%)

Flexural
strength
(MPa)

Flexural
modulus
(MPa)

Izod impact
strength
(kJ/m2)

Hardness
Shore D

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/CF (90/10) 24.87
(1.52)

173.99
(14.93)

37.52*
(9.10)

26.33*
(0.23)

173.93*
(2.37)

17.38*
(2.50)

62

RHDPE/CF (80/20) 24.92
(0.34)

209.96*
(23.44)

17.51*
(3.50)

26.95*
(0.44)

190.33*
(3.80)

16.30*
(2.48)

64

RHDPE/CF (70/30) 23.21*
(1.67)

360.84*
(39.82)

8.95*
(1.53)

29.02*
(0.50)

276.42*
(17.18)

13.83*
(0.56)

70

RHDPE/CF/ MA-g-HDPE (69/30/1) 24.64
(1.21)

464.41*
(57.07)

6.51*
(1.29)

32.54*
(1.53)

303.98
(34.41)

3.46*
(0.13)

76

RHDPE/CF/ MA-g-HDPE (67/30/3) 22.06
(0.76)

354.12
(30.79)

13.6*
(1.91)

30.97*
(0.71)

298.60*
(9.98)

3.69*
(0.29)

74

RHDPE/CF/ MA-g-HDPE (65/30/5) 22.63
(0.67)

323.31
(42.86)

15.69*
(3.39)

29.90*
(0.51)

275.95
(6.35)

3.61*
(0.20)

72

RHDPE/CF/ MA-g-HDPE/ FACS
(66.5/30/1/2.5)

18.47*
(0.27)

317.65*
(35.96)

13.27*
(0.74)

26.84*
(0.59)

333.14
(18.98)

4.60*
(0.42)

75

RHDPE/CF/ MA-g-HDPE/ FACS
(64/30/1/5)

18.69*
(0.54)

352.85*
(30.66)

9.35*
(1.22)

26.24*
(0.85)

343.12*
(14.07)

4.13*
(0.42)

77

RHDPE/CF/ MA-g-HDPE/ FACS
(61.5/30/1/7.5)

21.09*
(0.75)

408.05
(63.71)

6.49
(1.30)

27.81*
(0.82)

393.50*
(57.87)

4.05
(0.58)

82

RHDPE/CF/ MA-g-HDPE/ FACS
(59/30/1/10)

16.24*
(1.63)

267.28*
(15.78)

12.38*
(2.51)

25.04*
(0.48)

326.01
(31.15)

3.69
(0.20)

80

Values in parenthesis represent standard deviations.
*p<0.05.
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incorporation of CF in the RHDPE matrix implying reduction

in ductility of the matrix. A significant decrease in the values of

elongation at break was observed in the composites from 10 to

30 wt % loading of fiber. The decrease in elongation of the

composites was explained by some researchers as a result of

destruction of structural integrity with the loading of CF lead-

ing to reduction in the ductile nature of the resin.15,35

The flexural properties of the samples as a function of increas-

ing CF are presented in Table II. It is observed from the table

that unlike tensile strength of the composites that show a slight

decrease with increasing fiber loading, the flexural strength

increased significantly (p< 0.05) for the RHDPE/CF composites.

The flexural strength of RHDPE is 25.08 MPa (60.23) and at

30 wt % CF content, it increased to 29.02 MPa (60.50). Nearly,

16% increase in the flexural strength was observed with the

incorporation of 30 wt % of CF. The improvement of the flex-

ural strength up to 30 wt % fiber content could be attributed to

the increased network system by the CF as it has high aspect

ratio. This results in increased bending properties of the com-

posites.34 A significant increase (p< 0.05) in flexural modulus

was also observed with an increase in CF loading and is found

to be 79% at 30 wt % loading of fiber (Table II). The flexural

modulus in case of RHDPE is 154.03 MPa (64.95), which

increased to 276.42 MPa (617.18) at 30 wt % CF loading. This

observation suggests that increasing CF content significantly

improves the stiffness of the samples. The moduli of natural

fibers are comparatively higher than that of the thermoplastic

matrix. The increased flexural modulus of the composite sam-

ples with increasing fiber content owes to the higher moduli of

the natural fiber. The increase in flexural modulus suggests effi-

cient stress transfer between the polymer and fiber. The increase

in flexural modulus can also be due to the mobility of the

amorphous region which becomes increasingly restrained owing

to the presence of fibers that are stiffer than the polymer

matrix.23 The increase in the modulus suggests good dispersion

of the CF in the RHDPE matrix. The increase in flexural

strength and flexural modulus is due to the finely distributed

CF in the matrix and further increase in CF loading leads to

the fiber coagulation in the composite resulting in difficulty in

processing of the composites.

