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Abstract

The influence of some parameters controlling the hydroxyapatite (HA) suspension rheology in terms of heat
treatment of the HA powder prior to suspension preparation, suspension solid loading and the amount of corn
starch addition was thoroughly investigated. The heat treatment of powder at 1100 °C prior to suspension
preparation was found to be extremely efficient in preparing suspensions with high solid loading of 59 vol.%.
In contrast, the highest solid loading that could be developed from the non-heat treated powder was 14 vol.%.
This phenomenon is consequence of the changes in the physical and chemical properties of the powder after the
heat treatment step. The amount of native corn starch addition has ranged from 10 to 40 vol.%. The addition
of corn starch leads to the high retardation in the suspension viscosity, particularly at low shear rate. On the
contrary, at higher shear rate the situation is completely different. The properties of the consolidated green
sample (produced from suspensions containing various corn starch amounts) in terms of relative density and
compressive strength were studied. The results indicated that even though there were no considerable changes
in the relative density, the compressive strength was sharply increased with increasing starch amount content
until it reached a maximum at 30 vol.% and then decreased thereafter.

Keywords: hydroxyapatite, rheological properties, calcination temperatures, starch consolidation technique

I. Introduction

Calcium phosphate based bioceramics have received
considerable attention as bone-graft substitutes, mainly
because of their excellent biocompatibility, bioactiv-
ity and osteoconduction characteristics [1,2]. The most
widely used calcium-phosphate-based bioceramics is
hydroxyapatite (HA, Ca10(PO4)6(OH)2). Due to the
chemical similarity between HA and mineralized bone
of human tissue synthetic HA exhibits a strong affin-
ity to the host hard tissues. The formation of chemical
bond with the host tissue offers HA a greater advan-
tage in clinical applications over most other bone sub-
stitutes, such as allograft or metallic implants [3]. How-
ever, the main drawback in the application of HA ceram-
ics is its poor mechanical properties and the difficulties
in fabricating parts with complex shapes [4]. Recently, a
great effort has been made to overcome these problems
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via the trials in developing processing techniques able
to achieve more reliable bioceramic bodies. The starch
consolidation technique (which belongs to the category
of direct consolidation technique) has been widely ex-
plored for shaping ceramic materials through the use of
starch loaded in ceramic slurry [5,6]. This technique has
been extensively applied for shaping ceramic powders,
such as pure oxide ceramics [5,7–9], mullite [10,11]
and cordierite ceramics [12,13], but for the hydroxya-
patite systems it is still quite rare. The main advantage
of using starch in ceramic forming, when compared to
other biopolymers and natural polysaccharides, is in its
chemical purity that secures residual-free burnout. Also,
starch is easy to burn out and it is economically cheap
and environmentally friendly for implementation in ce-
ramic processing to produce ceramic materials with di-
verse applications [14].

However, preparation of high solid loading and well
dispersed ceramic slurries is regarded as the main pa-
rameter deciding the power of practising this technique
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in the green ceramic body fabrication. The ceramic sus-
pension should possess optimum rheological properties
in order to be used in this technique. There are various
parameters controlling the rheological properties of the
ceramic suspensions such as: i) the amount and type of
dispersing agent that should be added in order to defloc-
culate the suspension, ii) the properties of the ceramic
powder (especially its physical properties in terms of
particle size, surface area, pore volume, etc.), and iii)
the type and amount of materials added during suspen-
sion preparation.

Some investigators [15,16] have mentioned that the
properties of hydroxyapatite are largely influenced by
heat treatment. The alterations in the properties of HA
with heat treatment and the influence of these alterations
in the behaviour of HA suspension are not thoroughly
examined. Also, research of the effect of different starch
amount addition on the rheological properties of ce-
ramic suspension is rare. To the best of our knowledge,
there are no reports dealing with the influence of starch
amount on the rheology of hydroxyapatite suspension.

In this manuscript, the hydroxyapatite powder was
firstly heat treated at 1100 °C and the influence of this
treatment on the various physical and chemical prop-
erties of the powder was elucidated. The reflection of
these changes (in powder properties via heat treatment)
on the suspension rheology was studied. Also, a detailed
rheological study is conducted for investigating the in-
fluence of hydroxyapatite solid loading on the suspen-
sion rheology. Additionally, the effect of adding various
amounts of native corn starch on suspension rheology
was investigated. Finally, the research on the effect of
various corn starch amounts on the properties of con-
solidated green parts was carried out.

II. Experimental procedures

2.1. Materials

The hydroxyapatite powder used in this investigation
was delivered by Riedel-de Haen Co., Seelze, Germany.
The bulk characteristics, which are taken from the man-
ufacturer, indicated that the powder only contains minor
amounts of compounds other than calcium and phos-
phates (shown in Table 1). A stock of the powder was
calcined at 1100 °C.

