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Hydroxyapatite-reinforced polyamide 6,6 nanocomposites were prepared for load-
bearing bone implant applications. Nanoparticles of hydroxyapatite (nHAp) were
synthesized through a wet chemical reaction and were incorporated into the polymer
melt at different loading fractions by melt compounding so as to sensitively modulate
the mechanical properties of the latter. Tensile properties of the nanocomposites were
found to be substantially improved at filler loading fractions as low as 3 wt%. Theoreti-
cal calculations also confirm the improved extent of reinforcement for nanocomposites
over the predicted data for conventional micro counterparts. Differential scanning
calorimetry studies revealed that the melting and crystallization characteristics of
the polyamide matrix were unaltered with the incorporation of nHAp. However, the
addition of nanohydroxyapatite considerably influenced the thermal stability of the
nanocomposites.
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INTRODUCTION

Calcium phosphate ceramic materials have been used for skeletal tissue

engineering applications because of their excellent biocompatibility and

osteoconductive properties [1,2]. Among these materials, hydroxyapatite

[HAp, Ca10(PO4)6(OH)2] is the major inorganic compound possessing similar

chemical and crystal structure to that of bone mineral. Hydroxyapatite has

been used for biomedical implant applications for the past several decades.

Despite their biocompatibility and osteoconductivity, Hap-based ceramics,

however, have limited clinical applications because of their brittleness and

fatigue failure. Moreover, their high Young’s modulus values cause stress

shielding after implantation, which often results in bone resorption and

loosening of implants [3,4]. Hence, attempts have been made to develop

polymer matrix composites containing a particulate, bioactive component,

which could eliminate stress shielding and interfacial loosening to a consider-

able extent [5]. Since natural bone can be considered as a collagen-apatite

composite, such a system appears to be the natural choice for bone implants.

The bioactive component of the composite renders bioactivity, whereas the

matrix polymer will provide ductility and other associated properties required

for hard tissue replacement biomaterials [6].

Hydroxyapatite-reinforced high-density polyethylene composite was the

first bioactive ceramic–polymer composite designed to mimic the structure

and properties of bone, reported in 1981 [7]. Later, bioglass-reinforced

polyethylene [8] and glass–ceramic reinforced high-density polyethylene [9]

have been reported. Though such systems exhibited appropriate mechanical

compatibility to bone, unlike metals and ceramics, there exists less coupling

between the nonpolar polymer matrix and the filler particles. Later,

hydroxyapatite-reinforced ultrahigh molecular weight polyethylene [10,11],

polysulfone [12], polyetheretherketone [13], poly(L-lactide) [14,15], and poly-

amide 6 [16] have also been reported. Nanohydroxyapatite (nHAp)-reinforced

polyamide 6,6 (PA 6,6) biocomposites for load-bearing bone repair have been

developed [17–20]. In this composite, prepared through coprecipitation

method, nHAp particles retained their nanoscale features and were dispersed

uniformly in the matrix. The mechanical properties of the composites were

similar to that of natural bone for nHAp concentration of >65%. However,

the methodology adopted by the authors consumes a large excess of solvent,

which is not feasible from a commercial point of view.

Polyamide (PA), the polymer selected for the present investigation, has a

structure similar to bone collagen, while nanohydroxyapatite has high surface

activity and size similar to the mineral found in human hard tissues [21].

Moreover, nHAp takes advantage of a homogeneous distribution and chemical

bonding within the polar PA matrix. Although nHAp-reinforced PA composite

has good mechanical and biological properties, for clinical applications,
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manufacturing processes must also be improved. So far, there have been no

reports in the literature that adopts melt compounding as a possible means

to fabricate PA 6,6-nHAp biocomposite materials for implant applications. In

the work reported here, nHAp is used as the nanofiller at concentrations

ranging from 0 to 10 wt% in polyamide matrix. Preliminary investigations

are carried out to examine the effect of nHAp on the mechanical and thermal

properties of polyamide 6,6.

EXPERIMENTAL

Materials
Polyamide 6,6 was purchased from Polysciences Inc., USA. Calcium

hydroxide, Ca(OH)2 was supplied by Merck India Pvt. Ltd., and phosphoric

acid, H3PO4 was supplied by Qualigens India Pvt. Ltd.

