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ABSTRACT: Melt mixed and injection molded hydroxyapatite (Hap) filled high-density polyethylene/ultrahigh molecular weight poly-

ethylene composites were assessed for their thermal, structural, morphological, and mechanical attributes. Differential scanning calo-

rimetry was conducted to analyze the effect of Hap loading on various thermal transitions and their associated enthalpies. The

microstructural attributes were characterized by conducting wide angle X-ray diffraction and scanning electron microscopy (SEM) of

cryo-fractured surface. SEM micrographs of tensile fractured surface revealed the systematic reduction in the size of microfibrils indi-

cating the suppression of local deformation. Improvement in low-strain mechanical response and flexural properties accompanied

with a consistent decrease in strain-at-break and toughness was witnessed with increasing Hap content. Toughness aspects were crit-

ically discussed in the realms of quasi-static, dynamic mechanical and sudden impact testing approach. Dynamic mechanical analysis

demonstrated the presence of prominent a and c transitions in the crystalline and amorphous phase respectively. Tensile fractured

surface morphologies of the investigated composites revealed a switch-over from matrix dominated plastic deformation to Hap con-

trolled quasi-brittle fracture. Thus, our study fundamentally deals with the feasibility of designing polyethylene/Hap composites with

superior mechanical properties for biomedical applications, especially for orthopedic implants. VC 2014 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2015, 132, 41251.
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INTRODUCTION

Designing composites based on polyethylene/hydroxyapatite

(PE/Hap) as matrix-filler combination with optimal mechanical

properties has always been of key interest for materials scientists

from biomedical application point of view.1–5 Factors such as

nature of polyethylene matrix, biocompatible/osteocompatible

filler content, matrix-filler interfacial adhesion, dimensionality,

and size-scale of fillers are of prime concern in meeting a set of

mechanical property requirements and optimization.1,2 The

effects of types of biocompatible fillers (hydroxyapatite, tri-

calcium phosphate, and b-tri-calcium phosphate) and filler

loading on the mechanical properties of high-density polyethyl-

ene (HDPE) matrix has been well documented recently, which

revealed an improvement in low strain mechanical response

(modulus and yield strength) at the cost of reduction in tough-

ness and strain-at-break.3–5 For example, Jaggi et al.3 reported

the enhancement in tensile modulus (�27%) accompanied by a

significant reduction (�33%) in impact strength with 25 wt.%

of Hap loading in HDPE matrix. Reduction in the toughness

was reportedly attributed to Hap-induced crystallization (nucle-

ation effect) of HDPE matrix. In another independent study,

Albano et al.4 reported the mechanical performance of HDPE/

Hap composites with or without ethylene-acrylic acid copoly-

mer as a compatibilizer. Increase in the elastic modulus by

�37% was accomplished along with a significant drop (�99%)

in elongation at break, which eventually indicated the transition

from ductile to brittle failure for such composite system. Com-

posites fabrication based on silane-treated Hap and acrylic acid

grafted HDPE facilitated the penetration of polymer on the Hap

particles, thereby leading to enhanced mechanical interlocking

as compared with unmodified HDPE/Hap composites.5 Further-

more, HDPE/Hap composites could not accomplish simultane-

ous improvement in stiffness and toughness despite interfacial

modifications. These findings eventually indicated that the stiff-

ening of HDPE matrix with Hap filler could lead to brittleness

of the composite in terms of reduction in impact toughness and

strain-at-break.

In an effort to overcome such mechanical properties optimiza-

tion problems, HDPE was blended with UHMWPE to achieve

enhanced toughness without much affecting the stiffness, which
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is further expected due to superior crack resistance behavior of

