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bstract

attices consisting of hydroxyapatite (HA) and �-tricalcium phosphate (�-TCP) mixtures were prepared by extrusion freeforming to serve as
one substitute structures in which both shape and structural hierarchy are determined by computer control. Fine ceramic filaments were prepared
rom a non-aqueous, solvent-based, ceramic–polymer paste and sintered at temperatures from 1100 to 1300 ◦C. The characteristics of the sintered

laments were investigated because this determines the resulting microporosity and phase content while the higher levels of porosity are computer
ontrolled. The effects of HA/�-TCP ratio and sintering temperature on the microstructure, density, shrinkage and final phase content were studied.
hese results provide a design reference for hard tissue engineering scaffolds built from these materials.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Sintered calcium phosphate ceramics based on hydroxya-
atite (HA, Ca10(PO4)6(OH)2) and �-tricalcium phosphate
�-TCP, Ca3(PO4)2) are the most prominent bone substitution
aterials among a wide range of calciferous candidates.1–3 HA

s similar to the carbonated apatite existing in natural bone but
t shows limited resorption in vivo and is therefore often used
n conjunction with TCP, which can be readily degraded in the
ody.4 Biphase HA/TCP materials have been successfully used
or osteoconduction and osteoinduction.5,6 The pore structure
f HA/TCP scaffolds is regarded as a main factor in promot-
ng osteoinduction with the intention that the implanted porous
eramic will be progressively replaced by natural bone. Recent
esearch on bone substitutes focuses on manufacturing meth-
ds that optimise the pore structure.7,8 Essentially a structural

ierarchy is sought in which fine pores (∼1 �m) are needed to
rovide dissolution and encourage cell adhesion and phenotype
evelopment, mid-range pores (10–100 �m) provide room for

∗ Corresponding author. Tel.: +44 20 7882 5501; fax: +44 20 8981 9804.
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ivision and mineralization while large pores (>100 �m) pro-
ide corridors for vascularisation and internal mineralized bone
ormation.

Many methods have been used to manufacture porous ceram-
cs. Conventional methods include the addition of a pore-former
uch as an organic material that burns away during firing9 or
water soluble salt that can be leached out.10 Slurry foam-

ng methods involve the coating of a polymeric foam template
ollowed by firing which removes the template11 but tends
o leave an internal defect in the foam struts.12 Gel casting
outes involve the direct polymerisation of foamed slurry.13

irect foaming of a polyurethane suspension produces retic-
lated ceramic foams.14,15 In these methods, the foam structure
s influenced by viscosity, surface tension and nucleation of
oids but is not directly controllable. There is a tendency for
he window diameter to be dependent on overall porosity.15 The
onflict is thus between strength, which is controlled largely by
orosity16 and the attainment of large pores to provide a vascular
ystem that supplies and maintains an adequate mass transport of

xygen and nutrients to the cells and removes waste metabolites.

Clearly a hierarchical structure is needed and the application
f rapid prototyping (RP) or solid freeform fabrication (SFF)
o tissue engineering may be the most promising method for

mailto:j.r.g.evans@qmul.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2007.04.013
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roducing scaffolds with customised external shape and prede-
ned and reproducible internal morphology.17,18 In this way,
omplex internal geometrical features of scaffolds, such as pore
ize, porosity, pore size distribution and pathways for a vascular
ystem, can be manufactured.

The present work uses direct extrusion freeforming in which
ceramic paste with a volatile solvent is extruded into filaments
nd hence into a lattice structure.19,20 The ceramic powder is
ompounded with binder and solvent and, after extrusion from a
ozzle, welds to the previous layers and solidifies. Welding is by
rowth of the contact area driven by surface energy decrease and
esisted by viscosity. As successive layers are deposited, a 3D
attice is built which can have missing strands in order to leave
arge internal channels. The organic contents can be removed
t the beginning of the sintering schedule. With fine extrusion
<100 �m), the hierarchical structure of bone substitute can be
asily manufactured but the microporosity of ceramic filaments
s controlled by the powder and the sintering temperature.