Synthesis and Characterization of Nanohydroxyapatite
Hydroxyapatite nanoparticles were prepared by the wet chemical method

using calcium hydroxide and phosphoric acid as Ca and P precursors, respect-

ively [22]. Typically, 9.26 g Ca(OH)2 was added to 250 mL distilled water and

stirred at 100�C for 2 h. 0.3 M H3PO4 solution was added dropwise to this

solution at a rate of �2 mL=min. Addition of this acidic solution continued

until the pH of the mixture dropped to 7.4. The reaction was then allowed

to proceed at 100�C for another 2 h and then kept overnight at ambient. The

supernatant was discarded and the precipitate was washed four times with

hot water with subsequent centrifugation. The precipitate was dried at 60�C

overnight under vacuum and then characterized. The chemistry involved in

the synthesis is represented as follows:

10CaðOHÞ2 þ 6H3PO4 ! Ca10ðPO4Þ6ðOHÞ2 þ 18H2O

Crystallinity of the sample was studied using an X–ray diffractometer [Rigaku

Dmax-C] fitted with Cu-Ka (k¼ 1.541 Å) source. The spectrum was recorded in

the range of 20 to 80� with a step size of 0.05� and phase identification was

carried out with the help of standard JCPDS database. A Nicomp particle size

analyzer (Nicomp 380, Particle Sizing Systems, USA) which utilizes the

technique of dynamic light scattering (DLS), was used for particle size analysis.

The average particle size as well as the size distribution could be noted from

this measurement. Spectroscopic evaluation of the synthesized HAp was car-

ried out using a Fourier transform infrared spectrometer (FTIR) (Perkin Elmer

Spectrum RX1) in the spectral range between 4000 and 400 cm�1, with a

resolution of 2 cm�1. SEM images were obtained using a JEOL analytical
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scanning electron microscope (JSM-6490 LA). The composition of the

synthesized HAp was determined by energy dispersive spectral analysis, which

was recorded using the EDAX attachment of SEM.

Preparation of the Nanocomposites
A simple melt compounding route was adopted for the preparation of

polyamide 6,6-nHAp nanocomposites. The polymer and the filler were vacuum

dried at 100�C for 6 h to avoid moisture. Melt compounding was performed

using a Thermo Haake Minilab operating at 80 rpm (counter-rotating screws)

for 10 min at 280�C. Nanocomposites at different concentrations (0–10 wt%)

of nHAp were prepared. A mixing time of 10 min was fixed since the torque

stabilized to constant values during this time, which might be related to the

attainment of a stable nanocomposite structure.

In order to study the mechanical properties, the extruded samples were

chopped to pellets using a fiber chopping system, further dried at 100�C for

4 h and then injection-molded using a Thermo Haake Minijet. The cylinder

temperature of Minijet was maintained at 285�C and the mold temperature

was kept at 100�C. The injection pressure was 400 bar (4 sec) and post-injection

pressure was maintained at 300 bar (10 sec). Dumbbell shaped specimens were

prepared by injection-molding.

Mechanical Properties
Mechanical properties of the injection-molded nanocomposite specimens

were studied using a servo hydraulic materials testing system (MTS) with a

load cell of 10 kN capacity. The gauge length between the jaws at the start

of each test was adjusted to 30 mm and the measurements were carried out

as per the relevant ASTM standards at a crosshead speed of 50 mm=min.

The average of at least six sample measurements was taken to represent each

data point.

Thermal Characteristics
Crystallization characteristics of the melt-compounded nanocomposites

were studied by employing differential scanning calorimetry (Diamond DSC,

Perkin Elmer). Indium was used for temperature calibration (Tm¼ 156.6�C,

DHm¼ 28.4 J=g). All the samples were dried prior to the measurements and

analyses were carried out in nitrogen atmosphere using standard aluminum

pans. Calorimetric measurements were done while the samples (6–8 mg) were

exposed to the following ramp and hold cycles: (i) heating at 20�C=min to

300�C, (ii) hold for 10 min (to erase thermal history effects) and (iii) cooling
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to 50�C at 20�C=min. During the cooling step, the peak of crystallization

exotherm was taken as the crystallization temperature, Tc. The heat of fusion

(DHm) and heat of crystallization (DHc) were determined from the areas of the

melting and crystallization peaks, respectively.

Thermogravimetric Analysis
The effect of nanohydroxyapatite on the thermal stability of polyamide 6,6

was tested using thermogravimetric analysis (TGA, Q-50, TA Instruments) by

heating �5 mg of the sample from ambient temperature to 800�C at the rate of

20�C=min in nitrogen ambience (swept at 60 mL=min).