UHMWPE and its compatibility to HDPE because of similar

chemical structure. In this regard, numerous researchers have

documented the mechanical performance vis-�a-vis processability

aspects of HDPE/UHMWPE blends in the recent decade.6–10

Lim et al.6 reported the melt mixing of such blend system by

using Brabender torque rheometer and further optimized the 50

: 50 (w/w) blend composition in terms of processability and

mechanical properties. Lucas et al.7 investigated the wear and

mechanical performance of extrusion melt-mixed HDPE/

UHMWPE blend with varied concentration (10–30 wt %) of

UHMWPE. Improvement in the tensile, impact, and wear

resistance properties were registered with increasing UHMWPE

content. Our recent work based on rheological, morphological

and mechanical response correlations of HDPE/UHMWPE

blend system has clearly demonstrated simultaneous increase in

the stiffness and toughness with increasing UHMWPE content.8

These improvements in tensile and impact properties were fur-

ther attributed to the enhanced crystallinity of formulated blend

and better energy absorbing capacity of dispersed UHMWPE

phase respectively.8 Recently, Xu et al.9 reported the structural

changes induced mechanical response of HDPE/UHMWPE

blends using oscillatory shear injection molding (OSIM). Signif-

icant improvement in the tensile and impact properties was

reported with increasing UHMWPE content in the blend

matrix. Such an observation in terms of improved mechanical

properties was reportedly attributed to the more pronounced

molecular orientation caused by amplifying flow velocity

between HDPE and UHMWPE phases. These findings from lit-

erature eventually lead to an understanding that the blending of

HDPE with UHMWPE could lead to simultaneous improve-

ment in stiffness and toughness unlike HDPE/Hap composites.

Interestingly, the influence of UHMWPE incorporation on the

mechanical properties of HDPE/CaCO3 composites was investi-

gated by Suwanprateeb.11 Improvement in the strain-at-break

and Izod impact strength was observed with increasing

UHMWPE content in HDPE/UHMWPE/CaCO3 composites,

which further indicated the improved ductility of such ternary

composite system. Such an improvement in impact toughness

was reportedly attributed to the enhanced crack propagation

resistance and good energy absorbing capacity of UHMWPE

particles. Furthermore, mechanical performance of nano b-tri-

calcium phosphate reinforced HDPE/UHMWPE nanocompo-

sites was investigated by Abadi et al.,12 which revealed an

improvement in tensile modulus and yield strength accompa-

nied by a slight reduction in yield strain with nanofiller incor-

poration. These observations in terms of improved tensile and

impact properties due to UHMWPE incorporation need

Table I. Raw Materials Specifications

Raw materials Grade Supplier Characteristics

High-density polyethylene HD50MA180 Reliance Industries Limited Density (q) 5 0.95 g/mL; MFI
(g/10 min) 5 20 @ 190

�
C,

2.16 kg

Ultra high molecular weight polyethylene M4 Bhilwara Polymers Density (q) 5 0.932 g/mL;
Mw 5 443 3 104

Hydroxyapatite Ossein Clarion Pharmaceutical
Co. Gurgaon

Particle density 5 3.14 g/cc;
hardness 5 Mohs scale; particle
size in micron

Table II. Composition and Designation of HDPE/UHMWPE/Hap

Composites

Composite
composition

HDPE/UHMWPEa

(wt %)
Hydroxyapatite
(wt %)

HUH0 100 0

HUH5 95 5

HUH10 90 10

HUH15 85 15

HUH20 80 20

HUH25 75 25

a Represents optimized blend matrix i.e., (HDPE : UHMWPE) in 70 : 30
ratio. Figure 1. Flow-diagram showing the composites fabrication process.
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detailed analysis with emphasizing on the toughness aspects of

such particulate filled ternary composites. Additionally, over the

years PE-Hap biocomposites has gained preference as potential

structural matrix for various biomedical applications. Interest-

ingly, orthopedic implants as an alternative to bone analogs

required low modulus and high tensile strength. For example,

cancellous bone has modulus and tensile strength of 0.4 GPa

and 7.4 MPa, respectively.13 The modulus mismatch between

bone and metallic or ceramic implants has been of major con-

cern in orthopedic surgery; which may lead to stress shielding

i.e., insufficient load borne by the bones and hence affect the

remodeling and healing process of the bone tissue.13,14 On the

other hand, the low modulus of polymeric materials makes it a

promising candidate for such applications; though, the low ten-

sile strength limits its potential use. However, incorporation of

micro/nano fillers in the polymer matrix may enhance the ten-

sile strength substantially. Furthermore, merit of such biocom-

posites is that by controlling the filler concentration, the

properties can be varied and easily tailor-made to suit the

mechanical properties of host tissue.13

Incorporation of Hap introduces rigidity to the HDPE matrix,

which in turn brings about brittleness in the composites.

