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Abstract Hydroxyapatite (HAP) is a close synthetic

analog of the bone mineral and is often considered as a

material for bone graft substitutes and tissue engineering

scaffolds. Despite its attractive bioactive properties low-

fracture toughness limits the use of HAP ceramics to a

number of non-load-bearing applications. To obtain a more

adequate mechanical behavior, HAP is often combined

with polymers based on lactic and glycolic acids or

polycaprolactone using hot pressing. In such composite

materials, the compatibility and bonding strength of HAP–

polymer interfaces are critical parameters that must be

controlled and improved. This may be achieved, for

example, by covalent immobilization of organic moieties

on the ceramic particles surface. In this work, the surface of

calcium-deficient hydroxyapatite (CDHAP) was modified

by reaction with hexamethylene diisocyanate (HDI) in a

non-aqueous suspension. Composites of CDHAP–HDI

with polylactide (PLA) were high pressure consolidated at

room temperature at 2.5 GPa yielding up to 90% theoret-

ical density. The effects of total organic fraction and

modification extent on compression strength were studied.

Materials with high extent of modification and high organic

content exhibited compressive strength of *295 MPa,

much higher than reported in other studies. These materials

are suitable candidates for load bearing orthopedic

applications.

Introduction

The requirement for new bone to replace or restore the

function of lost or damaged one is a major clinical and

socioeconomic need. To facilitate bone regeneration under

sub-optimal conditions, bone supplementation is often nee-

ded. This is usually accomplished with autologous bone

which, however, is not always available in sufficient

amounts and whose harvesting imposes health concerns,

e.g., donor site morbidity [1–3]. Bone allografts are inferior

to autologous bone and have known risks of bacterial con-

tamination, viral transmission, and immunogenicity [1, 3–5].

Due to the problems of bone grafting, there is an increased

demand for synthetic bone graft substitutes. A bone graft

substitute is a porous three-dimensional structure that acts as

a scaffold for the ingrowth of capillaries and new bone tissue.

In order to support bone ingrowth, the scaffold should be

osteoconductive and have adequate mechanical properties to

provide initial stability. Ideally, the scaffold should also be

bioresorbable and be replaced, over time, by a new bone. The

properties of a porous scaffold are controlled by the scaffold

geometry (pore size and interconnectivity) and by the

material it is made of. Choice of material will determine the

cell–material interaction characteristics as well as the range

of mechanical properties that can be achieved. The bulk

material will set the maximum mechanical properties that

can be achieved [1].

Bioresorbable materials that are considered for the fab-

rication of bone graft substitutes include calcium phosphate

(CaP) ceramics, polymers, and composites thereof. Resorb-

able CaP ceramics such as b-tricalcium phosphate (b-TCP)

and calcium-deficient hydroxyapatite (CDHAP) bear close

resemblance to the bone mineral, however, they are intrin-

sically brittle (especially when porous) and thus unsuitable

for use in load-bearing sites [6–9]. Degradable polymers

A. Rakovsky � E. Y. Gutmanas � I. Gotman (&)

Faculty of Materials Engineering, Technion, Israel Institute

of Technology, 32000 Haifa, Israel

e-mail: gotman@techunix.technion.ac.il;

gotman@tx.technion.ac.il

123

J Mater Sci (2010) 45:6339–6344

DOI 10.1007/s10853-010-4543-z



such as lactic and glycolic acid polymers (PLA and PGA),

polycaprolactone (PCL) and their copolymers lack osteo-

conductivity and degrade to acidic products that can cause

late inflammation and osteolysis in bone contact [10, 11]. In

addition, porous scaffolds made of these polymers do not

have sufficient mechanical integrity to be implanted into

load-bearing positions.

Combining bioresorbable polymers and CaP ceramics

into composite materials offers the possibility of creating

osteoconductive implants with improved mechanical

characteristics [12]. In such composites, the alkaline

resorption products of CaP can buffer the acidic degrada-

tion products of the a-hydroxyester.

The common feature of most proposed CaP–polymer

composites is the low volume fraction (B40 vol%) of the

ceramic phase. The mechanical properties of such compos-

ites are close to those of the polymer matrix, with the highest

compressive strength of 107–115 MPa reported for HAP–

PLA composites with 9–28 vol% HAP forged at 103 �C

[13]. Increasing CaP fraction will supposedly yield stronger

and tougher composite materials where the ceramic skeleton

will provide structural consistency while the polymeric

phase will act as ‘‘cement’’ and enhance ductility. HAP–PLA

composites with a relatively high (59 vol%) HAP volume

fraction hot pressed at 194 �C and 98 MPa for 1 h were

reported to have the compressive strength of 140 MPa

[14–16]. No dramatic improvement over the composites

with low ceramic volume fractions was achieved, possibly

due to inhomogeneous phase distribution. The use of very

fine nanometric ceramic powders and improved mixing

techniques may yield much more uniform nanostructured

materials similar to the high-toughness natural ceramic–

organic composites such as nacre [17] and bone.