RESULTS AND DISCUSSION

The crystalline structure, chemical composition and morphological characteriza-

tion of the synthesized hydroxyapatite nanoparticles, which is the nanofiller used

in the current study, are discussed below along with their effect on the mechan-

ical and thermal properties of the matrix polymer. A comparison of the mechan-

ical properties of the nanocomposites is also made with the predicted data

calculated on the basis of theoretical assumptions for the micro counterparts.

Characterization of nHAp
The crystalline phase structure of hydroxyapatite is depicted in the XRD

spectrum shown in Figure 1. Nanohydroxyapatitite synthesized for preparing

the PA-HAp composite revealed good crystallinity as evident from the XRD

spectrum, with the prominent XRD peaks matching with the reported data

[JCPDS data file (No. 090432)].

Figure 1: XRD spectrum of nanohydroxyapatite.
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Figure 2 is the FTIR spectrum indicating the absorption peaks correspond-

ing to the characteristic functional groups of HAp. As shown in the spectrum, the

two bands at 3571 and 633 cm�1 represent the vibration of the hydroxyl group.

The bands at 1031, 1094 and 963 cm�1 are the characteristic bands of phosphate

stretching vibrations, whereas the bands at 603 and 565 cm�1 are due to the

phosphate bending vibrations.

A typical scanning electron micrograph of the nanoparticles is given in

Figure 3(a). A SEM image reveals that the nanoparticles are more or less

monodispersed and are spherical with an approximate particle size of

80 nm. The energy-dispersive spectrum of the nanoHAp particles revealing

the approximate ratio of Ca to P as 1.67 is represented in Figure 3(b).

Mechanical Properties of PA 6,6-nHAp Nanocomposites
The effect of nanohydroxyapatite on the mechanical properties of PA 6,6 is

indicated in Table 1. From the results it is evident that the mechanical proper-

ties of the polymer matrix are substantially improved even at low concentra-

tions of nHAp. For example, the tensile modulus of the nanocomposite sample

containing nHAp at a concentration as low as 3.0 wt% is almost 50% higher

than that of neat PA 6,6. Though the strength of the sample showed no consider-

able improvement at this loading fraction, elongation of the nanocomposite was

reduced due to the embrittlement of the polyamide matrix.

The composite modulus of nanoparticle-reinforced matrices has been

studied by using finite element analysis as well as other models such as the

modified Cox [22] model and Halpin-Tsai equations [23,24]. The longitudinal

modulus of aligned discontinuous fiber composites as a ratio with respect to

the modulus of the matrix alone (Ec=Em) proposed by Halpin is given by:

Ec

Em
¼ 1 þ ngvf

1 � gvf
ð1Þ

Figure 2: FTIR spectrum of nanohydroxyapatite.
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where,

g ¼ ðEf =EmÞ � 1

ðEf=EmÞ þ n
ð2Þ

and Ec and Em correspond to the modulus values of the composite and matrix,

respectively. The value of n¼ 2L=d. For equiaxed particles, L¼d and hence the

Figure 3: (a) SEM image and (b) EDAX of nanohydroxyapatite particles.

Table 1: Mechanical properties of melt-compounded PA 6,6-nHAp
nanocomposites.

Concn. of
nHAp
(wt%)

Concn.
of nHAp
(vol%)

Tensile
strength
ratio

Tensile
modulus ratio
[Experimental]

Tensile
modulus ratio
[Theoretical]

Elongation
at break (%)

0 0 1 1 1 178.0
3 1.1 1.03 1.49 1.03 59.1
5 1.9 1.06 1.55 1.06 42.3

10 3.9 1.13 1.62 1.12 29.8
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value of n¼ 2 . In the above expressions, vf represents the volume fraction of the

filler and Ef the tensile modulus of the filler. In the present case, the filler is

nanohydroxyapatite and matrix is polyamide. Considering EHAp¼ 114 GPa

and EPA¼ 0.69 GPa [25] and for the experimental volume fractions used, the

ratio of tensile modulus of the composite to that of the matrix polymer alone

(Ec=Em) was calculated theoretically for microparticles of hydroxyapatite using

the above expressions and has been compared with the experimental tensile

modulus ratio. A plot showing the variation of tensile modulus ratio with

volume fraction for the nanoparticle-reinforced composite [PA 6,6-nHAp] and

microHAp-reinforced polyamide matrix (theoretical) is given in Figure 4.