The dispersant applied in this investigation was
Acumer 9400 supplied by The Dow Chemical Com-
pany, Midland, Michigan, USA. It is a water-soluble
sodium salt polymer used to disperse and stabilize high-
solid mineral slurries. It is an anionic dispersant of
sodium polyacrylate polymer (SPA) with the solid con-
tent of 41–43 wt.% and molecular weight of 3000–
4000 g/mol. The amount of SPA was fixed during the

Table 1. Impurities in as-received hydroxyapatite powders

Type of impurities [%]
Chloride 0.15
Fluoride 0.005
Sulphate 0.5

Heavy metal 0.001
Fe 0.04
As 0.0002
Cd 0.0001
Cu 0.002
Zn 0.002

Loss of ignition (at 800 °C) 8

preparation of various HA suspensions (with and with-
out corn starch) at 0.36 wt.% based on the total weight
of hydroxyapatite. The temperature of heat treatment
(1100 °C) and amount of dispersing agent (0.36 wt.%)
were found to be optimal for preparing well dispersed
HA suspensions according to the separate study cur-
rently submitted for publication elsewhere.

The commercial corn starch used in this work was
supplied by El-Gomhoria Company, Egypt. This starch
had no physical or chemical modifications. It was se-
lected primarily due to its low price and easy repro-
ducibility.

The physical properties of both hydroxyapatite pow-
ders (as-received and heat treated) and corn starch in
terms of density and surface area are shown in Table 2.

2.2. Processing

Suspensions from both hydroxyapatite powders heat
treated at 1100 °C and the as-received one were pre-
pared by adding the predetermined amount of powder
gradually to a predetermined amount of bi-distilled wa-
ter under continuous stirring. The amount of Acumar
required to stabilize the HA particles (0.36 wt.% based
on the total weight of hydroxyapatite) was dissolved
in bi-distilled water and then added to the suspensions.
The pH of all suspensions was adjusted at 11. The solid
loading of suspensions prepared from the heat treated
HA powder varied from 14 to 59 vol.%. Afterwards, the
suspensions were mixed in a planetary mill for 24 h us-
ing zirconia balls to avoid the agglomeration [17] and
to allow the deflocculant to adsorb onto the particle sur-
faces. Volume ratio between suspension and balls was 2
in order to avoid grinding of the powder during mixing
[18]. The HA suspensions (of 59 vol.%) were then trans-
ferred into a new pots and 10–40 vol.% of corn starch
was added and mixed under vigorous contentious me-
chanical stirring for 3 h to ensure the homogenization of
the suspensions. The total solid loading (HA and corn
starch) of all suspensions was kept constant at 59 vol.%,

Table 2. Properties of as-received hydroxyapatite powder, calcined HA powder and corn starch

As-received powder Powder calcined at 1100 °C Corn starch

Density [g/cm3] 3.156 3.156 1.41

Surface area [m2/g] 73.9 1.9 0.33
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taking into consideration that the corn starch powder
has lower density than hydroxyapatite powder (Table
2). The adjustment of the solid loading was achieved
via the addition of predetermined amounts of distilled
water during the addition of corn starch to the HA sus-
pension. After 3 h of vigorous mechanical stirring for
homogenization and conditioning the suspensions were
then ready for casting. This adjustment of the solid load-
ing was carried out in order to make the amount of
added starch the only variable during rheological study
and green sample properties determination. After cast-
ing the suspensions into non-porous moulds, they were
heated in a dryer at 80 °C for 24 h. The drying process
was carried out in an ordinary dryer oven Carbolite Fan
Convection Oven (Hope Valley, UK) with a heating rate
of 5 °C/min. According to the fact that the corn starch
gelatinization started at 62 °C and ended at 80 °C [19],
the drying temperature of all samples was fixed at 80 °C
throughout the investigation.