Table II also represents the izod impact strength of RHDPE/CF

composites. Incorporation of CF resulted in a significant

decrease in the izod impact strength of the RHDPE matrix.

Incorporation of 30 wt % CF resulted in a decrease in the

impact strength of the RHDPE matrix from 22.43 (63.09) to

13.83 (60.56) kJ/m2. This decrease in the impact strength was

due to the presence of CF in the composites, which reduced the

energy absorbed by the composites. Agunsoye et al.35 observed

a decrease in impact energy of the PE composites with an

increase in coconut shell particles content, where the sample

with 25% volume fraction coconut shell particles in the matrix

showed the lowest impact energy of 1.76 J. The impact proper-

ties determine the ability of a material to withstand an impact

load and are basically the toughness of the material. The impact

strength of the composites decreases as the fiber loading is

increased. This reflects the reduction in energy absorption at

the crack tip.36 The poor bonding quality between the fiber and

the polymer matrix creates weak interfacial regions which will

result in debonding and frictional pull out of fiber bundles.

These failure mechanisms, which inhibit the ductile deformation

and mobility of the matrix, will obviously lower the ability of

the composite system to absorb energy during fracture propaga-

tion.35 From the table, it is evident that the toughness of the

composites decreases with increase in the CF loading. Similar

decrease in impact strength of RHDPE with variation in fiber

loading was observed by other researchers as well.6,8,37,38

The Shore D hardness values of the samples increased by 17%

when the CF content increased from 10 to 30 wt % in the com-

posite (Table II). This was consistent with previous studies.17,36

The hardness value was determined by the penetration of the

durometer indenter foot into the specimen. The results obtained

give us an insight into the relative resistance to indentation of

various composites. From the results obtained, it is observed

that the hardness values of the composites increases with

increase in fiber loading and is the maximum at 30 wt % CF

loading having a value of 70. This implies that the degree of

resistance of the composite to indentation measured in shore

durometer is high.39 The improvement in the hardness values

was due to the high lignin content of the CF. CF is a tough and

stiffer fiber owing to the presence of high lignin content and

this in turn acts as a force in increasing the stiffness of the

composites.

Effect of Compatibilizer (MA-g-HDPE) on the Mechanical

Properties of RHDPE/CF Composites. Addition of CF (10–30

wt %) into RHDPE matrix results in a decrease in the tensile

strength, izod impact strength, and elongation at break values

of the RHDPE/CF composites. However, a significant increase

in tensile modulus, flexural strength, flexural modulus, and

hardness values are observed with increase in CF loading.

Hence, to study any further possibility of enhancement in the

mechanical properties of the RHDPE/CF composites, MA-g-

HDPE was used as a compatibilizing agent. From literature,40,41

it is evident that MA-g-PE and MA-g-PP acts as a dispersing

agent between the polar fibers and the nonpolar matrix result-

ing in improved interfacial adhesion. They contribute to

enhanced stress transfer from the matrix to the fiber, in turn

increasing the properties further. Composites prepared at 30 wt

% of CF loading have been taken for compatibilization with

MA-g-HDPE (1, 3, and 5 wt %.) and the mechanical properties

were studied in detail. Addition of MA-g-HDPE resulted in sig-

nificant increase in the mechanical properties of RHDPE/CF

composites, which is in agreement with the results observed by

other researchers.6,42

The composites prepared at 30 wt % CF loading and 1 wt %

MA-g-HDPE exhibited optimum mechanical strength (Table II).

It was observed that the tensile strength of RHDPE/CF/MA-g-

HDPE composites increased to 6% [23.21 (61.67) to 24.64

(61.21) MPa], tensile modulus to 29% [360.84 (639.82) to

464.41 (657.07) MPa], flexural strength to 12% [29.02 (60.50)

to 32.54 (61.53) MPa], flexural modulus to 10% [276.42

(617.18) to 303.98 (634.41) MPa], and hardness (Shore D) to

9% [70 to 76], respectively, when compared with RHDPE/CF

composites without MA-g-HDPE. However, the elongation at
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break and izod impact strength of the composites decreased sig-

nificantly with the incorporation of MA-g-HDPE in the

RHDPE/CF composite system. A similar decrease in the values

of impact strength in presence of compatibilizer was observed

by Bettini et al.21 in case of CF-reinforced PP composites sug-

gesting that the amount of energy dissipated decreased, resulting

in increased adhesion between the fibers and the matrix.