Weak (or a lack of) interfacial bonding between the

ceramic and polymer constituents may be another factor

responsible for the low-mechanical properties of composite

materials. The compatibility and bonding strength of CaP–

polymer interfaces can be improved by covalent immobili-

zation of organic moieties on the ceramic particles surface.

Various approaches may be employed, such as grafting with

silanes [18] and organophosphonic acids [19, 20]. Surface

hydroxyl groups of HAP can be utilized for initiation of

radical ring opening polymerization of lactide, glycolide, or

caprolactone to give a polymeric chain covalently attached

to apatite particle surface at one end. For example, grafting of

PLA on the surface of HAP particles (gHAP) resulted in a

significant improvement in the tensile strength of PLA–HAP

composites with 4–14.3% vol% gHAP [21]. Furthermore,

OH- groups may be exploited to attach alcohols [22] and

isocyanates [23, 24] to HAP particle surface through ester

and urethane formation, respectively.

Ultimately, a consolidation step is required to trans-

form CaP–polymer composite powders into useful bulk

materials. Most currently used industrial or laboratory

fabrication routes employ high temperature densification

techniques, such as hot press or forging [13–16]. One

drawback of the high-consolidation temperature is the

inability to incorporate active ingredients (drugs, growth

factors) that may assist in bone regeneration. Using higher

pressures could allow one to achieve high density at near-

room temperatures, which are less likely to be damaging

for biomolecules. We have previously reported the fabri-

cation of strong CaP–PLA and CaP–PCL nanocomposites

with high ceramic volume fractions ([70 vol%) by cold

sintering/high pressure consolidation [25, 26] of the cor-

responding composite nanopowders [27, 28].

In the present work, the above principles are applied to

the processing of strong CDHAP–PLA nanocomposites.

The effect of chemical modification of ceramic–polymer

interfaces on the composite properties is reported.

Experimental

Calcium-deficient hydroxyapatite, (CDHAP) Ca10-x

(HPO4)x(PO4)6-x(OH)2-x with Ca/P ratio *1.5 was pre-

pared by microwave accelerated wet method [29] accord-

ing to the following reaction:

9Ca(NO3Þ + 6H3PO4 ! Ca9ðHPO4ÞðPO4Þ5ðOH) # ð1Þ

Phosphoric acid (H3PO4) was added to a 0.5 M solution

of calcium nitrate tetrahydrate (Ca(NO3)�4H2O) at 1.5 Ca/P

ratio. After stirring the solution for 30 min, large excess of

NH4OH was added and stirred for additional 30 min. The

obtained precipitate was filtered, washed with DI water and

heated for 15 min in a microwave oven (750 W power).

The resulting powder was vacuum dried at 120 �C for 48 h

and was characterized by XRD (Philips PW 3710, CuKa),

FTIR (Bruker Equinox 55), SEM (Leo Gemini 982), TEM

(Titan 80-300 FEG-S/TEM), and BET surface area

measurement (Nova3000-Quntachrome).

The surface of CDHAP was covalently modified with

hexamethylene diisocyanate (HDI) according to a method

reported in [23]. Dried CDHAP powder was suspended in

anhydrous DMF under nitrogen atmosphere and heated to

65 ± 2 �C. Dibutyltin dilaurate (DBTU) catalyst was used

at 0.1 wt% concentration and the desired amount of HDI

was added dropwise to the suspension. After 4 h, the

reaction was stopped with excess ethanol. The obtained

CDHAP–HDI powders were centrifuged, washed three

times with chloroform, and vacuum dried. FTIR and TGA

(Mettler Toledo, heating rate 10 �C/min up to 500 �C)

were used for powder characterization. Weight loss (in

TGA) of HDI-modified powders relative to the pure

CDHAP powder (recalculated on volumetric basis) was

taken as modification extent. The powders were designated
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as CDHAP–xxH, where xx stands for the modification

extent (volume fraction of HDI).