2.3. Characterization

X-ray diffraction (XRD, Bruker axs D8, Karlsruhe,
Germany) with CuKα (λ = 1.5406 Å) radiation and
secondary monochromator in the 2θ range from 20 to
100° was used to identify the formed phases and deter-
mine the crystallite size of the produced powder. The
functional group analysis was performed by Fourier
transform infrared spectroscopy (FT-IR). The measure-
ments were carried out in the transmission mode in the
mid-infrared range (400–4000 cm-1) at the resolution of
4 cm-1. The studies were performed using the instrument
JASCO 3600, Tokyo, Japan. For FT-IR measurements,
KBr pellets containing the exact weighted amount of
the examined substance were prepared. Morphology of
sintered samples was examined using scanning electron
microscope (JEOL-JSM-5410 Tokyo, Japan) equipped
with EDX unit (England, Oxford, ANCK). The parti-
cle size distribution of the powders was determined by
the laser diffraction method (FRITSCH Model ANALY-
SETTE 22, Idar-Oberstein, Germany). The specific sur-
face area (S BET ) as well as the pore volume of the pow-
ders was determined by BET method using a surface
area analyser (Autosorb-1, Quantachrome Instruments,
USA). Zeta potential measurements were performed by
a laser Zetameter (Malvern Instruments Model Zeta-
sizer 200). A 0.1 g of sample was placed in 50 ml bi-
distilled water with pH modifiers. The ionic strength
of the medium was adjusted by adding 0.02 M NaCl
solution. The suspension was conditioned for 30 h dur-
ing which the pH was adjusted. After shaking, the equi-
librium pH was recorded. 10 ml of the suspension was
transferred into a standard cell for zeta potential mea-
surement. Suspension temperature was maintained at
25 °C. Zeta potential was measured as a function of pH.
1M HNO3 and 1M NaOH were used to adjust the pH.
Five measurements were taken and the average was re-
ported as the measured zeta potential. The isoelectric
point (IEP) was identified at the pH axis crossing point.

The rheology of the samples was determined using a
Bohlin Rheometer (Bohlin Instruments Ltd, UK) with a
cone-and-plate geometry. Experiments were performed
at 25 °C. In all experiments, a cone with the radius of
60 mm and cone angle of 4.0° was used. Each sam-
ple was transferred to the rheometer plate at the de-
sired temperature and excess material was wiped off
with a spatula. The apparent viscosity versus shear rate
curves were measured for HA suspensions with vari-
ous volume fractions of the as-received and heat treated
powder and for those containing various volume con-
tents of starch. The bulk density and apparent poros-
ity for both green and sintered samples were deter-
mined by Archimedes immersion technique. The com-
pressive strength test was performed in order to evalu-
ate the mechanical properties of the produced sintered
samples. Samples of cylindrical shape (12 mm in diam-
eter and 12 mm in length) were subjected to compres-
sive tests. The test was performed at a crosshead speed
of 0.5 mm/min using a universal testing machine. The
compressive strength was evaluated from the maximum
point of the stress/strain graph, which occurs when the
first crack appears in the samples. The average of three
samples was taken as the measure of the compressive
strength of the sample.

III. Results and discussion

3.1. Rheology of HA suspension

Figure 1 illustrates the effect of both calcination tem-
perature and HA solid loading on the rheological be-
haviour of HA suspensions. It is clear that all suspen-
sions exhibit a shear thinning behaviour, whereas vis-
cosity is largely decreases with increasing shear rate.
The shear thinning behaviour is usually associated with
the slurry structure. At low shear rate, liquid is immobi-
lized in empty spaces within floc and floc network. As

Figure 1. Viscosity-shear rate curves for suspensions
prepared from as-received and heat treated hydroxyapatite

powder containing different solid loading (SL)
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Figure 2. XRD patterns of both as-received hydroxyapatite
powder and that heat treated at 1100 °C

the shear rate increases, the floc and floc network break
down, the entrapped liquid is released and a more or-
dered structure is formed in the flow direction [20].

However, 14 vol.% was found to be the maximum
solid loading of suspension that could be produced
from the as-received HA powder. In this case (for the
as-received powder), when solid loading was above
14 vol.%, it was difficult to get dispersed suspension
and actually the produced slurry had a paste like con-
sistency. Accordingly, in the case of as-received HA
powder the maximum solid loading could not ex-
ceed 14 vol.% due to more accentuated viscous char-
acter of this suspension. This situation is completely
changed when the as-received powder is firstly calcined
at 1100 °C before suspension preparation. Suspension
containing the same solid loading (14 vol.%), but from
the powder calcined at 1100 °C shows a sharp deterio-
ration in the viscosity at the whole range of shear rate
studied (Fig. 1). This is a reflection of the large en-
hancement in the flow behaviour of the suspension via
heat treatment of the HA powder. The enhancement in
the flow behaviour could be attributed to the changes in
the chemical and physical properties of the HA powder
that could occur after treating the powder at 1100 °C.
Chemically, XRD patterns for the as-received powder
and that calcined at 1100 °C (shown in Fig. 2) confirmed
the presence of the same peaks related to hexagonal hy-
droxyapatite structure both in term of intensity and d-
spacing compared with the standard HA in the powder
diffraction file (PDF card # 9-432). No extra peaks re-
flecting the decomposition of the hydroxyapatite with
heat treatment was identified. Although the as-received
powder is composed of a pure hydroxyapatite it is clear
from the pattern that the peak intensities of HA phase
are very low for as-received sample compared to the
same peaks for calcined ones. This observation could be
owed to one or even both of the following reasons: i) the
as-received sample is composed of a poorly crystalline
HA with the presence of amorphous phase (with calci-
nation of this sample at various temperatures the crys-
tallinity degree of the HA phase is largely enhanced),
ii) the particle size of the as-received sample is very