From statistical analysis, significant increase (p< 0.05) in tensile

modulus, flexural strength, and hardness values were found in

the RHDPE/CF composites with the addition of only 1 wt % of

MA-g-HDPE (Table II). The increase in the mechanical behav-

ior of the composites with the addition of compatibilizer was

explained by Biswal et al.40 that the anhydride groups present in

the compatibilizer reacts with the hydroxyl groups of the natu-

ral fibers forming an ester linkage at the interface. The high-

molecular-weight MA-g-HDPE having more flexible PE chains

can diffuse into the RHDPE/CF matrix leading to interchain

entanglements, thereby contributing to the mechanical continu-

ity of the system. This improves the fiber–matrix interface by

reducing the void volume between the fibers and the

matrix.13,34,43 However, further increase in the MA-g-HDPE

content to 3 and 5 wt % resulted in a decrease in the mechani-

cal strength of the composites.

Effect of FACS on the Mechanical Properties of RHDPE/CF/

MA-g-HDPE Composites. The RHDPE/CF/MA-g-HDPE com-

posite samples at 30 wt % CF loading and 1 wt % MA-g-HDPE

showed optimum mechanical properties. This composition has

been taken for fabrication with FACS and for further characteri-

zation studies. The mechanical properties of RHDPE/CF/MA-g-

HDPE composites containing different weight percentage of

FACS (2.5, 5, 7.5, and 10 wt %) are depicted in Table II.

It was observed that the addition of FACS particles decreased

the tensile strength of the composites (Table II). There was a

significant decrease in the values of tensile strength when

FACS content was increased from 2.5 to 5 wt %. However,

there was a significant increase (p< 0.05) in the tensile

strength with an increase in FACS content to 7.5 wt %. The

decrease in the values of tensile strength at 2.5 and 5 wt %

FACS loading can be explained because of the dilution effect,

i.e., the FACS amount is not sufficient to enhance the poly-

mer–fiber matrix. Similar decrease in the values of tensile

strength with increase in FA loading was observed by Subham

and Tiwari32 in case of Epoxy/glass fiber/FA composites. They

explained this reduction was due to the voids formed at the

FA–resin interface which act as stress risers when tensile load

was applied onto the composites leading to decrease in stress

bearing capacity. At 7.5 wt % FACS loading, the increase in

the value of tensile strength was due to the effective dispersion

of FACS in the RHDPE/CF matrix.29 With further increase in

the FACS content to 10 wt %, the value of tensile strength

was decreased due to the phenomenon of agglomeration of

the filler particles and also filler–filler interaction being more

in comparison with the polymer–filler interaction, leading to a

weak polymer/filler matrix.28 The tensile modulus values also

initially decreased with the FACS loading from 2.5 to 5 wt %

followed with an increase at 7.5 wt %. With further increase

in the FACS loading to 10 wt %, the value of tensile modulus

was decreased owing to the predominance of filler–filler inter-

action over polymer–filler interaction. The statistical analysis

suggests that there was an increase in the values of tensile

strength and modulus of the RHDPE/CF/FACS composite at

7.5 wt % of FACS, in comparison with the FACS loading at

2.5, 5, and 10 wt % loading. However, the values were compa-

ratively less than that of RHDPE/CF/FACS composite with 0

wt % FACS loading. There was a significant decrease in the

values of elongation at break with the increase in FACS load-

ing. This decrease in the value of elongation at break with

increase in filler loading owes to the rigid FACS particles,28

which reduced the flexibility of the polymer/fiber matrix.

The flexural strength and modulus of the RHDPE/CF compo-

sites with variation in FACS loading from 2.5 to 10 wt % was

measured. The flexural properties of composite samples are

shown in Table II. The flexural strength and modulus of

RHDPE/CF composites compatibilized with MA-g-HDPE at 0

wt % FACS loading were found to be 32.54 (61.53) and 303.98

(634.41) MPa, respectively. FACS incorporation significantly

increased (p< 0.05) the flexural modulus to 333.14 (618.98)

MPa and decreased the flexural strength to 26.84 (60.59) MPa

at only 2.5 wt % of FACS. The flexural strength decreased by

18% at 2.5 wt % FACS loading, 19% at 5 wt % FACS loading,

15% at 7.5 wt % FACS loading, and 23% at 10 wt % FACS

loading in comparison with 0 wt % FACS loading. The decrease

was less in case of 7.5 wt % FACS loading in comparison with

the other loadings. Similar observation was obtained by Sen-

gupta et al.44 in case of recycled PP/FA composites with increase

in FA loading. They suggested some possible mechanical

anchorage between the filler and polymer matrix although there

may not be much physical interaction between them. However,

the rigidity of the RHDPE/CF composites were further

improved with the addition of FACS. The modulus increased

significantly (p< 0.05) by 10, 13, 29, and 7% at 2.5, 5.0, 7.5,

and 10 wt % FACS loading, respectively, in comparison to that

without FACS. An increase in flexural modulus values indicated

an enhancement in rigidity of the composites, especially in case

of composites with 7.5 wt % 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. This increase in modulus values with the addition of