The characteristics of sintered HA, �-TCP and HA/�-TCP
iphasic ceramics have been studied by many21–25 and are con-
idered to have superior chemical and physical properties, such
s dissolution, mechanical properties and osteogenic activity in
ivo, but the results differ from one investigation to another. This
s partly because the purity and the fabrication methods of porous
caffolds differ. To control the characteristics of such HA/�-TCP
caffolds precisely in these new fabrication technologies, the
icrostructural features which are below the scale of computer

ontrol also need to be studied. In this work, the microstructure
nd constituents of the ceramic filaments with different HA/�-
CP ratios sintered at different temperatures were investigated

o provide a general reference for lattice design for hard tissue
ngineering scaffolds.

. Experimental details

.1. Materials

Table 1 details the materials used. The hydroxyapatite
Ca10(PO4)6(OH)2, Grade P221 S, Plasma Biotal Ltd., UK) and
-tricalcium phosphate (Ca3(PO4)2, Grade P228 S, Plasma Bio-

al Ltd., UK) powders were prepared by the manufacturer by
alcining at 900 ◦C and milling in water for 96 h. Manufacturer’s
RD data, confirmed in our laboratory, corresponded to the stan-

ards. The morphology and the particle size were assessed by
canning electron microscopy (SEM, JEOL JSM6300F, Japan)
nd specific surface area was measured by gas adsorption (BET,
odel 5100, Micromeritics, Norcross, GA, USA). Samples were

a
d
O
f

able 1
etail of materials

Grade

ydroxyapatite P221 S
-Tricalcium phosphate P228 S
oly(vinyl butyral) BN18
oly(ethylene glycol) MWt, 600
ropan-2-ol GPR
Ceramic Society 28 (2008) 159–167

eated to 200 ◦C for 3 h before BET measurement. Poly(vinyl
utyral) (PVB), grade BN18 (Wacker Chemicals, Germany) was
sed as the binder with additions of a grade of poly(ethylene
lycol) (PEG) that is liquid at ambient temperature (MWt = 600,
WR, UK).

.2. Preparation of samples

Mixtures of 75 wt.% PVB and 25 wt.% PEG600 were fully
issolved in propan-2-ol (GPR, VWR, UK). Independently,
owder mixtures having HA contents of 25, 50, 75 and 100 wt.%
ere dispersed in propan-2-ol with an ultrasonic probe (IKA
200S, IKA Labortechnik Staufen, Germany) for 15 min. These
ere mixed to provide a ceramic/polymer mixture which has
0 vol.% ceramic powder based on the dry mass. These mix-
ures were placed on a roller table with zirconia media for 12 h.
artial drying was used to reach a solvent level suitable for extru-
ion with intermittent stirring and the final solvent content was
easured by drying a sample to constant mass at 60 ◦C.
The pastes were loaded into a syringe (HGB81320 1 ml,

amilton GB Ltd., Carnforth, UK) and driven by micro-stepper
otors (50,000 steps/rev) supplied by ACP&D Ltd., Ashton-

nder-Lyne, UK, with a 64-1 reduction box driving 1 mm pitch
all screws (Automotion Ltd., Oldham, UK) over a three axis
able (Parker Hannifin Automation, Dorset, UK). The extrusion
ies of 80, 100, 150 and 300 �m diameter were purchased from
uick-OHM (Sapphire water-jet cutting nozzle, models 1708,
710, 1715 and 1730, Germany). The table was driven by Lab-
iew software to form latticework patterns. Filaments of 100 mm
ength and 300 �m diameter were extruded and cut into 80 mm
ength for sintering. Discs of paste with 20 mm diameter and
mm thick were made for XRD. After drying, the extruded fila-
ents and discs were heated in five groups at 5 ◦C/min to 1100,

150, 1200, 1250 and 1300 ◦C with a 5 h dwell before furnace
ooling to room temperature.

.3. Characterization

The cross sections and surfaces of the filaments both sintered
nd unsintered were observed by scanning electron microscopy
SEM, JEOL 6300, Japan). The length changes before and after
intering were measured to provide linear shrinkage. The density
nd porosity of filaments were calculated by measuring the mass

nd diameter of the cross section of 80 mm long filaments, the
iameters being measured by optical microscopy (Model BX60,
lympus, Japan) with a graticule. Ten samples at least were used

or each test.