Figure 3. FT-IR spectra of both as-received hydroxyapatite
powder and that heat treated at 1100 °C

small. Upon calcination a grain growth of the HA par-
ticles is achieved forming large particles. This increase
in sample particle size is responsible for increasing the
peak intensities in the XRD patterns of the calcined
samples. According to Scherrer’s equation, the crystal-
lite size of HA samples was increased from 28 nm for
the as-received powder to 190 nm for powder calcined
at 1100 °C. On the other hand, an overlapping of the
211 and 112 peaks at 2θ ∼32° is clearly noticeable for
the as-received powder. This overlapping is an indica-
tion of the presence of hydroxyapatite phase in carbon-
ated form [21]. The presence of carbonated HA in the
as-received sample is confirmed by the FT-IR analysis
of both samples. Figure 3, shows the FT-IR spectra for
the as-received and calcined samples. In the spectrum
of the as-received HA, beside bands characteristic for
HA and water at ∼964, 470, 1045–1095, 570–605 cm-1

and 3444 and 1635 cm-1, respectively, bands of CO3
2–

were clearly detected in the region around 1460, 1416
and 875 cm-1. The band at ∼875 cm-1 indicates the ν2
mode of CO3

2– group [22]. Moens et al. [23] and Xu
et al. [24] have ascribed the appearance of bands at 872,
1417 and 1460 cm-1 to the presence of B-carbonated hy-
droxyapatite in which some of the CO3

2– ions substitute
the PO4

3– ions in the hydroxyapatite structure. These
bands are completely disappeared for the sample cal-
cined at 1100 °C. The presence of this carbonate group
has a reflection on the particle surface charge of the HA.
The zeta potential measurements of two samples (the as-
received and calcined, shown in Fig. 4) proved the shift-
ing of the isoelectric point to more acidic region with
heat treatment of the powder. This behaviour could be
attributed to the presence of the carbonate group in the
as-received powder. The presence of this group changes
the surface behaviour of the powder making a shift in
the isoelectric point to a higher basic region [25]. With
heat treatment of the powder at 1100 °C this carbonate
ions are almost eliminated (as confirmed from the FT-
IR data shown in Fig. 3), which interpret the shifting
in IEP of these powders to more acidic region. How-
ever, it could also be noticed that, with increasing the pH
value, more negative charge is established on the surface
of HA particles for both as-received and calcined sam-
ples. The zeta potentials were found to be negatively in-
creased from ∼ −3 for the as-received sample to ∼ −29
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Figure 4. Zeta potential-pH curves of both as-received
hydroxyapatite powder and that heat treated at 1100 °C

for sample heat treated at 1100 °C at pH = 11. This high
negative charge on the surface of heat treated particles
could be the reason for the enhancing in the flow be-
haviour of the suspension.

Physically, it was found that the surface area of
the HA powder is largely reduced from about 74 m2/g
for the as-received to ∼2 m2/g for powder calcined at
1100 °C. The effective volume of liquid would be higher
with utilization of lower surface area powder during sus-
pension preparation. This means that higher solid load-
ing suspension would be prepared from lower surface
area powder. Moreover, it was found that the as-received
powder is characterized by high pore volume fraction
compared to that calcined at 1100 °C (the pore volume
reduced from 0.119 cm3/g for the as-received powder to
0.002 cm3/g for the powder calcined at 1100 °C). The
highly porous nature of the HA particles made each in-
dividual particle acts as a “sponge” absorbing liquid,
and, thereby, increasing the effective solid loading in
suspension [26,27]. In general, the heat treatment step
highly affects both physical and chemical properties of
the HA powder. This is the main reason responsible for
the high decrease in viscosity of suspension prepared
from the heat treated powder.

On the other hand, increasing the solid loading (14
to 59 vol.%) for HA powder calcined at 1100 °C leads
to a sharp increase in the viscosity of the produced sus-
pensions (as shown in Fig. 1). This behaviour was ex-
pected according to the fact that increasing solid load-
ing leads to a decreasing in the amount of liquid in the
system that could be present between particles and re-
sponsible for deflocculation [28]. However, the highest
solid loading suspensions that could be produced from
powder calcined at 1100 °C was found to be 59 vol.%.
Beyond this value of solid loading the produced suspen-
sion had a paste like consistency. It is worth mentioning
that the viscosity of the highest solid loading suspension
produced from the heat treated HA (59 vol.%) is lower
than that produce at much lower solid loading suspen-

sion from the as-received HA powder (14 vol.%). This
indicates the effectiveness of the heat treatment step
in changing the physico-chemical properties of the HA
powder in order to prepare a high solid loading suspen-
sions suitable for casting process. Moreover, the viscos-
ity of all suspensions (with various solid loadings and
except that produced from non-heat treated HA) is al-
most < 1 Pa·s at high shear rate = 100 s-1 (Fig. 1). This
indicates that all produced suspensions meet the require-
ments of the casting process [29].