reinforcing filler owes to effective stress transfer from the matrix

to the filler at the interface.45,46 Thus a decrease in flexural

strength along with an increase in flexural modulus was

observed in the composites. Such increase in flexural modulus

with decrease in flexural strength in polymer matrix on incor-

poration of filler has been reported earlier.47

The notched izod impact strength of the RHDPE/CF/MA-g-

HDPE composites did not show any appreciable change with

the incorporation of FACS (Table II). Similar observation in the

impact property values was observed by Nourbakhsh et al.48 in

case of PP/bagasse fiber/nanoclay composites. It is due to the

stiffening of the polymer chains. The presence of FACS particles

makes the failure mode brittle and relatively less energy is

absorbed by the composite having sound dispersoid/matrix

bonding allowing less energy absorption and less impact
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strength values.33 The shore D hardness values of the RHDPE/

CF/MA-g-HDPE composites filled with FACS are shown in

Table II. There was a significant increase in the hardness values

with increase in FACS loading and was maximum at 7.5 wt %.

Similar increase in hardness values with both FA and fibers as

reinforcements was obtained by Patel et al. in case of carbon–

FA/panox fiber composites.49

The mechanical findings were in agreement with the morpho-

logical interpretations from SEM as discussed in later section.

At 7.5 wt % FACS loading, the RHDPE/CF/MA-g-HDPE com-

posite had optimum tensile strength, tensile modulus, and flex-

ural strength values with significant enhancement (p< 0.05) in

flexural modulus and hardness values suggesting that the incor-

poration of FACS was indeed beneficial in the cost reduction

and remarkable utilization of the developed composite. Our

results corroborates with the results of Saxena et al.33 where

they also obtained optimum mechanical strength values in case

of polyester resin/jute fiber/FA and polyester resin/sisal fiber/FA

composites. Such developed composite materials have potential

to be cost- and energy-effective wood substitute for building

applications.

Thermal Properties

Differential Scanning Calorimetry. Figure 3(a,b) shows the

heating and cooling curves of DSC analysis of RHDPE,

RHDPE/CF/MA-g-HDPE composites along with RHDPE/CF/

MA-g-HDPE/FACS composites. Melting point and crystallinity

of all the samples were investigated using DSC curves and are

shown in Table III. The melting temperature (Tm) of the

RHDPE and its composites with CF and FACS was taken as the

maximum of the endothermic peak obtained from the second

heating [Figure 3(a)], whereas the crystallization temperature

(Tc) was taken as the maximum of the exothermic peak from

the cooling cycle [Figure 3(b)]. It was observed that the Tm of

the RHDPE matrix decreased marginally with the incorporation

of CF and FACS. This implies an improvement in the process-

ing temperature of the RHDPE.8

Comparing the DSC cooling thermograms of RHDPE with

respect to RHDPE/CF composite, it is observed that the Tc of

RHDPE was about 116.25�C, with a degree of crystallinity, Xc

of 53.58% (Table III). Incorporation of 1 wt % MA-g-HDPE in

RHDPE/CF composite results in significantly no change in Tc

(116.82�C). This may be attributed to homogenous crystalliza-

tion and the amount of the crystalline portion has the same

order of magnitude as the initial material.50 However, the

degree of crystallinity, Xc decreased to 44.50% suggesting that

presence of MA-g-HDPE reduced the perfection of RHDPE

crystals. Addition of FACS to RHDPE/CF/MA-g-HDPE system

showed a Tc of 116.04�C and degree of crystallinity of about

43.13%.

As observed from Table III, melting (or crystallization) enthalpy

(DHf) and Xc of RHDPE/CF/MA-g-HDPE composites decreased

in comparison with the RHDPE matrix. This reduction is

related to the transcrystalline region in which restrictions in the

lateral direction of growth of spherulites are observed, resulting

in a columnar layer.51 The lower melting point and temperature

of crystallinity as well as the differences in degree of crystallinity

indicate that the crystallization process is affected, and crystals

formed are small in size.40 Lei et al.6 also reported a lowered

crystallinity level in the RHDPE/Bagasse fiber composites in

presence of MA-g-PE suggesting an improvement in the com-

patibility and reduction of perfection of RHDPE crystals. In

case of RHDPE/CF/MA-g-HDPE/FACS system, the heat of crys-

tallization is decreased further indicating the interference of

FACS in the crystalline packing of the RHDPE matrix and this

shows an interaction between the component phases in the

biocomposite.