Source Density (kg m−3)

Plasma Biotal Ltd., UK 3156
Plasma Biotal Ltd., UK 3070
Wacker Chemicals, Germany 1100
VWR, UK 1127
VWR, UK 789
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XRD analysis of the ceramic was recorded on a diffractome-
er (Model D5000, Siemens, Karlsruhe, Germany) using Cu K�
adiation. The step size was 0.02◦ 2θ with a count time of 2.5 s.
hases were identified using the International Centre for Diffrac-

ion Data powder diffraction files (no. 9-432 for HAP, no. 9-169
or �-TCP, and no. 9-348 for �-TCP). Peaks (2 1 0) for HA and
0 2 10) for �-TCP were used to calculate the ratios of intensities.

. Results and discussion

.1. Extrusion freeforming of HA/TCP lattices

Two-phase calcium phosphate can be made from calcium
eficient hydroxyapatites Ca10−x(PO4)6−x(HPO4)x(OH)2−x

ith 0 ≤ x ≤ 1. Such powders are precipitated by conventional
et chemical methods and decomposed into a mixture of
ydroxyapatite and tricalcium phosphate by thermal treatment
bove 700 ◦C. In this study, to satisfy the medical requirements,
edical grade hydroxyapatite and �-tricalcium phosphate pow-

ers were used directly to make two-phase calcium phosphate
ixtures.
Both HA and TCP powders used here meet compositional

pecifications for surgical implantation (ASTM F1088 and
STM F1185-88), the content of the trace metals being within

he maximum allowable limits. The specific surface areas of the
s-received HA and TCP powders were 13.1 and 5.3 m2/g mea-
ured by BET N2 adsorption. Fig. 1 shows the morphologies
f these powders. The HA powder consists of well-separated
articles, but the TCP powder has larger agglomerates.

PVB was used as the binder on the basis of its adhesive prop-
rties and solubility in propan-2-ol. PEG 600 improves fluidity
uring extrusion. These additives allow flow, enhance welding,
revent shrinkage–cracking and allow handling. The dry volume
raction was 60%; if it exceeds 70%, the filaments do not plasti-
ally deform during building and the dried filaments are brittle.
he polymer can also be used to act indirectly as a porogen by

educing packing efficiency and hence final density.
HA and TCP powders can be dispersed well in propan-2-ol

hereas in water, they were more easily flocculated and tended
o settle. The solvent content controls the extrusion process and

hanges the state by volatilising. If the solvent content is too
ow, more pressure is needed to extrude the paste and high vis-
osity results in inadequate weld formation. If too much solvent
s used, the paste has a low yield stress, does not maintain its

t
a
f

Fig. 2. Optical images of HA/TCP hard tissue sc
Fig. 1. SEM images of (a) HA and (b) TCP powders.

hape and tends to slump between base-layer filaments. For the
xtrusion of 300 �m filaments, the solvent content was about
5 vol.%.

Lattices manufactured on the three-axis table using different
ozzles are shown in Fig. 2 demonstrating the type of structures
hat are possible and that the higher levels of porosity in the
ierarchy can be engineered by extrusion freeforming.

.2. Microporosity

While the higher hierarchical levels of porosity in these scaf-
olds can be computer controlled through extrusion freeforming,
he microstructure of the filaments, which affects dissolution
n the prosthetic environment and the strength of filaments, is
irectly influenced by sintering temperature.
The surface microstructure of sintered filaments is presented
o the body fluids and is the substrate upon which proteins adsorb
nd cells adhere to develop their phenotype. In contrast, the
racture surface, discussed below, demonstrates the extent and

affolds prepared by extrusion freeforming.
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Fig. 3. SEM images of the surfaces of HA/TCP ceramic filaments sintere

orphology of bulk porosity, which is relevant to cell devel-
pment only when open porosity prevails but also influences
echanical properties. Fig. 3a shows the development of sur-

ace microstructure at a sintering temperature of 1100 ◦C as the

omposition becomes progressively �-TCP-rich. At 1100 ◦C,
ery little sintering has taken place. The particle size of �-TCP
s larger and as its fraction increases, the overall microstruc-
ure appears somewhat coarser. The �-TCP sinters more readily

m
a
s
t

fferent temperatures: (a) 1100 ◦C; (b) 1150 ◦C; (c) 1200 ◦C; (d) 1250 ◦C.

han HA and produces more rounded particles at the surface
ven at this low temperature where HA particles retain their
ngularity.