As is evident from the graph, the tensile modulus ratio increases consider-

ably when a nanofiller is used for reinforcing the matrix as against that of

microparticle-reinforced matrix. Typical stress-strain plots of neat PA 6,6

and PA 6,6-nHAp nanocomposites are also provided in Figure 5.

The improved mechanical properties of the nanocomposites as compared to

neat polyamide are attributed to the efficient stress transfer from the matrix to

the nHAp particles, which in turn might be correlated to the better dispersion

of the nanoparticles in the polymer matrix. We assume that the high shear

forces employed during the melt extrusion enabled better dispersion of nHAp

in PA 6,6.

Thermal Characteristics
Differential scanning calorimetry has been extensively used to identify the

effects of nanoparticles in the polymer matrix in changing the crystallization

characteristics. In order to determine the effect of nanohydroxyapatite

Figure 4: Comparison in variation of Ec=Em with vol% for HAp particles (nano HAp –
experiment and micro HAp – theory based on continuum model for microparticles).
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incorporation on the crystallization characteristics of melt-compounded PA

6,6-nHAp nanocomposites, we have subjected the nanocomposites to noni-

sothermal cycles in DSC. The crystallization temperatures (Tc), apparent

melting temperatures (Tm) and the corresponding enthalpies (DHc and DHm)

are reported in Table 2. The data indicate that, at concentrations of up to

10 wt%, nHAp does not have a considerable effect on the thermal characteris-

tics of polyamide.

Effect of nHAp on the Thermal Stability of PA 6,6
The thermal stability of engineered polymers is of prime importance in

fabrication processes. Knowledge gained from studies of polymer degradation

may lead to more useful and stable products. Thermal degradation of polymers

is a major problem at temperatures above the melting point and inevitably

occurs in polymer melts during processing. The study of thermal degradation

can be best complimented or corroborated by such techniques as thermogravi-

metric analysis (TGA) which measures the weight loss as a function of

temperature, or the derivative TGA, i.e., DTG.

There are several reports in the literature regarding the enhancement of

thermal stability of polymers containing nanofillers (e.g., nano silica, carbon

Figure 5: Representative stress-strain plots of neat PA 6,6 and PA 6,6-nHAp nanocomposites.

Table 2: DSC-determined thermal characteristics of PA 6,6-nHAp
nanocomposites.

Concn. of nHAp (wt%) Tc (�C) DHc (J/g) Tm (�C) DHm (J/g)

0 228.7 34.1 262.4 46.0
3 227.9 33.5 262.9 43.8
5 227.9 32.3 263.2 44.8

10 228.2 30.2 262.8 43.5
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nanotubes) [26–29]. Therefore, we have investigated the effect of hydroxyapa-

tite nanoparticles on the thermal decomposition characteristics of polyamide.

Figure 6(a) indicates the thermogravimetric traces of PA 6,6-nHAp nano-

composites. It is evident from the figure that the thermal stability of nHAp-

reinforced nanocomposites is higher than that of neat PA 6,6. For example,

the onset of thermal decomposition (temperature of 5% weight loss) of the

nanocomposite sample containing 3 wt% nHAp is roughly 12�C higher as com-

pared to neat PA 6,6. With further increase in nHAp concentration, the onset

decomposition temperature increases further. Peak decomposition tempera-

ture values are also considerably higher for the nanocomposites as revealed

from differential thermograms given in the Figure 6(b).

The improved thermal stability features of the nanocomposite samples are

attributed to the effective interfacial interaction between the polymer matrix

Figure 6: (a) TGA plots of neat PA 6,6 and PA 6,6-nHAp nanocomposites (Upper curves
with increasing concentration of nHAp) (b) Effect of nHAp on the peak decomposition
temperature of PA 6,6 (DTG traces).

Hydroxyapatite/Polyamide 6,6 Nanocomposites 507

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
5
8
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



and the inorganic filler, which in turn points to a homogeneous filler

dispersion. The onset of thermal decomposition and the peak decomposition

temperature values are reported in Table 3.

CONCLUSIONS

Polyamide-nanohydroxyapatite nanocomposites have been prepared through

melt compounding. The improved mechanical properties of the nanocomposites

revealed that a small concentration of nHAp could substantially reinforce the

matrix polymer well above that predicted by a continuum model that would be

applicable to a microreinforced polymer. Melting and crystallization character-

istics of the polyamide matrix remained almost unaltered with nanohydroxya-

patite at low loading fractions. Thermogravimetric analysis indicated that

hydroxyapatite nanoparticles considerably improved the thermal stability of

PA 6,6.
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