Although, it could be expected that Hap incorporation to the

HDPE/UHMWPE matrix will not deteriorate the toughening

efficiency to a large extent unlike HDPE/Hap composites. Thus,

our study fundamentally deals with the improvement in low

strain mechanical response without much affecting the toughen-

ing efficiency of the HDPE/UHMWPE/Hap composites. It fur-

ther takes a closer look into the structural, morphological,

quasi-static, and dynamic mechanical response of Hap-filled

HDPE/UHMWPE composites and explores the possible correla-

tions amongst them.

EXPERIMENTAL

Fabrication of HDPE/UHMWPE/Hap Composites

Blending of HDPE, UHMWPE and hydroxyapatite is done

firstly by physical mixing in an airtight box. Table I shows the

details of raw materials used in this study. Melt mixing of the

formulated composition is performed in a corotating type twin-

screw extruder (Model L/D 40, Steer Omega-20) at a screw

speed of 200 rpm. The details of the composites formulation

and their designation are presented in Table II. Polymer strands

(obtained from TSE) were later chopped in a dry strand pellet-

izer from Glaves Corporation Pvt. Ltd. The chopped granules

were subsequently kept for drying in an oven prior to injection

molding (L & T Demag PFY-40). The flow-diagram showing the

composite fabrication process is presented in Figure 1. The

processing conditions of extrusion and injection molding pro-

cess are shown in Table III.

Structural Characterization

Wide Angle X-ray Diffraction. Wide angle X-ray diffraction

(WAXD) was carried out on injection molded test specimens to

characterize the peak intensity and/or shift in the peaks corre-

sponding to different crystal planes. The WAXD measurements

were performed on a X-ray diffractometer from Philips X’Pert-

PRO, PANalytical diffractometer using Cu Ka radiation

(k 5 1.54 Å) in the radial scattering range of 2h�10–40
�
. The

sample to detector distance was kept constant at 120 mm.

Table III. (A) Extruder Temperature (
�
C) Profile (B) Temperature Profile Set in Injection Molding Machine (C) Processing Conditions Used in Injection

Molding

(A)

Zones Z-1 Z-2 Z-3 Z-4 Z-5 Z-6 Z-7

Temp. (oC) 140 150 160 170 180 190 195

(B)

Zones Feed Z-I Z-II Z-III Nozzle

Temp. (oC) 40 150 165 180 195

(C)

Process parameter Value

Injection pressure 60270% (bars)

Injection speed 45%

Holding time 5 s

Cooling time 25 s

Figure 2. X-ray diffractograms of hydroxyapatite-filled composites. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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Thermal Characterization

Differential scanning calorimetry (Q200, TA Instruments, USA)

was carried out to analyze the various thermal transitions

involved during heating and cooling processes and their associ-

ated enthalpies. The fine sized particles were cut from injection

moulded testing specimen of the investigated compositions. It

was heated from 30�C to 190�C at the rate of 10�C/min under

nitrogen atmosphere and then kept at that temperature for 3

min to remove any kind of thermal history. It is then cooled

down to room temperature at a rate of 10�C/min for attaining

the crystallization temperature and its associated enthalpy. It

was again heated till 190�C at the rate of 10�C/min for the

assessment of melting transition and its associated enthalpy.

First crystallization enthalpy, second melting enthalpy, and their

corresponding thermal transitions were used for analysis in this

study.

Eventually, the percentage crystallinity was calculated using the

following eq. (1).

Xc5
DHm

DHmo3 12wð Þ3100 (1)

where, DHm is the melting enthalpy of investigated composi-

tions and DHmo is the melting enthalpy of 100% crystalline

polyethylene, which is taken as 292 J/g.15 The wt. fraction of fil-

ler in the composite is denoted by w.

Thermogravimetric analysis (Pyris 6 TGA; Perkin-Elmer Pvt.

Ltd.) was carried out to study the thermal stability in terms of

shift in the onset to degradation temperature. The experiments

were performed at a heating rate of 20�C/min under nitrogen

atmosphere in the temperature range of 50–720�C.