At 1150 ◦C (Fig. 3b) the difference in surface structure is

ore pronounced: the surface of the �-TCP-rich sample is

lmost closed because of more rapid sintering, while the HA-rich
urface shows rounding of particles and early stage neck forma-
ion. At 1200 ◦C (Fig. 3c), the surface of the �-TCP-rich sample
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Fig. 4. Cross sections of

s almost completely sealed while the HA-rich sample surfaces
till show many pores. Fig. 3d shows the samples sintered at
250 ◦C wherein all filaments present sealed and smoothed sur-
aces to the biological environment.

This does not mean that the samples are fully dense; Fig. 4
hows the fracture section of filaments sintered at 1250 ◦C.
lthough the surfaces of the filaments appear sealed, the inner

tructure retains considerable closed porosity. As sintering tem-
erature increases, the inner pores progressively disappear and
he filament reaches high relative density. The density measure-

ents shown below confirm the qualitative deductions from the
icrostructure.

.3. Density

The porosity of sintered filaments was compared by mea-
uring the density (Table 2) and converting to relative density,
, based on the theoretical density of individual mixtures
s deduced from XRD measurements (vide infra). Using
ahaman’s26 designation of three sintering stages, all samples

intered at 1100 ◦C are in initial stage typified by ρ < 0.65, ini-
ial neck growth between particles and low mechanical strength.
onversely, when sintered above 1250 ◦C, all samples are at the
nal stage, having ρ > 0.9, with disappearance of closed porosity
nd more extensive grain growth. The transformation of a small
mount of �-TCP to �-TCP is not taken into account in this
alculation (this transformation causes a slight decrease in theo-
etical density), so relative densities of filaments sintered above
250 ◦C are underestimated in the calculation and this effect is

ore pronounced in the �-TCP-rich samples. When sintered at

150 and 1200 ◦C, the relative densities for most samples in
he intermediate stage are in the range of ρ = 0.65–0.9, showing
rogressive disappearance of open porosity.

p
t
6
w

able 2
ensity of filaments (kg m−3), and relative densitya (shown in parentheses), with diff

1300 ◦C 1250 ◦C 1

00HA 3020 ± 110 (0.96) 2900 ± 100 (0.92) 2
5HA 3060 ± 40 (0.98) 3010 ± 30 (0.96) 2
0HA 2930 ± 50 (0.94) 2860 ± 50 (0.92) 2
5HA 2820 ± 40 (0.92) 2770 ± 30 (0.90) 2

a Deduced from theoretical density calculated from phase composition in Table 4 a
ents sintered at 1250 ◦C.

Although �-TCP-rich samples begin sintering at a lower tem-
erature than HA-rich samples as deduced from microscopy, the
elative density at 1100 ◦C is almost the same as the less sintered
A-rich samples because of the lower initial packing efficiency
f the �-TCP-rich samples. It is well known that the arrange-
ent of particles established by the shaping process affects the

intered structure and its defects.27 It is expected that these sin-
ered microstructures are affected by the drying process and the
rrangement of particles that results from it and this is investi-
ated by following the linear shrinkages at different stages of
reparation.

.4. Linear shrinkage

To fix the final lattice dimensions, the design file must com-
ensate for the overall linear shrinkage, which takes place in two
tages, drying and sintering. These two shrinkages, S1 and S2,
nd the total shrinkage S are defined by

1 = L0 − L1

L0
(1)

2 = L1 − L2

L1
(2)

= L0 − L2

L0
= S1 + S2 − S1S2 (3)

here L0, L1 and L2 are the initial, dried and sintered filament
engths, respectively.