The degree of crystallinity has been estimated using the follow-

ing equation

Figure 3. DCS (a) heating and (b) cooling curve of (A) RHDPE, (B) RHDPE/CF/MA-g-HDPE, and (C) RHDPE/CF/MA-g-HDPE/FACS composites.

Table III. Melting and Crystallization Behavior of RHDPE, MA-g-HDPE

Compatibilized RHDPE/CF and RHDPE/CF/FACS Biocomposites

Sample Tm (�C) Tc (�C) DHf (J/g) Xc (%)

RHDPE 134.33 116.25 157.0 53.58

RHDPE/CF/
MA-g-HDPE

133.24 116.82 130.4 44.50

RHDPE/CF/
MA-g-HDPE/FACS

133.61 116.04 116.9 43.13
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Xc %ð Þ5DHf 3100=DH100% 1 2WWð Þ

where Xc is the percentage of crystallinity, DHf is the experi-

mental melting heat of fusion, DH100% is the heat of fusion of

100% crystalline HDPE (293 J/g),6 and WW is the weight frac-

tion of FACS.

Thermogravimetric Analysis. The determination of thermal

properties by TGA analysis is an important study in the devel-

opment of biocomposites owing to the low thermal degradation

of natural fibers. Degradation of the fibers and fillers during

processing may have a detrimental effect upon the mechanical

properties of the composites.41 TGA and differential thermal

analysis (DTA) curves of RHDPE and the composites (RHDPE/

CF and RHDPE/CF/FACS compatibilized with MA-g-HDPE)

are shown in Figure 4(a,b), respectively, and the properties are

tabulated in Table IV.

The TGA curve [Figure 4(a)] of CF exhibits two main decom-

position steps. The first one in between 267 and 304�C, and the

second one in between 351 and 381�C. The initial moisture

absorption in case of CF was not noticed in this case, which is

probably due to detergent treatment of the fibers40 that resulted

in rough topology. The degradation of CF starts at 267�C with

the decomposition of hemicellulose (267–304�C), followed by

the decomposition of cellulose and lignin in the range of 351–

381�C.52 Above 381�C, the carbonization of fiber occurs with

some mass loss, showing a residual mass of approximately

21.5% at the end of the process. In the case of RHDPE, it was

observed that its thermal decomposition showed a narrow tem-

perature range with degradation in a single mass loss step (461–

494�C). The maximum percentage of RHDPE was found to

decompose at 484�C. The residual mass at the end of the analy-

sis was about 0.1%.

From the DTA curves [Figure 4(b)], it was observed that the

single major decomposition peak for RHDPE was from 461 to

494�C with a maximum peak (Tmax) at 484�C, while composites

showed two major peaks. With the addition of CF, the final

decomposition temperature increased from 494�C for RHDPE

to 497�C for composites with 30 wt % CF and 1 wt % MA-g-

HDPE. Hence the RHDPE/CF composites with MA-g-HDPE

start to lose weight at higher temperatures compared to the

RHDPE matrix. This apparent improvement in thermal stability

of the composite could be attributed to the presence of MA-g-

HDPE. MA-g-HDPE is able to bond with the hemicellulose in

the CF, thus stabilizing its structure and improving the thermal

stability of the composite.53 The poor thermal stability of hemi-

celluloses and pectin in a composite can thus be overcome by

the inclusion of a coupling agent.

For the RHDPE/CF composites prepared with 30 wt % of CF

and 1wt % MA-g-HDPE, a two-step degradation process was

found. The first step is attributed to the decomposition of CF

(312–364�C) and the second one corresponded to the decompo-

sition of RHDPE matrix (463–497�C). The charred residue in

this case was found to be 8.1%. In case of RHDPE/CF compo-

sites compatibilized with MA-g-HDPE and filled with FACS

Figure 4. TGA thermographs of (a) weight loss and (b) derivative weight loss with temperature of (A) RHDPE, (B) RHDPE/CF/MA-g-HDPE, (C)

RHDPE/CF/MA-g-HDPE/FACS, and (D) CF.