Measurement of Mechanical Properties

Zwick Z250 universal testing machine was used for uni-axial

tensile testing conforming to ASTM D638 test standard with a

crosshead speed of 20 mm/min. Flexural properties such as flex-

ural strength and modulus were measured on a Zwick Z010

testing machine following ASTM D790 method in a three point

bending mode. Tinius-Olsen impact tester was used to measure

the notched Izod impact strength of the investigated composites

following ASTM D256 test standard.16

Dynamic Mechanical Analysis

Dynamic mechanical analyzer (Q800; TA Instruments, USA)

was used to characterize the viscous and elastic response of

filled composites in a single cantilever mode. Testing specimens

of dimension 35 3 13 3 3 mm3 were cut from injection

molded rectangular bars. DMA test was performed at a constant

frequency of 1 rad/s. The temperature was varied from 2125
�
C

to 105
�
C at a heating rate of 5 K/min.

Fractured Surface Morphology

The cryogenically fractured surface morphologies of filled com-

posites have been investigated by using scanning electron

microscopy (SEM) on a Zeiss EVO 50 apparatus to study the

dispersed phase (UHMWPE) morphology and the distribution/

dispersion state of Hap fillers. SEM of the tensile fractured sur-

face morphologies has been analyzed to understand the associ-

ated failure mechanism. Gold sputter coating of fractured

samples is done prior to examination to make the surface

conductive.

RESULTS AND DISCUSSION

Structural and Thermal Characterization

The structural interpretations of hydroxyapatite filled HDPE/

UHMWPE composites have been made from WAXD on injection

molded testing specimen. Figure 2 shows the XRD plots of opti-

mized blend matrix (see inset) and Hap filled composites in terms

Figure 3. (a) DSC melting endotherm (b) Cooling exotherm (c) TGA

traces of filled composites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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of intensity versus 2h measured in the range of 10–40
�
. The blend

matrix is characterized by the appearance of sharp and intense

polyethylene peaks at 2h angles of � 21.4� and �23.7� corre-

sponding to (110) and (200) orthorhombic crystal planes, respec-

tively.17 A less intense PE shoulder peak was also obtained at an

angle of 2h � 36.2� corresponding to (020) plane. On the other

hand, filled composites at different concentrations are character-

ized by the appearance of relatively less intense Hap peaks corre-

sponding to 2h angles of �31.9� and �33.1�. Additionally,

reduction in the intensity of characteristic polyethylene peaks

along with a gradual increase in Hap peak intensity was registered

with increasing Hap concentration in filled composites. Interest-

ingly, the appearance of distinct characteristic peaks correspond-

ing to the matrix (polyethylene phase) and filler (Hap) clearly

revealed the noninterference of crystal planes indicating no chem-

ical or phase transformation interactions.

Figure 3(a,b) presents the melting and cooling thermograms of

the investigated composites. Melt mixing of HDPE/UHMWPE/

Hap composites has caused broadening of the cooling and melt-

ing peaks, which eventually indicated the possibility of a slightly

broader crystallite size distribution with increasing Hap content.

This may further be attributed to Hap-induced mobility restric-

tion of polyethylene matrix. Thermal transitions such as melting

and crystallization temperatures (Tm and Tc) were found to be

remained unaffected barring the composite HUH5, which

showed slightly higher melting temperature (�3�) along with

decrease in crystallization temperature (�3�) as evident from

Table IV. TGA studies have revealed unaffected thermal stability

of blend matrix due to Hap incorporation as evident from Fig-

ure 3(c). The degradation temperatures at 5 and 10 wt % loss

and temperature at maximum weight loss rate (Tmax) are pre-

sented in Table IV. In general, the degradation temperatures

were found to be broadly unaffected with increasing Hap con-

tent in the blend matrix, which further indicated the absence of

any structural interaction in filled composites. Hydroxyapatite

was found to be thermally stable till the maximum temperature

of 720
�
C as evident from the TGA thermograms [Figure 3(c)].

Percentage char obtained after complete degradation of polyeth-

ylene matrix as shown in TGA plot (>510
�
C) confirms the

weight percentage of Hap filler in the formulated compositions.