Figure 5. Viscosity-shear rate curves for suspensions
prepared from heat treated hydroxyapatite powder

containing different amount of corn starch

In order to investigate the effect of corn starch addi-
tion on the rheological properties of HA suspension, the
suspensions from HA powder calcined at 1100 °C with
various corn starch contents have been prepared. The
corn starch content in the produced suspensions was
varied from 0 to 40 vol.%, while, the total solid load-
ing was kept constant at (59 vol.%) which is the highest
solid loading deduced from the previous study. Figure
5 shows the viscosity-shear rate curves for HA suspen-
sion prepared from HA calcined at 1100 °C and contain-
ing various corn starch content. There are some general
features which are clearly noticeable. Firstly, increas-
ing starch content leads to a considerable decrease in
the viscosity, especially at low shear rate (shown as the
insert in Fig. 5). Secondly, all suspensions with differ-
ent corn starch content exhibit shear thinning flow be-
haviour. But, it is worthy to mention that, for suspen-
sions with 10 and 20 vol.% starch exhibit this shear thin-
ning behaviour at all ranges of applied shear rate, while
the situation is different for suspensions containing 30
and 40 vol.% of starch. At 30 and 40 vol.% starch con-
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tent, the suspensions exhibit shear thinning behaviour at
low shear rate and then a shear thickening behaviour is
pronounced at higher shear rate. The decrease in the vis-
cosity of all suspensions with increasing starch content
could be regarded as if starch weakens the inter-particle
network in the HA suspension. All of the suspensions
in the present study contained polyacrylate dispersant
(0.36 wt.% based on the total weight of hydroxyapatite)
which is known to stabilize the suspension with elec-
trosteric means [30,31]. The weakening of inter-particle
network with starch addition is believed to occur be-
cause of enhancing steric hindrance from the starch
molecule (consisting of condensed glucose unit) that are
possibly adsorbed onto the polyacrylate molecules [32].
Separate study showed that the pure starch suspensions
(40 vol.%) display Newtonian behaviour [33]. On the
other hand, in the present study it is confirmed that the
pure HA suspension of (≥40 vol.%) display shear thin-
ning behaviour (deduced from the effect of HA solid
loading on the suspension rheology). Herein, the solid
loading of the final suspensions (with various starch ad-
ditions) was kept constant. This means that the starch
(whose pure suspension has near Newtonian behaviour)
was added on the expense of HA powder (whose sus-
pension has a shear thinning behaviour). This could be
a convenient reason for the enhancing in the suspension
fluidity with increasing starch amount added during HA
suspension preparation.

The other obvious characteristic, deduced from Fig.
5, is the appearance of the shear thickening (dilata-
tion) at high shear rates (the viscosity increases as the
shear rate increases) for suspensions containing 30 and
40 vol.% of corn starch. Barnes [34] stated that shear
thickening is a typical feature of well-deflocculated sus-
pensions. The onset of shear thickening of the suspen-
sion is affected by solid loading, the particle size and
shape, the polydispersity and the degree of stabiliza-
tion. Hoffman [35] suggested that shear thickening is a
consequence of an order-to-disorder transition. In well-
stabilized suspensions, the particles are separated by a
repulsive force and move individually, which leads to
a low viscosity. The particles arrange themselves to be
well separated; therefore, the structure is especially uni-
form (or “ordered”), compared to that of a flocculated
suspension. Below the critical shear rate (the shear rate
at which a transition from shear thinning to shear thick-
ening occur), well-stabilized particles have a tendency
to form a layered structure with close packing in the
layers but higher separation between layers as a result
of laminar flow [36]. At high shear rates, the layered
arrangement becomes disrupted into a random three-
dimensional structure [37]. This structural change re-
quires greater packing space and presents an increase
in the apparent viscosity. This could explain the reason
for shear thickening behaviour of suspensions contain-
ing 30 and 40 vol.% of starch. Although the suspen-
sion solid loading is fixed at 59 vol.% the density of
the corn starch is much lower compared to that of HA

powder. This means that the amount of fine powder in-
troduced into the suspension increased with increasing
corn starch addition. At higher corn starch amount (30
and 40 vol.%) the backing space required to stabilize the
particles, particularly at higher shear rate, is diminished
which is responsible for increasing the viscosity.