Table IV. TGA Data of RHDPE, MA-g-HDPE Compatibilized RHDPE/CF and RHDPE/CF/FACS Biocomposites

Sample Stage
Temperature
range (�C) Tmax (�C) Residue (%)

RHDPE First 461–494 484 0.1

RHDPE/CF/MA-g-HDPE First 312–364 349 8.1

Second 463–497 486

RHDPE/CF/MA-g-HDPE/FACS First 314–365 355 9.2

Second 453–495 485

CF First 267–304 295 21.5

Second 351–381 367
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(7.5 wt %), the thermal decomposition again occurs in two

steps. The first one is in the range of 314–365�C (decomposi-

tion of CF) and the second one is in between 453 and 495�C
(decomposition of RHDPE). The Tmax of CF is enhanced fur-

ther, while that of RHDPE is found to be intermediate in the

FACS-filled composite in comparison with the RHDPE and

RHDPE/CF composites. In RHDPE/CF/MA-g-HDPE/FACS

composites, the Tmax is 355�C in first stage and 485�C in

second-stage degradation. The charred residue was found to be

9.2%. Thus it is clear that addition of CF enhances the thermal

stability of the RHDPE/CF/MA-g-HDPE composites and with

addition of FACS, the thermal stability attains an optimum.

This optimum in thermal stability of the biocomposites

(RHDPE/CF/MA-g-HDPE/FACS) is attributed to the organic/

inorganic interaction between the polymer and filler as sug-

gested by Biswal et al.40 in case of PP/PALF/nanoclay compo-

sites. By comparing the thermal stability and weight loss with

the RHDPE, it is observed that the weight loss at final decom-

position temperature is increased for the FACS-filled biocompo-

site samples. The optimum thermal stability is attributed to

interaction of base polymer and FACS surface through chemical

linkage between compatibilizer and FACS, which in turn medi-

ates the surface polarity of the FACS and the polymer/FACS

interface. The FACS delays volatilization of the products gener-

ated at the temperature of carbon2carbon bond scission of the

polymer matrix.

Scanning Electron Microscopy

The morphology of the tensile fractured surfaces of RHDPE/CF

composites with and without MA-g-HDPE and RHDPE/CF/

FACS composites with MA-g-HDPE is depicted in Figure 5(a–

c). Figure 5(a) reveals fiber pullouts and gaps between the

RHDPE matrix and fiber in case of RHDPE/CF composites

without MA-g-HDPE. This indicates poor interfacial adhesion

and dewetting of the untreated fibers within the RHDPE

matrix. The morphology so obtained was due to the large dif-

ference in the surface energies between the hydrophilic fibers

and the hydrophobic matrix.40 However, in presence of MA-g-

HDPE compatibilizer, the fibers were well coated and embedded

within the RHDPE matrix as shown in Figure 5(b). In this case,

during tensile testing, fibers are pulled out together with the

RHDPE matrix which suggests sufficient bonding as well as

interfacial adhesion between RHDPE, CF, and MA-g-HDPE.

This morphology resulted in improved mechanical properties of

the composite system. Our observation from SEM was in con-

currence with that of the fractured surfaces of RHDPE/bagasse

fiber and RHDPE/pine fiber, where MA-g-HDPE as compatibil-

izer resulted in good dispersion and wetting of the fibers in the

matrix producing strong interfacial adhesion and composite

materials with satisfactory mechanical properties.6 In the case of

RHDPE/CF/FACS composite samples [Figure 5(c)], addition of

FACS to RHDPE/CF composites in presence of MA-g-HDPE

exhibited improved dispersion of CF within the RHDPE matrix

with considerable reduction in the gaps between the fiber and

the matrix. The FACS particles were encapsulated in the

RHDPE/CF matrix resulting in less flaws and defects. Phenome-

nal morphological distinction was observed in the SEM micro-

graphs of RHDPE/CF composite without MA-g-HDPE and

RHDPE/CF, RHDPE/CF/FACS composites with MA-g-HDPE.

Water Absorption Test

The influence of CF and FACS on the water absorption values

of RHDPE/CF composites and RHDPE/CF/FACS composites is

shown in Figure 6. It is evident from the test results that there

Figure 5. SEM micrographs of (a) RHDPE/CF, (b) RHPE/CF/MA-g-HDPE, and (c) RHDPE/CF/MA-g-HDPE/FACS composites.
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is a linear increase in the water absorption in all the samples

with increase in the immersion time. However, with the addi-

tion of MA-g-HDPE into the RHDPE/CF composites, the water

absorption values are lowered, which is further lowered with the

incorporation of FACS filler in the composite.

Literature studies reveal that the water resistance of the CF-

reinforced thermoplastic composites is much better in compari-

son with other natural fibers like hemp, kenaf, jute, sisal, flax,

and empty fruit bunch. This good water resistance of CF-

reinforced thermoplastic matrix is due to the low cellulose and

high lignin content of CF.17 From Figure 6, it is observed that

the RHDPE/CF composite sample exhibited a greater tendency

of water absorption in comparison with the RHDPE/CF/MA-g-

HDPE composite, which is due to the hydrophilic nature of CF.