Dynamic Mechanical Properties (DMA)

In this technique, an oscillating force is applied to the testing

specimens. A phase difference between the applied stress and

resulting deformation has been obtained as shown in the fol-

lowing equation.18

e5e0 sin xtð Þ (2)

r5r0 sin xt1dð Þ (3)

where, x, t, and d are frequency of oscillation, time, and phase

difference respectively, whereas r0 and e0 are the maximum

stress and its corresponding strain. After expansion eq. (3)

becomes

r5r0 sin xtð Þ cos d1r0 cos xtð Þ sin d (4)

Stress is eventually divided by strain to separate the modulus

into one in-phase and another out-of-phase component with

strain. These in-phase and out-phase components are also

referred as storage and loss modulus (E0 and E00) and are

responsible for storing energy elastically and as heat dissipation

respectively. Thus, the stress strain relationship can further be

written as:

r5e0E0sin xtð Þ1e0E00 cos xtð Þ (5)

E05r0 cos d=e0 (6)

E005r0 sin d=e0 (7)

Composition specific storage and loss moduli (E0 and E00) as a

function of temperature are shown in Figure 4(a). Reduction in the

E0 value was observed with increasing temperature, which may be

due to thermal movements of the side chain segments caused by

increased thermal energy. The DMA plots clearly revealed the

increase in storage and loss moduli with increasing filler content.

This is further attributed to the enhanced mechanical interlocking

caused by the physical interaction between matrix and Hap filler in

the composites. Although, this hindrance caused by shrinkage of

polymer chain over Hap particles decreases with increasing thermal

movements, which further leads to lower extent of increase in stor-

age modulus with increasing temperature. Various thermal transi-

tions in the polyethylene could be referred as a, b, and c
relaxations in the decreasing order of temperature, where a and c

Table IV. DSC/TGA Data of Optimized Blend and HDPE/UHMWPE/Hap Composites

DSC

Melting endotherm Cooling exotherm TGA

Composite
designation

Tonset

(
�
C) Tm (

�
C)

Crystallinity
(%) Tc (oC)

Tonset

(5 wt % loss)
(oC)

Tonset

(10 wt % loss)
(
�
C)

Tmax

(
�
C)

HUH0 120.72 131.36 68.25 116.01 447.33 459.62 477.87

HUH5 120.71 134.35 60.23 113.72 448.82 459.61 478.91

HUH10 121.58 132.48 69.86 116.58 452.49 462.60 479.95

HUH15 120.96 131.94 69.09 116.88 450.43 460.65 479.94

HUH20 121.65 132.90 64.81 115.82 449.39 459.61 478.91

HUH25 121.49 132.07 69.86 117.50 449.39 458.58 479.94
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are the prominent transitions in the crystalline and amorphous

phase respectively as evident from the loss modulus versus temper-

ature plot. Interestingly, the b transition was not found as promi-

nent as a and c transitions, which is further attributed to the high

crystallinity of investigated composite system. A sharp reduction in

the E0 value was observed in the temperature range of 2125�C to

275�C indicating the c-transition regime, which is due to the

relaxation of restricted rotation of small methylene group attached

to main chain in the amorphous region as evident from Figure

4(a).18 The c-transition regime is followed by a plateau-like weak

b-transition in the temperature range of 275� to 10�C, which fur-

ther indicated the segmental motion of side chain in the interfacial

region between crystalline and amorphous phases.18 The b-region

is trailed by a sharp reduction in E0 indicating crystal-crystal slip-

page in a-transition regime as typical in semicrystalline polymers

till 105�C.3 Loss moduli versus temperature plots are typically

drawn to characterize the energy dissipation ability of the filled

composites. Loss modulus was found to be increased with increas-

ing Hap filler content. Additionally, the loss-peak width gets broad-

ened with filler addition, which further indicated the contribution

of higher fraction of polymer chains towards energy dissipation

process due to matrix-filler interaction.18

Loss tangent as a function of temperature [Figure 4(b)] is typi-

cally drawn to study the damping response of HDPE/UHMWPE/

Hap composites. In the solid state transition regime (b and c
transitions), the damping parameter was found to be in the range