During drying, shrinkage occurs as solvent is lost from the

olymer–solvent system in the pore structure. Particle cen-
res approach, leaving a binary polymer–ceramic system with
0 vol.% powder as fixed by formulation decisions. This value
as chosen to confer strength on the dry but unsintered lattice.

erent HA/TCP ratio sintered at different temperatures

200 ◦C 1150 ◦C 1100 ◦C

420 ± 90 (0.77) 2170 ± 80 (0.69) 2030 ± 70 (0.64)
500 ± 30 (0.80) 2140 ± 30 (0.68) 2000 ± 20 (0.64)
660 ± 50 (0.88) 2110 ± 40 (0.68) 1970 ± 30 (0.63)
540 ± 30 (0.87) 2250 ± 30 (0.73) 1940 ± 30 (0.63)

nd neglecting conversion to �-TCP.
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Table 3
Linear shrinkage of filaments after drying, S1, and sintering linear shrinkage,
S2, of different sintering temperatures

Samples S1 1300 ◦C 1250 ◦C 1200 ◦C 1150 ◦C 1100 ◦C

100HA 0.068 0.162 0.138 0.062 0.038 0.012
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with increasing �-TCP content and a systematic increase with
ig. 5. Schematic illustration of volume changes of the filament after drying
nd sintering.

owever, because this formulation is near the limit of powder
oading, particle contact may occur before drying is complete
nd the binary system may become a ternary composed of poly-
er, ceramic and porosity.
Fig. 5 shows the volume changes of a filament after drying

nd sintering. Since the drying process started immediately after
he filament emerged from the die, it is impossible to measure the
ength change, so the initial shrinkage was obtained indirectly.
upposing that this shrinkage is isotropic, the linear shrinkage

s related to volume fractions as follows:

1 = L0 − L1

L0
= 1 − 3

√
V1

V0
(4)

here V1 is the actual volume of filaments after drying and can
e calculated from

1 = V ∗
0 ρ∗

0

ρ1
(5)

here V ∗
0 is the volume of the fully dense ceramic and polymer

inary as shown in Fig. 5. ρ∗
0 is the calculated theoretical den-

ity of the ceramic and polymer composite and ρ1 is the actual
ensity of the dried ceramic and polymer filaments with differ-

nt HA/�-TCP ratios. Here, ρ1 ≤ ρ∗

0 because full packing of the
inary system may not be obtained. For the filament of length
extruded by a nozzle of radius r0, after drying the measured

s

i

Fig. 6. SEM images of surfa
5HA 0.054 0.169 0.144 0.075 0.056 0.025
0HA 0.033 0.175 0.156 0.15 0.088 0.05
5HA 0.022 0.188 0.162 0.162 0.106 0.056

ass is Wl and then ρ1 is calculated from

1 = Wl

Vl

= Wl

lπr2 = Wl

lπr2
0(1 − S1)2 (6)

nserting ρ1 into Eq. (5) and inserting Vl into Eq. (4), we find

1 = 1 − lπr2
0ρ

∗
0V ∗

0

WlV0
(7)

here V ∗
0 /V0 is the volume fraction of the polymer and ceramic

n the paste which was measured before extrusion. So by mea-
uring the mass of a dried filament with fixed length Wl, we
btain the drying shrinkage.

Table 3 gives the drying linear shrinkage for different sam-
les. With an increase of �-TCP content, the linear shrinkage of
he filament after extrusion decreases indicating a lower packing
fficiency. From the SEM (Fig. 6) it can be seen that for 100HA,
he dried filament (polymer and ceramic are shown here) has a
mooth and dense surface, but for the 25HA, the surface is rough
nd porous indicating that the pore structure is not saturated by
he polymer phase.

The sintering shrinkage has two contributions: loss of poly-
er in the early stages and loss of porosity at the sintering

emperature. Using dried filaments with L1 = 80 mm, the length
f the filaments L2 were measured, and sintering shrinkages
ere calculated by Eq. (2) using five samples for each experi-
ent. The error is due to measurement precision in length, which

s about ±0.5 mm. Table 3 also shows the shrinkages of the dif-
erent compositions sintered at different temperatures. For each
emperature there is a systematic increase in sintering shrinkage
intering temperature.
The total linear shrinkages were calculated from the dry-

ng and sintering shrinkages (Eq. (3)), and results are shown

ces of dried filaments.
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ig. 7. Linear shrinkages of HA/�-TCP filaments sintered at different temper-
tures.

n Fig. 7. The obvious difference is that HA-rich samples sinter
ore slowly than the �-TCP-rich samples at a sintering tem-

erature of 1200 ◦C and below, but the shrinkages at 1250 and
300 ◦C are similar. Consistent with the density results (Table 2),
-TCP-rich samples have higher shrinkage during sintering but

he total shrinkage may be still no more than that of the HA-rich
amples due to the lower starting density.

