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A B S T R A C T   

The impact of freeze-casting on the porosity, pore distribution, and phase composition was studied and compared 
with conventional shaping techniques. A bimodal pore size distribution was observed in freeze-cast + freeze- 
dried samples, in contrast to the unimodal one in freeze-cast + air-dried and conventionally prepared samples. 
The densification of freeze-cast + freeze-dried samples started at about 50 ◦C higher than their conventional 
counterparts (~870 ◦C vs. 920 ◦C). Diffusion seems to be a key parameter for the phase transformation of HAP 
into β-TCP during sintering. The residual HAP content in the sintered samples was influenced by used freezing 
rate and varied from 4% to 30% (unimodal samples), and from 7% to 16% (bimodal samples). Although further 
experiments must be carried out, our results showed that the freeze-casting parameters affect the resulting 
porosity and phase composition regardless of whether the freeze-drying or air-drying was used afterward.   

1. Introduction 

The development of highly porous ceramic scaffolds is a very 
important task in the field of bone tissue engineering and regenerative 
medicine. Calcium phosphate ceramics are commonly used as a feed-
stock material for bone scaffolds due to their chemical suitability, which 
is given by their natural presence in the human bones [1]. This de-
termines their outstanding biological properties such as bioactivity, 
biocompatibility and biodegradability [1,2]. The biocompatibility and 
bioactivity are closely related to resorption of calcium phosphate ce-
ramics in body environment [2]. The main representative of biocom-
patible and bioactive calcium phosphates is hydroxyapatite [1]. The 
solubility and degradation rate of scaffolds in the body fluids are very 
important characteristics influencing the bone remodelling process, 
driven by the resorption of calcium and phosphate ions released from 
the scaffold [2]. In the case of biodegradable and soluble calcium 
phosphates, both forms of tricalcium phosphate – alpha and beta – are 
most commonly used [1]. The group of calcium phosphate ceramics 
includes many compounds varying in the chemical formula, Ca/P ratio, 
solubility values, related degradation rates, etc. These differences can 
significantly influence regenerative processes in human bones [2,3]. 

This work is focused mainly on two types of calcium phosphates – 
hydroxyapatite (HAP) and beta-tricalcium phosphate (β-TCP), which 
differ in chemical composition, solubility, and degradation rate [3]. 

Both, HAP and β-TCP, are commonly used in regenerative medicine in 
several forms, such as granules, cements, coatings or porous scaffolds [4, 
5]. The phase transformation of calcium phosphates occurs mainly 
during the heat treatment, e.g. calcination or sintering, and is influenced 
mostly by physico-chemical parameters [6]. Thermal transformation of 
HAP into β-TCP starts at temperatures ranging from 600 ◦C to 800 ◦C, 
when the dehydroxylation of HAP appears and is partially transformed 
into β-TCP. The complete phase transformation of HAP requires higher 
temperatures, around 1100 ◦C [3], and the resulting β-TCP remains 
stable up to 1200 ◦C [7]. At this temperature pressure-less sintering of 
calcium phosphates is generally performed, thus the process of phase 
transformation takes place in parallel with the densification of the ma-
terial. For both, phase transformation and sintering, the solid-state 
diffusion is required. Physical parameters of calcium phosphate ce-
ramics, such as grain size and morphology, specific surface area, pore 
distribution and green body density influence the kinetics of sintering as 
well as the phase transformation [7]. Furthermore, previous studies [7, 
8] have shown that phase transformation of calcium phosphates, mainly 
HAP and β-TCP, is affected not only by the above mentioned parameters, 
but also by the used shaping techniques and microstructural design. For 
example, Itatani et al. [9] presented a study where starting powder, 
composed of HAP and β-TCP, was uniaxially pressed and sintered at 
1070 ◦C for 5 h. The phase composition of the resulting sintered com-
pacts was composed completely of β-TCP. The effect of cold isostatic 
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pressing (200 MPa), and various sintering temperatures (1000–1300 ◦C) 
applied on nanocrystalline hydroxyapatite (with Ca/P ratio of 1.67) was 
presented by Ramesh et al. [10]. Surprisingly, no secondary phases were 
indicated by XRD analysis, and hydroxyapatite phase remained stable 
during sintering. 