of 0.03–0.07. Significant improvement in the damping properties

along with a singularity response (barring HUH15) was observed

with further increase in temperature (till 60�C) for the investi-

gated composites. Such an observation in singularity response for

polymer blends has recently been reported by Sunil et al., which

revealed that the net elastic and inelastic deformation behaviors

get compensated in very similar fashion.19

Cryo-Fractured Surface Morphology

Scanning electron microscopy (SEM) is carried out to analyze

the morphological attributes of cryogenically fractured samples

for the better understanding of phase morphology and the dis-

persion/distribution state of Hap fillers. Figure 5(a–f) depicts

the SEM micrographs of optimized blend matrix and Hap-filled

HDPE/UHMWPE composites. Interestingly, a two-phase mor-

phology was observed for blend matrix [Figure 5(a)], where

UHMWPE phase was found to be dispersed in the HDPE

matrix. Such an observation of distinct two-phase morphology

along with strong interphase have already been reported for

HDPE/UHMWPE blends.7,20 Hydroxyapatite filler was found to

be well dispersed in the blend matrix especially at lower loading.

Though, Hap agglomeration could be noticed at higher loading

as evident from the Figure 5(e,f). Few of the Hap particles

detached from matrix were found over the fractured surface

and/or in the cavity. At higher magnification, few Hap particles

were found to be highly intact (embedded) within the polymer

indicating the good mechanical interlocking. Such an observa-

tion of better mechanical interlocking between polymer and

reinforcement is well complemented by improved mechanical

properties of investigated composite system.

Mechanical Properties Investigations

Tensile and Flexural Properties. The stress-strain response of

optimized blend matrix and filled composites is shown in Fig-

ure 6. It was observed that the maximum load sustained by

composites increases consistently with increasing Hap content

accompanied with a linear decrease in strain-at-break. The area

under the stress–strain curve was found to be decreased with

increasing filler content indicating the Hap induced reduction

in toughness. The toughness measurements following various

methods viz. notched Izod impact test (sudden loading), area

Figure 4. Dynamic mechanical analysis plots of the composites (a) storage

and loss moduli and (b) loss factor as a function of temperature. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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under stress–strain curve (quasi-static tensile testing) and brit-

tleness index (employs both quasi-static as well as dynamic

mechanical testing) have been critically discussed in the subse-

quent section. The variation in stress-at-break (rb), strain-at-

break (eb), Young’s modulus (E), and yield strength (ry) is

shown in Figure 7. Strain-at-break indicating the bulk deforma-

tion response has shown a reduction of �45.3% upon maxi-

mum Hap loading. This reduction in the strain-at-break has

been found to have a correspondence with local deformation

response in terms of reduced microfibril size as obtained from

SEM images and has been discussed critically in the later sec-

tion. Interestingly, tensile yield strength showed a two-stepped

jump specifically �10.6% and �10.7% in the composition

domain of 5–10 wt % and 15–20 wt % of Hap loading respec-

tively, whereas the stress-at-break and Young’s modulus showed

an increase by �129% and �28.7% upon maximum Hap load-

ing. These improvements in the mechanical properties may be

attributed to better Hap distribution and other shear induced

effects, which may have promoted the transformation of

ductility-reduction into strength-enhancements.3 Although, ten-

sile properties was found to be unaffected in the composition

window of 20–25 wt % of Hap content, which further indicated

the filler agglomeration at higher Hap content.

The flexural properties of investigated composites as a function

of Hap content is shown in Figure 8. The flexural modulus and

strength were found to increase to a maximum of �39.7% and

�38.6% respectively at 20 wt % of Hap loading in the blend

Figure 5. Morphology as observed by scanning electron microscopy (SEM) of the cryo-fractured surfaces of the composites (a) HUH0, (b) HUH5,