Composites with polylactide (NatureWorks� PLA

3001D resin, Mw *100 kDa) were prepared by solvent

evaporation method. First, predetermined amounts of PLA

were dissolved in chloroform to give the composite a total

organic fraction of 10, 20, 30, or 40 vol% (for example, for

CDHAP–10H only 20% PLA is needed to give 30 vol%

total organics). Next, CDHAP or CDHAP–HDI powders

were suspended in the solution and mixed for 30 min. To

obtain fine CDHAP/PLA or CDHAP–xxH/PLA mixtures

the polymer was precipitated with excess ethanol and the

solvent was evaporated under constant mechanical stirring.

The composite powders were designated CDHAP–xxH–yy,

where yy stands for the total organic content.

The obtained composite powders were high pressure

consolidated (cold sintered) [25, 26] at room temperature

and pressure of 2.5 GPa (*30 s under pressure) to yield

10.8 mm diameter and *4 mm high disks. The dense

specimens were tested in compression in an Instron testing

machine, Model 1195, at the crosshead speed of 50 lm/

min (corresponding to the strain rate _e � 10�4 s�1). Frac-

ture surfaces were studied by SEM.

Results and discussion

CDHAP preparation

Figure 1a shows XRD pattern of the synthesized CaP

powder. All the peaks correspond to hydroxyapatite (HAP),

with distinctive broadening characteristic for nanocrystal-

line materials. FTIR spectrum (Fig. 2a) is also typical for

HAP [29]. The presence of the P–O–H band at 873 cm-1

corresponding to bivalent phosphate ion, HPO4
2-, suggests

that the HAP formed is a Ca-deficient compound, Ca10-x

(HPO4)x(PO4)6-x(OH)2-x (CDHAP). CDHAP is indistin-

guishable from stoichiometric HAP by XRD analysis,

however, unlike stoichiometric HAP, it will decompose

upon heating to 750 �C to b-tricalcium phosphate,

Ca3(PO4)2 (b-TCP), and stoichiometric HAP according to

reaction (2) [30]:

Ca10�xðHPO4ÞxðPO4Þ6�xðOH)2�x

! ð1�XÞCa10ðPO4Þ6ðOH)2 þ 3XCa3ðPO4Þ2 þ XH2O

ð2Þ

Following a 2-h anneal at 750 �C, the only phase detected

by XRD in our synthesized powder was b-TCP (Fig. 1b).

Full conversion into b-TCP is also supported by FTIR

analysis: the bands of structural OH- (at 635 and

3569 cm-1) and HPO4
2- (at 873 cm-1) characteristic of

HAP disappear from the spectrum of the annealed powder

(Fig. 2c). These results confirm that the powder synthesized

is indeed a Ca-deficient HAP with x close to unity:

Ca9(HPO4)(PO4)5(OH). The Ca/P ratio of such CDHAP is

*1.5, and its solubility is comparable to that of b-TCP [31].

HRSEM and TEM micrographs (Fig. 3) demonstrate the

needle-like morphology of the obtained CDHAP particles

and their nanoscale dimensions (^15 nm diameter and

50–150 nm length).

The specific surface area (SSA) of the synthesized

CDHAP powder, as determined by BET, was *95 m2/g.

For needle-like (cylindrical) powder morphology, the

relation between particle’s dimensions and the SSA (m2/g)

is given by [32]:

SSA ¼ 2þ 4L=d

Lq
� 1000 ð3Þ

where L and d are particle length and diameter in nm,

respectively, and q is the density (3.156 g/cm3 for

CDHAP). Based on the above equation, the surface area of

95 m2/g corresponds to a very fine nanoscale powder with

the particle diameter of *15 nm, which is in a good

agreement with the micrographs in Fig. 3.

Fig. 1 XRD patterns of the obtained Ca phosphate powder:

(a) as-synthesized; (b) annealed at 750 �C for 2 h

Fig. 2 FTIR spectra of (a) as-synthesized CaP powder (CDHAP);

(b) CDHAP–HDI powder; (c) CDHAP powder annealed at 750 �C for

2 h
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Surface modification with HDI

The surface hydroxyl groups of HAP can react with iso-

cyanates to form a covalent urethane bond as schematically

shown in Scheme 1.

A typical FTIR spectrum of the synthesized CDHAP

powder treated with hexamethylene diisocyanate (CDHAP-

HDI) (Fig. 2b) contains new peaks in addition to those

of CDHAP: 1574 cm-1 and 1628 cm-1 (amide bands);

2857 cm-1 and 2934 cm-1 (–CH2– bands); 3340 cm-1

(–NH– band). This shows formation of covalent urethane

bonds during the modification reaction. The details of such

attachment, however, require further exploration. In earlier

solid state 1H-NMR [23, 24] and 13C- and 31P-NMR [33]

studies, two different attachment paths were suggested: one

through covalent bonding between isocyanate and struc-

tural hydroxyl groups, and the other through the formation

of PO–C(O)NH– bonds between isocyanate and P–O–H

moieties of HPO4
2- groups.