3.2. Properties of consolidated HA-corn starch sus-

pensions

The relative density as well as compressive strength
of the consolidated HA (0–40 vol.%) corn starch sus-
pensions are shown in Fig. 6. The relative density was
found to have insignificant changes with increasing corn
starch amount. Whereas, the compressive strength of the
dried sample is sharply increased with increasing corn
starch addition until it reaches a maximum at 30 vol.%
of corn starch and then it decreases thereafter. The unex-
pected constancy of the relative density with increased
corn starch amount indicates that the addition of corn
starch could not improve the packing ability of the
producing mixture. This may be attributed to the fact
that the surface area of the corn starch (0.333 m2/g)
was found to be much lower compared to that of HA
powder (2 m2/g). These results are in good agreement
with Furnas’ model [38]. According to his principle,
the packing behaviour of a mixture should be improved
when a portion of fine particles is replaced by the same
amount of coarse one [39,40]. The improvement in sam-
ple compressive strength with additional starch amount
is owed to the binding effect of the starch granules.
The starch granules begin to swell by absorbing water
at 55–60 °C during heating of the ceramic suspension,
and then the starch granules are gelatinized gradually
and the molecule chains extend above 60 °C. In fact, the
swelling and gelatinization of the starch granules by ab-
sorbing water in situ reduce the free water in the ce-
ramic suspension and the consolidation occurs, forming

Figure 6. Effect of corn starch content on relative density
and compressive strength of green HA samples
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Figure 7. Microstructure of green HA sample containing different percentages of corn starch at two different magnifications:
a,b) sample containing 10% corn starch, c,d) sample containing 30% corn starch and e,f) sample containing 40% corn starch

the green bodies. When the starch granules absorb wa-
ter and swell, they create an extruding force among the
ceramic particles, leading to the contact of ceramic par-
ticles. With the gelatinization of the starch granules, the
molecule chains elongate in a great extent and perme-
ate into the clearance among the hydroxyapatite parti-
cles and combine the particles. This promotes the con-
solidation of the ceramic suspension and increases the
strength of the green bodies [41]. However, the decreas-

ing of the compressive strength with increasing starch
addition beyond 30 vol.% may be owed to the high
shrinkage that would occur during drying. Lyckfeldt and
Ferreira [33] studied the effect of starch addition on the
density of the green ceramic sample and compared the
experimental values with the predicted one for both high
and low solid loading suspensions. They concluded that
a good agreement between the experimental and pre-
dicted density values was found which means that there
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are no obvious dimensional changes during the consol-
idation/drying process for suspension containing starch
up to a specific content. Simultaneously, at high starch
content there is some deviation between the experimen-
tal and predicted density values suggesting some shrink-
age during drying.

The scanning electron micrographs of the samples
containing 10, 30 and 40 vol.% of corn starch at both
low and high magnifications are shown in Fig. 7. It can
be seen that a homogeneous distribution of the corn
starch was achieved in the final dried sample especially
for sample containing low and medium starch amount
(10 and 30 vol.%), Figs. 7a-d. However, with highest
starch content of 40 vol.%, although there is a good
starch distribution throughout the matrix a large crack
was clearly noticeable with the presence of a large pore
(Figs. 7e,f). This observation at the highest starch con-
tent can be related to a large quantity of shrinking starch
granules during drying. A matrix with low density has
a tendency to shrink during drying as there is, compara-
tively, much more empty space between hydroxyapatite
particles. Furthermore, the shrinking of the starch can
cause a local breakdown when adhered hydroxyapatite
particles are removed, leaving more open space [33].
However, the presence of this crack in the sample con-
taining 40 vol.% of corn starch easily explain the lower
compressive strength of this sample.

IV. Conclusions

The heat treatment of the hydroxyapatite powder
plays a highly versatile role in affecting the physico-
chemical properties of the powder and subsequently the
rheological properties of the produced suspensions. A
high solid loading of about 59 vol.% suspension could
be prepared from HA powder heat treated at 1100 °C. In
contrary, 14 vol.% was found to be the maximum solid
loading suspension that could be prepared from the non-
heat treated powder. Corn starch addition was found to
be highly effective in enhancing the rheological proper-
ties of the prepared suspensions. The viscosity of high
solid loading HA suspension is largely reduced with in-
creasing corn starch addition from 10 to 40 vol.%, par-
ticularly at low shear rate. This makes the prepared sus-
pensions with starch addition highly suitable for casting
process. The green sample produced by a starch consol-
idation technique was found to be homogeneous with
a uniform distribution of the starch particle in the HA
matrix. The compressive strength of the green samples
was found to be increased with increasing amount of
starch up until 30 vol.% of addition, then it decreased
thereafter. The decreasing in compressive strength be-
yond 30 vol.% of addition was owed to the high shrink-
age of the starch, which causes a local breakdown when
adhered hydroxyapatite particles are removed, leaving
more open space.

Acknowledgement: The authors gratefully acknowl-
edge the financial support for this research by Science

and Technology Development Fund (STDF), Egypt,
Grant No. 806.