(c) HUH10, (d) HUH15, (e) HUH20 and (f) HUH25. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Stress–strain curve of composites as a function of hydroxyapatite

content. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 7. Tensile modulus (E), yield strength (ry), Stress-at-break (rb),

and strain-at-break of the composites as a function of hydroxyapatite con-

tent. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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matrix. This increase in the flexural properties may be attrib-

uted to the filler induced rigidity (mechanical restraint) to the

composite system. Further increase in Hap loading may lead to

marginal increase in bending resistance indicating the disperse

phase (Hap) agglomeration. Additionally, the degree of crystal-

linity of the investigated composite system were found to be

slightly higher than that of blend matrix barring the composites

HUH5 and HUH20, which further led to improvement in flex-

ural properties. Such an observation from flexural testing indi-

cated the possibility of reaching at maximum bending rigidity

at 20 wt % of Hap loading in the blend matrix. These findings

from mechanical testing revealed the improved tensile and flex-

ural strength along with comparable modulus value with bones;

which makes such biocomposites suitable for various biomedi-

cal applications, especially in orthopedic applications.

Toughness Assessment. Toughness properties of polymer based

blends and composites are of paramount importance for design-

ing prospects as well as from performance point of views. Inter-

estingly, various methods viz. notched Izod impact test, Charpy

impact test, tensile test (area under stress–strain curve) and

brittleness index (employs both quasi-static and dynamic

mechanical tests) are being used for the toughness assessment

of such polymer system.21,22 Izod impact strength is defined as

breaking energy (E) per unit of notched specimen thickness (t)

i.e., E.t21, whereas Nielsen and Landel defined the toughness as

area under stress–strain curve obtained from uni-axial tensile

testing.21 Brostow et al.22 had validated a semiempirical parame-

ter referred as brittleness index (BI) 5 [ebE0]21; where eb is per-

centage elongation at break and E0 is the storage modulus

obtained from DMA at a particular temperature and frequency.

Brittleness index could practically be considered as more reliable

technique for toughness measurement, because the parameter E0

takes into account the viscoelastic nature and repetitive loading

(fatigue) experienced by polymeric materials during service.22

On the other hand, eb indicates the maximum deformation abil-

ity of polymeric materials prior to failure during tensile testing.

The variations in brittleness index, notched Izod impact

strength and area under stress–strain curve as a function of

composition are shown in Figure 9. The storage modulus (E0)
value was taken at a temperature of 25�C for the assessment of

brittleness index. Incorporation of 25 wt % of Hap filler in the

optimized blend matrix has led to a decrease of �34.7% and

�20.8% for Izod impact strength and area under the stress–

strain curve respectively accompanied by an increase of �14.5%

in the brittleness index value. Such an observation in toughness

reduction may be attributed to the Hap filler induced mechani-

cal restrictions to the polymer chain mobility/bulk matrix defor-

mation. Sewda et al.23 recently reported the impact strength

reduction of filled HDPE composites, which was reportedly

attributed to the stress concentration points produced around

the filler particles. Furthermore, filler induced crystallization

(reduced amorphization) decreases the tendency of energy

absorbing capacity, thereby reduces the impact toughness.

Though, the reduced impact value even at maximum Hap load-

ing was found to be well above the neat HDPE matrix.8 In

another independent study, Lim et al.24 reported the mechanical

performance of melt mixed (using Brabender Plasticorder)

HDPE/Hap and HDPE/UHMWPE/Hap composites, which has

revealed better toughness for composites containing HDPE/

UHMWPE as base matrix. This was reportedly attributed to the

extensive plastic deformation in the form of microfibril forma-

tion, which enhanced the toughening efficiency of HDPE/

UHMWPE/Hap composites. Eventually, an inverse relation

between Izod impact strength and brittleness index was

obtained for investigated composites with an appreciable

R-square value of 0.936 as shown in the inset of Figure 9. Inter-

estingly, Izod impact strength value was found to be constant at

high brittleness indices, which fundamentally indicates that even

a very brittle composite could offer some impact resistance.