The length to diameter shrinkage ratio may differ from unity if
here is particle shape anisotropy. This ratio can be deduced from
he shrinkage of the whole lattice (Fig. 2) in the X–Y plane and
he shrinkage in the Z plane, the latter representing the diametral
hrinkage. Here the ratio was better than 0.95, so the particles
ere taken as isotropic to simplify the calculation.
From the shrinkage results, the design dimensions needed

o obtain the manufactured and sintered dimensions can be
alculated. For example, when using 75HA/25�-TCP materi-
ls to make 10 mm × 10 mm × 7 mm products with a sintering
emperature of 1150 ◦C, the manufacturing dimensions are
1 mm × 11 mm × 7.7 mm, but for a sintering temperature of
250 ◦C, they are 12.3 mm × 12.3 mm × 8.6 mm.

.5. Phase composition

After sintering, not only the morphology but also the phase
omposition changed depending on the sintering temperature
nd phase purity. The phase contents were investigated by XRD.
onstruction of a calibration curve for phase analysis is a simple
nd well-tried method28–32 although software is now available
or a more direct method33 Toth et al.28 used relative peak heights
o calculate the HA content by the intensity fraction of the I1 0 0
eak, although this can be in error as much as 10% for the ratio of
A/TCP. Raynaud et al.32 simplified the calibration curve into
series of linear equations for different HA/TCP ratios. In this
ay, a high accuracy can be obtained. In this study, a calibration
urve was given by a series HA/�-TCP mixtures with different
A/TCP ratios.
An XRD pattern for a two-phase powder mixture containing

5 wt.% HA and 25 wt.% �-TCP is shown in Fig. 8a. From this

n
p
a
d

Fig. 8. XRD traces for 75HA (a) powder and (b) sintered samples.

attern, avoiding partial peak superposition, the most appropri-
te peaks for quantitative analysis correspond to the plane (2 1 0)
t 2θ = 29◦ for HA and to the plane (0 2 10) at 2θ = 31◦ for �-
CP. These peaks have been used previously for quantitative

nterpretation and it is claimed to be possible to detect �-TCP
mounts as low as 0.5%.

Fig. 8b shows that after sintering, the intensity of the �-
CP increased. When sintered at 1250 ◦C, there were clear
-TCP peaks for 25HA and 50HA and 75HA. When sintered at
300 ◦C, more �-TCP was produced, even for 100HA. Accord-
ng to Zhou et al.,34 pure synthetic HA is stable when it is
intered in dry or wet air for long times below 1200 ◦C and
ecomposes into TCP above 1200 ◦C. But for the samples being
ested, some �-TCP was observed in the 100HA samples sin-
ered at 1100 ◦C and above. A small amount of Ca-deficient
ydroxyapatite (DHA), Ca10−z(HPO4)z(PO4)6−z(OH)2−z may
e present in the HA powder which may have been produced
uring milling and prolonged storage as a slurry. DHA has a
imilar crystal structure and identical XRD pattern (JCPD card
o. 46-905) to HA making it difficult to detect when assessing

hase purity by XRD. It can decompose to yield some �-TCP
nd water at temperatures above 800 ◦C according to Eq. (8)
ue to Monma et al.35 which was slightly modified by Mortier
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Fig. 10. Plot of 1/R against reciprocal HA weight fraction showing linearity.