References

1. K. de Groot, Bioceramics of Calcium Phosphate,
CRC Press, Boca Raton, FL, USA, 1983.

2. L.L. Hench, J. Wilson, An Introduction to Bioceram-

ics, World Scientific, London, UK, 1993.
3. S. Kumar Swain, Processing of Porous Hydroxya-

patite Scaffold, Master Thesis, Department of Ce-
ramic Engineering, National Institute of Technology,
Rourkela, 2009.

4. B. Chen, Z. Zhang, J. Zhang, M. Dong, D. Jiang,
“Aqueous gel-casting of hydroxyapatite”, Mater. Sci.

Eng. A, 435-436 (2006) 198–203.
5. E. Gregorova, W. Pabst, “Process control and opti-

mized preparation of porous alumina ceramics by
starch consolidation casting”, J. Eur. Ceram. Soc., 31

(2011) 2073–2081.
6. E. Gregorova, W. Pabst, I. Bohacenko, “Characteri-

zation of different starch types for their application in
ceramic processing”, J. Eur. Ceram. Soc., 26 (2006)
1301–1309.

7. E. Gregorova, Z. Zivcova, W. Pabst, “Starch as a pore
forming and body-forming agent in ceramic technol-
ogy”, Starch/Stärke, 61 (2009) 495–502.

8. E. Gregorova, Z. Zivcova, W. Pabst, J. Stitina, M.
Keuper, “Rheology of ceramic suspensions with or-
ganic or biopolymeric gelling additives part III: Sus-
pensions with starch”, Ceramics/Silikaty, 52 (2008)
250–259.

9. F.A. Almeida, E.C. Botelho, F.C.L. Melo, T.M.B.
Campos, G.P. Thim, “Influence of cassava starch
content and sintering temperature on the alumina
consolidation technique”, J. Eur. Ceram. Soc., 29

(2009) 1587–1594.
10. M.H. Talou, M.A. Camerucci, “Two alternative

routes for starch consolidation of mullite green bod-
ies”, J. Eur. Ceram. Soc., 30 (2010) 2881–2887.

11. M.H. Talou, M.A. Villar, M.A. Camerucci, R.
Moreno, “Rheology of aqueous mullite–starch sus-
pensions”, J. Eur. Ceram. Soc., 31 (2011) 1563–
1571.

12. M.L. Sandoval, M.A. Camerucci, A.G. Tomba Mar-
tinez, “High temperature mechanical behavior of
cordierite-based porous ceramics prepared by mod-
ified cassava starch thermogelation”, J. Mater. Sci.,
47 (2012) 8013–8021.

13. M.L. Sandoval, M.A. Pucheu, M.H. Talou, A.G.
Tomba Martinez, M.A. Camerucci, “Mechanical
evaluation of cordierite precursor green bodies ob-
tained by starch thermogelling”, J. Eur. Ceram. Soc.,
29 (2009) 3307–3317.

14. R.L. Menchavez, C.R.M. Adavan, J.M. Calgas,
“Starch consolidation of red clay-based ceramic
slurry inside a pressure-cooking system”, Mater.

Res., 17 (2014) 157–167.
15. S. Padilla, R. García-Carrodeguas, M. Vallet-Regí,

134



Y.M.Z. Ahmed et al. / Processing and Application of Ceramics 8 [3] (2014) 127–135

“Hydroxyapatite suspensions as precursors of pieces
obtained by gelcasting method,” J. Eur. Ceram. Soc.,
24 (2004) 2223–2232.

16. H.Y. Juang, M.H. Hon, “Effect of calcination on
sintering of hydroxyapatite”, Biomater., 17 (1996)
2059–2064.

17. Z. Sadeghian, J.G. Heinrich, F. Moztarzadeh, “Influ-
ence of powder pre-treatments and milling on dis-
persion ability of aqueous hydroxyapatite-based sus-
pensions”, Ceram. Int., 32 (2006) 331–337.

18. S. Nayak, B.P. Singh, L. Besra, T.K. Chongdar, N.
M. Gokhale, S. Bhattacharjee, “Aqueous tape casting
using organic binder: A case study with YSZ”, J. Am.

Ceram. Soc., 94 (2011) 3742–3747.
19. J.R. Daniel, R.L. Whistler “Starch: Sources and

processing”, pp. 4377–4380 in Encyclopaedia of

Food Science, Food Technology, and Nutrition. Eds.
R. Macrae, R.K. Robinson, M.J. Sadler. Academic
Press, London, UK, 1993.

20. R.Z. Legeros, J.P. Legeros, “Dense hydroxyapatite”,
p. 139 in An Introduction to Bioceramics, Advanced

Series in Ceramics, Vol. 1. Eds. L.L. Hench, J. Wil-
son, World Scientific, Singapore, Republic of Singa-
pore, 1993.

21. W. Suchanec, M. Yoshimura, “Processing and prop-
erties of hydroxyapatite based biomaterials for use
as hard tissue replacement implants”, J. Mater. Res.,
13 [1] (1998) 94–117.