Similar results on the uniform impact strength (Charpy and

Izod impact strength values) at high brittleness indices have

been reported recently.25

Tensile Fractured Surface Morphology

Scanning electron microscopy (SEM) of tensile fractured surface

is carried out to study the nature of fractured surface morphol-

ogy and associated failure mechanism. Figure 10(a–f) depicts

the SEM micrographs of optimized blend matrix and Hap-filled

HDPE/UHMWPE composites. The blend matrix experienced a

Figure 8. Flexural modulus and flexural strength of the composites as a

function of hydroxyapatite content. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 9. Variation of Izod impact strength, toughness and brittleness as a

function of composition. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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relatively large local deformation, which consistently reduced

with increasing Hap loading as evident from SEM images. Inter-

estingly, tensile fractured surface morphologies showed a very

systematic change in local deformation mode, which is evident

from the transformation of fibrilar morphology from stretched

to hindered microfibrils with increasing Hap loading. These

findings from morphological attributes have eventually indi-

cated the ductile to brittle transition with increasing filler con-

tent. Specifically, the optimized blend matrix and composite

with 5 wt % of Hap content undergo ductile failure accompa-

nied with plastic deformation as evident from stretched microfi-

brils [Figure 10(a,b)]. Further increase in the Hap loading (10–

15 wt %) has led to relatively smaller microfibrils indicating

ductile to semiductile transition (DST) as evident from Figure

10(c,d). However, further increase in the Hap content to 20–25

wt % has shown hindered microfibrils, which eventually indi-

cated the brittle failure of such composite system at higher Hap

loading as observed from Figure 10(e,f). These morphological

changes in terms of suppression of local deformation could lead

to an understanding of ductile to brittle transition with increas-

ing Hap content, which has found to have a correspondence

with transitions in mechanical response in terms of strain-at-

break (bulk deformation response) and tensile yield strength

(low strain mechanical response) as evident from the Figure 7.

These findings from morphological interpretations may be

attributed to Hap induced mechanical restrictions to polymer

chain mobility; an aspect clearly visible in the bulk mechanical

response in terms of reduction in elongation at break with

increasing Hap content.

CONCLUSIONS

Hap filled HDPE/UHMWPE composites were fabricated via

melt mixing in a twin screw extruder followed by injection

molding for the preparation of mechanical testing specimens.

Structural characterization using WAXD revealed the noninter-

ference of the crystalline planes of matrix and filler as observed

from their distinct characteristic peaks in the investigated com-

posites. DSC analysis revealed inappreciable changes in thermal

transitions, whereas the percentage crystallinity did not show a

specific trend. Thermal gravimetric analysis revealed that the

degradation temperatures remained nearly unaffected despite

Hap incorporation indicating the absence of any structural

interaction. Dynamic mechanical response demonstrated

improvement in storage modulus due to mechanical restraint

caused by Hap particles, which however diminishes with

increasing temperature due to increased thermal movement.

SEM of the cryogenic fractured surface depicts two phase mor-

phology with dispersed UHMWPE phase in HDPE for opti-

mized blend matrix, whereas composites showed uniform

distributed/dispersed state (till 15 wt %) of Hap loading. Incor-

poration of 20 wt % of Hap in the blend matrix has caused an

improvement in the tensile properties such as tensile modulus,

ultimate tensile strength, and yield strength by �28.7%,

�129%, and �25.3% respectively. On the other hand, strain-at-

break and notched Izod impact strength decreased by �45.3%

and �34.7% respectively at maximum Hap loading. Incorpora-

tion of Hap in the blend matrix has further caused an improve-

ment in flexural properties such as modulus and strength by

�39.7% and �38.6% respectively at maximum Hap loading.

Interestingly, brittleness index (BI) and Izod impact strength

showed an inverse relationship with an appreciable regression

coefficient value. Tensile fractured surface morphologies indi-

cated the ductile to brittle transition in the deformation modes

via systematic change in the fibrilar morphology from stretched

to hindered microfibrils with increasing Hap content. These

findings in terms of suppression of local deformation were

found to have a correspondence with bulk deformation

response in the similar composition window. Thus our study

fundamentally demonstrates the feasibility of designing

Figure 10. Morphology as observed by scanning electron microscopy (SEM) of the tensile-fractured surfaces of the composites (a) HUH0, (b) HUH5,

(c) HUH10, (d) HUH15, (e) HUH20, and (f) HUH25. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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hydroxyapatite-filled HDPE/UHMWPE composites for biomedi-

cal applications showing enhanced tensile and flexural proper-

ties without much affecting the toughening efficiency.
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