Figure 4 shows the extent of modification as a function

of initial feed conditions. It can be seen that HDI immo-

bilization efficiency is high and can reach up to 40 vol%.

This could be due to the high surface area of the ceramic

powder, as well as due to the formation of longer organic

chains by side reactions of HDI. It is known that isocya-

nates undergo dimerization reactions via formation of

uretdiones, or, in the presence of water traces, via forma-

tion of ureas. Branching reaction through allophanate for-

mation have also been reported [23]. For further

preparation of CDHAP–PLA composites, powders with

modification extent of up to 10 vol% were used (CDHAP–

7H and CDHAP–10H).

Mechanical properties

The density of cold sintered CDHAP–polymer specimens

was 82–90% of the theoretical depending on the total

amount of organics and extent of modification. The highest

density of 90% was obtained for the material with 40 vol%

total organics and 10 vol% modification (CDHAP–10H-40).

Typical stress–strain curves of specimens tested in com-

pression are presented in Fig. 5. It can be seen that both

strength and ductility increase with increasing total organic

content. At 40 vol% organics, the plastic strain reaches

^2% which is comparable with the plastic strain of pure

PLA at room temperature [13]. Even without HDI modifi-

cation, cold sintered CDHAP–40 vol% PLA nanocompos-

ites have a high compression strength, rc, of 225 MPa. This

is 1.5 times stronger than the hot pressed (194 �C, 98 MPa)

composites having a practically identical composition

(HAP–41 vol% PLA, rc = 140 MPa) [14–16]. The high

strength values obtained in our work may be the result of a

Scheme 1 Reaction of HDI with HAP

Fig. 4 The extent of modification of CDHAP with HDI as a function

of HDI/CDHAP feed ratio

Fig. 3 Representative images

of as-synthesized CDHAP

powder: (a) HRSEM; (b) TEM
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more homogeneous phase distribution achieved through the

use of the much finer CaP nanopowder (SSA = 95 m2/g in

our work vs. SSA = 5 m2/g in [15]). The presence of very

fine (^200 nm thick) polymer nanofibers on the composite

fracture surface, Fig. 6, suggests the uniform distribution of

the PLA component.

As shown in Fig. 7, the modification of CDHAP with

HDI further increased the compressive strength of

CDHAP-based composites with organic content

C20 vol%. The improvement of mechanical properties is

especially obvious for the composites containing 40 vol%

organics. Compressive strengths of *265 and *295 MPa

were obtained for 7 and 10% modification, respectively,

which constitutes 15 and 25% improvement compared to

the unmodified CDHAP–40 vol% PLA composite. This

improvement is believed to be due to the better bonding

integrity between the HDI-modified CDHAP surface and

PLA molecules.

Conclusions

The main thrust of the present study was to develop new

approaches to the processing of bioresorbable CaP–poly-

mer composites that will result in bone-healing devices

with improved strength and toughness. Our main efforts

were directed at improving the bonding between the cera-

mic and polymer phases via chemical coupling of an

intermediate organic agent. A nanometric powder of cal-

cium-deficient hydroxyapatite (CDHAP) with Ca/P ratio

close to 1.5 was successfully modified by covalent

attachment of 7–10 vol% HDI to CDHAP surface hydroxyl

groups. The attached HDI acted as a coupling agent for the

PLA polymer. High pressure consolidation (at room tem-

perature and 2.5 GPa) of CDHAP/PLA and (CDHAP–

HDI)/PLA powders with relatively small amounts of added

PLA yielded dense nanocomposites with compressive

strength and ductility increasing as the total organic content

increased from 10 to 40 vol%. The room temperature

processing in principle provides the possibility of incor-

porating biomolecules (drugs, growth factors) without

damaging their biological activity. A high compressive

strength of almost 300 MPa was obtained for (CDHAP–

HDI)/PLA composites containing 40 vol% organic phase

which constitutes an *25% improvement over the corre-

sponding CDHAP–40 vol% PLA material without the HDI

interface modification (*225 MPa). These composites are

suitable candidates for load-bearing orthopedic applica-

tions and are currently being studied as a material for

porous bone ingrowth scaffolds.
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