22. J.C. Elliott, Structure and Chemistry of the Apatites

and other Calcium Orthophosphates, Elsevier, Am-
sterdam, Netherlands, 1994, p. 387.

23. P. Moens, F. Callens, P. Matthys, F. Maes, R.
Verbeeck, D. Naessens, “Adsorption of carbonate-
derived molecules on the surface of carbonate-
containing apatites”, Chem. Soc. Farad. Trans., 87

(1991) 3137–3141.
24. G. Xu, I.A. Aksay, J.T. Groves, “Continuous crys-

talline carbonate apatite thin films, A biomimetic ap-
proach”, J. Am. Chem. Soc., 123 (2001) 2196–2203

25. E. Landi, G. Celotti, G. Logroscino, A. Tampieri,
“Carbonated hydroxyapatite as bone substitute”, J.

Eur. Ceram. Soc., 23 (2003) 2931–2937.
26. S. Michna, W. Wua, J.A. Lewis, “Concentrated hy-

droxyapatite inks for direct-write assembly of 3-D
periodic scaffolds”, Biomater., 26 (2005) 5632–5639.

27. Y.Y. Funda, Y. Acar, E. Yurtsever, M. Akinc, “Re-
duction of viscosity of alumina nanopowder aqueous
suspensions by the addition of polyalcohols and sac-
charides”, J. Am. Ceram. Soc., 93 [9] (2010) 2630–
2636.

28. L. Wang, W. Sigmund, F. Aldinger, “Systematic app-

roach for dispersion of silicon nitride powder in or-
ganic media: II, Dispersion of the powder”, J. Am.

Ceram. Soc., 83 [4] (2000) 697–702.
29. Y. Bao, A.M.R. Senose, M. Almeida, “Rheological

behavior of aqoues suspensions of hydroxyapatite
(HAP)”, J. Mater. Sci.: Mater. Med., 13 (2002) 639–
643.

30. L. Guo, Y. Zhang, N. Uchida, K. Uematsu, “Adsorp-
tion effects on the rheological properties of aqueous
alumina suspensions with polyelectrolyte”, J. Am.

Ceram. Soc., 81 [3] (1998) 549–556.
31. J. Cesarano, I. A. Aksay, A. Bleier, “Stability of

aqueous α-Al2O3 slurry with poly(methacrylic acid)
polyelectrolyte”, J. Am. Ceram. Soc., 71 [4] (1988)
250–255.

32. M. Pradhan, P. Bhargava, “Influence of sucrose addi-
tion on rheology of alumina slurries dispersed with a
polyacrylate dispersant”, J. Am. Ceram. Soc., 88 [4]
(2005) 833–838.

33. O. Lyckfeldt, J.M.F. Ferreira, “Processing of porous
ceramics by ‘Starch consolidation”’, J. Eur. Ceram.

Soc., 18 (1998) 131–140
34. H.A. Barnes, “Shear-thickening (‘Dilatancy’) in sus-

pensions of nonaggregating solid particles dispersed
in Newtonian liquids”, J. Rheol., 33 [2] (1989) 329–
366.

35. R.L. Hoffman, “Discontinueous and dilatant viscos-
ity behavior in concentrated suspensions, I. Obser-
vation of a flow instability”, Trans. Soc. Rheol., 16

(1972) 155–173.
36. J.H. Song, J.R.G. Evans, “Ultrafine ceramic pow-

der injection molding: The role of dispersants”, J.

Rheol., 40 [1] (1996) 131–152.
37. W.B. Russel, The Dynamics of Colloidal Systems,

University of Wisconsin Press, Madison, WI, USA,
1987, pp. 8–10.

38. C.C. Furnas, The Relation between Specific Volume,

Voids and Size Composition in Systems of Broken

Solids of Mixed Sizes, Dept. of Commerce, Bureau
of Mines, RI 02894 USA, 1928.

39. R.K. McGeary, “Mechanical packing of spherical
particles”, J. Am. Ceram. Soc., 44 [10] (1961) 513–
522.

40. H.M. Alves, G. Tari, A.T. Fonseca, J.M.F. Ferreira,
“Processing of porous cordierite bodies by starch
consolidation”, Mater. Res. Bull., 33 [10] (1998)
1439–1448.

41. J.U. Chenhui, W. Yanmin, Y.E. Jiandong, H. Yun,
“Modified-starch consolidation of alumina ceram-
ics”, J. Wuhan Uni. Technol. - Mater. Sci. Ed., 23 [4]
(2008) 558–561.

135




	Introduction
	Experimental procedures
	Materials
	Processing
	Characterization

	Results and discussion
	Rheology of HA suspension
	Properties of consolidated HA-corn starch suspensions

	Conclusions