With the inclusion of MA-g-HDPE as compatibilizer in the

RHDPE/CF composite system, the water absorption is

decreased. MA-g-HDPE acts as a dispersing agent between the

CF (polar part) and RHDPE matrix (nonpolar part) resulting in

improved fiber/matrix bonding, in turn enhancing the water

resistance capacity.34,54 With the incorporation of FACS into the

RHDPE/CF/MA-g-HDPE composites, the water absorption val-

ues decrease considerably. In the case of RHDPE/CF/FACS bio-

composites, the presence of FACS creates longer diffusion paths

resulting in less water absorption in comparison with the com-

posites without FACS. The presence of FACS in the voids of the

CF and RHDPE 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 val-

ues. Biswal et al.40 and Nourbaksh et al.48 obtained similar

reduction in the values of water absorption in hybrid composite

systems (PP/natural fiber/nanoclay).

Dynamic Mechanical Analysis

The dynamic mechanical properties of the RHDPE, RHDPE/CF,

and RHDPE/CF/FACS composites compatibilized with MA-g-

HDPE were investigated to get a clear idea about the matrix/

fiber–filler interactions. The DMA curves of the composites

with increase in temperature are shown in Figure 7(a–c).

Storage Modulus (E0). The elastic component, E0, is a measure

of load-bearing capacity of a material and is analogous to flex-

ural modulus, determined in accordance with ASTM D790.47,53

The variation of storage modulus as a function of temperature

for different samples is graphically represented in Figure 7(a). It

is evident that by addition of CF, the modulus of the RHDPE

matrix is increased. This behavior is primarily attributed to the

reinforcing effect imparted by the fibers that allowed a greater

degree of stress transfer at the interface resulting in increase in

Figure 6. Water absorption characteristics of (Column 1) RHDPE/CF,

(Column 2) RHDPE/CF/MA-g-HDPE, and (Column 3) RHDPE/CF/MA-

g-HDPE/FACS.

Figure 7. (a) Storage modulus, (b) loss modulus, and (c) loss tangent of

RHDPE biocomposites with respect to RHDPE.
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the stiffness.55 A comparative higher magnitude of E0 was

observed with the RHDPE/CF composites filled with FACS over

the entire range of temperature, thus showing improved disper-

sion of the FACS within the fiber–resin matrix. These observa-

tions were in agreement with the flexural modulus values. In all

the samples, the storage modulus decreased with the increase in

temperature. In case of RHDPE, the storage modulus drops

steeply on increasing the temperature because of increased seg-

mental mobility of the polymer chains. However, incorporation

of CF and FACS reduces the rate of fall of the matrix modulus

with temperature, thus indicating higher stability of RHDPE in

the FACS-filled RHDPE/CF/MA-g-HDPE composite system.

For RHDPE, the highest storage modulus value was found to be

3131.62 MPa, transition temperature from loss modulus peak

[Figure 7(b)] was 57.52�C, and the damping value [Figure 7(c)]

at the transition temperature was 0.18. The variation of the

storage modulus as a function of temperature is shown in Fig-

ure 7(a). CF reinforcement did increase the storage modulus

value to 4086.84 MPa and FACS addition enhanced it further to

4645.55 MPa, indicating an improvement in interfacial bonding

and stiffness of the composites.56

Loss Modulus (E00). From literature, it is evident that DMA of

PE exhibits three peaks, i.e., a0, b, and c transitions when loss

modulus is plotted against temperature. Of these, the c transi-

tion occurs between 2150 and 2120�C, b relaxation occurs

between 230 and 10�C, and a0 transition is usually found

between 30 and 60�C.57,58 Of these transitions, a0 transition is

assumed to be due to molecular motion in the crystalline region

which occurs much below the melting temperature of the highly

crystalline polymers, for example, HDPE and isotactic PP. The

b relaxation peak that occurs at a lower temperature is a weak

secondary relaxation peak occurring due to side-chain motion

of ester or alkyl groups attached to the main chain. This b
relaxation peak is very conspicuous in LDPE and HDPE. The c
relaxation occurs at a much lower temperature and is assumed