Table 4
HA weight fraction of the sintered materialsa

Sample 1250 ◦C 1200 ◦C 1150 ◦C 1100 ◦C

100HA 0.851 0.832 0.841 0.849
75HA – 0.651 0.644 0.675
5
2

o
w

f
s
t
p
c
2
w
p
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O
n
1

t
S
d
d
l
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Fig. 9. Calibration curve of intensity ratio vs. HA weight fraction.

t al.36:

Ca10−z(HPO4)z(PO4)6−z(OH)2−z

→ (1 − z)Ca10(PO4)6(OH)2 + 3zCa3(PO4)2 + zH2O (8)

he intensity ratio of the peaks for HA and TCP is defined as
ollows:

= IHA

IHA + ITCP
(9)

f intensity is proportional to the weight fraction of the analyzed
hase, R can be expressed as

= I0
HAWHA

I0
HAWHA + I0

TCPWTCP

= 1

1 + (I0
TCP/I0

HA)((1 − WHA)/WHA)
(10)

ere I0
HA and I0

TCP are constants, and WHA is the weight fraction
f HA in the two-phase mixture. This relation can be rewritten
s follows:

1

R
= A

1

WHA
− A + 1 (11)

here A is a constant. This should provide a linear relationship
etween 1/R and 1/WHA, in which A = I0

TCP/I0
HA.

The value of A was found from the calibration curve measured
ith HA and �-TCP powder mixtures. This ratio is plotted for 10

ompositions individually prepared by weighing to give a cali-
ration curve (Fig. 9) similar to that obtained by Raynaud et al.32

ecause of conversion of some HA to �-TCP at 1100 ◦C, a new
atch of HA powder from the same manufacturer was taken and,
fter confirming the purity and stability of the powder by sin-
ering at 1200 ◦C and inspecting the X-ray trace, the calibration
urve was repeated. The two curves were co-incident.

The calibration curve produced from weighed mixtures of the
tarting powders using the data from Fig. 9 is shown in Fig. 10
s a curve of 1/R versus 1/WHA. The fitted curve has a slope
f A = 5.3 and an intercept of 4.3, with a correlation coefficient

f r = 0.99. Inserting this constant in Eq. (11), the phase com-
osition of samples sintered at different temperatures can be
alculated, and these are shown in Table 4. This quantitative
hase analysis cannot be used for samples with �-TCP because

p
s
s
a

0HA – 0.36 0.365 0.369
5HA – 0.141 0.153 0.157

a Deduced from XRD; results are averages of two samples.

f the overlapping of peaks, and the error may be significant
hen the HA weight fraction is less than 0.2.
The results (Table 4) show that HA decomposed into �-TCP

rom 1100 ◦C, which indicates that the batch of HA milled and
tored as slurry as in this experiment is not fully stable. When
he TCP content was high (≥50 wt.%), the proportion of decom-
osed HA was greater than that in the HA-rich samples. Thus
onversion was about 15% for 100HA and 75HA but rose to
7% and 40% for 50HA and 25HA, respectively. This coincides
ith the hypothesis of Kivrak et al.37. Their results show that the
resence of TCP phase in composite powders stimulates the fur-
her decomposition of the HA phase through dehydroxylation.
n the other hand, the sintered ceramic mixtures were not sig-
ificantly affected by increasing the sintering temperature from
100 to 1200 ◦C.37

The porosity, �-TCP and �-TCP contents affect the dissolu-
ion behaviour, strength and biological properties of filaments.
o the HA/�-TCP ratio and the sintering temperature need to be
ecided according to the biological requirements. This in turn
etermines the shrinkage and hence the design data to give a
attice of specified dimensions.

. Conclusion

The micro-extrusion freeforming process can produce scaf-
olds with customised external shape and predefined and
eproducible hierarchical levels of internal structure. At the
ower level, pore size, porosity and pore size distribution at the
ub-micron level can be controlled by sintering at different tem-
eratures. Drying shrinkage was investigated to understand the
acking efficiency of the intermediate polymer–ceramic com-

osite, which affects the sintered microstructure. The drying
hrinkage decreased with increasing �-TCP content while the
intering shrinkage increased with increasing sintering temper-
ture and �-TCP content. A shrinkage calibration needs to be
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ade before planning a fabrication process in order to meet
imensional tolerances. The porosity of the ceramic filaments
an be varied from fully dense to about 35% by controlling
intering temperature. The composition of the ceramic product
hanges depending on the stability of the HA, the ratio of HA/�-
CP and the sintering temperature. The procedure provides a

oute for lattices with suitable characteristics such as porosity,
trength and dissolution for clinical applications.
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