to be due to small short-range motion of 3–4 methylene groups

in a row in the amorphous zone and is also corroborated with

crankshaft mechanism of the polymers. However, in HDPE and

LDPE, the c relaxation temperature is considered to be the glass

transition temperature of the polymer which is difficult to

identify.59

In this study, a0 relaxation phenomenon of RHDPE, RHDPE/

CF, and RHDPE/CF/FACS composites with MA-g-HDPE has

been investigated from loss modulus (E00 curves) represented in

Figure 7(b). The loss modulus curves of RHDPE as well as the

biocomposites with CF and FACS exhibited a single prominent

peak at 30–60�C which can be attributed to the a0 transition

temperature. From the figure, this a0 transition temperature is

significantly shifted to higher temperature in case of RHDPE/

CF/MA-g-HDPE and RHDPE/CF/MA-g-HDPE/FACS compo-

sites in comparison with RHDPE. In the case of RHDPE, the

maxima of the a0 peak is obtained at a temperature of 57.52�C.

In the case of RHDPE/CF composites, the a0 transition peak is

shifted to higher temperature, i.e., 58.50�C. This shift to higher

temperature although marginally is primarily attributed to the

restriction in the mobility of the polymer chains in the crystal-

line phase so that more energy is required for the transition to

occur. Further with the addition of FACS, an increase in the a0

transition peak temperature to 64.56�C of RHDPE/CF compo-

sites was observed which indicates a genuine interface. This

type of loss modulus spectra have been reported earlier in case

of wood flour filled HDPE composites,60 where a single promi-

nent transition was seen due to the presence of filler that results

in inhibition of relaxation process resulting in decrease in the

chain mobility in the crystallites.

The loss modulus values at the a0 transition temperature

increased for RHDPE/CF and RHDPE/CF/FACS composites

with MA-g-HDPE as observed in Figure 7(b). The loss modulus

was 163.71 MPa in case of RHDPE, which significantly

increased to 203.85 MPa in RHDPE/CF/MA-g-HDPE and

238.26 MPa in case of RHDPE/CF/MA-g-HDPE/FACS compo-

sites. This increase in the loss modulus value of the composites

with FACS owes to maximum viscous dissipation47 in compari-

son with the RHDPE matrix. This has been reflected in the flex-

ural strength measurements as reported in our earlier section.

Loss Tangent (tan d). The variation of the tan d as a function

of temperature is illustrated in Figure 7(c). It is clearly seen that

below the onset of a0 transition, RHDPE, RHDPE/CF/MA-g-

HDPE, and RHDPE/CF/MA-g-HDPE/FACS composites showed

relatively the same tan d values and the curves overlay. It is after

this point that the matrix and the composites curves start devi-

ating from each other. A decreased magnitude of tan d is

obtained for the CF and both CF/FACS-filled composites in

comparison with RHDPE matrix indicating less energy dissipa-

tion with a stronger interface40,56 that becomes more pro-

nounced at temperatures above a0 transition. The damping (tan

d) values of RHDPE, RHDPE/CF, and RHDPE/CF/FACS com-

posites compatibilized with MA-g-HDPE at the a0 transition

temperature were 0.18, 0.15, and 0.14, respectively. Thus from

DMA analysis, in FACS-filled RHDPE/CF/MA-g-HDPE compos-

ite, a good bonding at the filler–matrix interface was observed.

CONCLUSIONS

The mechanical, thermal, dynamic mechanical, and water

absorption properties of the RHDPE/CF/FACS biocomposites

have been investigated along with fracture surface analysis.

� RHDPE/CF/FACS biocomposites were prepared using melt

compounding technique.

� Composites prepared at 30 wt % of CF with 1 wt % MA-g-

HDPE showed optimum mechanical performance. Incorpora-

tion of 7.5 wt % FACS gave a significant increase in flexural

modulus and hardness in comparison with the RHDPE

matrix.

� DSC measurements revealed that the fiber/FACS-reinforced

RHDPE system displayed less Tm, which reveals the presence

of a genuine interface. The Tc of the biocomposites showed

significantly no change when compared with RHDPE matrix

suggesting homogenous crystallization. The decreased melting

enthalpy and crystallinity degree suggested an interaction of

the fiber/FACS in the RHDPE matrix.
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� The TGA and DTA thermograms also revealed an optimum

thermal stability of the fiber/polymer system in presence of

FACS.

� The storage and loss modulus values increased with the

incorporation of the FACS in the RHDPE/CF composite with

a decrease in damping factor.

� Tensile fractured surface observations showed that the FACS

particles are well encapsulated in the RHDPE/CF composite

matrix.

� For RHDPE/CF/FACS biocomposites, a good balance of

properties in terms of stiffness and strength can be achieved

at an optimal concentration of fibers, FACS, and MA-g-

HDPE. The developed material can be advantageous for

application in automobile interiors, false ceilings, floorings,

and furniture.
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