As aforementioned, starting chemical composition of calcium phos-
phates plays a crucial role in the phase transformation process. Changes 
in Ca/P ratio, ionic substitutions in the crystal structure, calcium defi-
ciency or metastable phases influence chemical reaction pathways 
during sintering and thus the final phase composition of calcium phos-
phates [3,7]. In particular, the addition of alkali cations (lithium, so-
dium or potassium), or their substitution for calcium cation in 
hydroxyapatite, creates OH⁻ vacancies in the lattice. This procedure may 
enhance solid-state diffusion during sintering and contribute to 
achieving a better densification and phase transformation of HAP into 
β-TCP [7]. Other several factors, such as sintering parameters (atmo-
sphere, dwell, sintering method, temperature), amount of water/-
moisture, and pre-treatments (washing, calcination, using additives) can 
affect both, sintering and phase transformation. Hence, it is difficult to 
precisely describe the mechanism of phase transformation of calcium 
phosphate-based materials or to determine the exact factor, which in-
fluences the process of phase transitions [6,7]. 

Besides, the microstructure and porosity of calcium phosphate scaf-
folds play a significant role regarding also the bone regeneration process 
[3]. The ideal processing technique for scaffold preparation should 
produce mechanically stable structures with controlled pore size, shape 
and distribution, which is important for the diffusion of nutrients 
throughout the scaffold and bone tissue ingrowth. However, the me-
chanical stability of scaffolds is highly limited by introduced porosity 
transitions [11,12]. Freeze-casting, also known as ice-templating, is a 
simple and versatile shaping method that allows the production of 
highly porous ceramics with sufficient mechanical stability and 
controlled interconnected porosity [13]. During the freeze-casting, a 
solvent in a ceramic suspension (most commonly water) is solidified and 
the inner structure is formed via directional growth of solvent crystals. 
Subsequent step of the process, freeze-drying (lyophilization), allows to 
sublimate the solvent crystals without damaging the microstructure, 
which is a replica of the solvent crystals [12]. The resulting micro-
structure can be modified by manipulating the crystallization behaviour 
of the solvent, using additives and cryoprotectants into the starting 
ceramic suspension, or by changing the freezing step parameters (e.g. 
freezing front velocity) [14]. The freeze-casting has been reported by 
many studies to be a suitable method for preparation of hierarchically 
structured bioceramics [12–15]. Study presented by Seifert et al. [16], 
has shown that freeze-casting can be successfully applied on a wide 
variety of calcium phosphate materials, and their final phase composi-
tion can be modified by addition of another phase or compound [17]. 
Furthermore, lamellar structures with the size of interlamellar spaces 
larger than 100 μm, can be inhabited by bone cell colonies and the used 
bioactive material can induce their proliferation and bone ingrowth [18, 
19]. 

In our previous study [20], we have shown the variability of 
freeze-casting for HAP/β-TCP scaffold preparation, but several differ-
ences in sintering behaviour and phase composition, compared to 
robocast scaffolds made from the same starting powder, were observed. 
So, the aim of this study is to further explore these differences and to 
prepare HAP/β-TCP scaffolds with wide range of porosities, using 
different shaping techniques and the same starting powder. Conven-
tional shaping techniques (e.g. slip-casting, cold isostatic pressing) and 
freeze-casting with various freezing front velocities are used to prepare 
green bodies. Two different drying methods (freeze-drying and 
air-drying) are employed on the freeze-cast samples to provide addi-
tional information. Sintering of all samples is performed at the same 
temperature and the density, porosity, shrinkage, microstructure and 
phase composition are evaluated to understand the impact of 
freeze-casting process on sintering behaviour and phase transformation 

of calcium phosphates. The plausible reasons, why the freeze-casting 
process brings different phase compositions of calcium phosphate scaf-
folds are stated and discussed. 

2. Materials and methods 

2.1. Starting powders 

Commercially available hydroxyapatite powder (purum p.a., 
Ca5(OH)(PO4)3 > 90%, Sigma-Aldrich) was used as a starting ceramic 
material. Before further use, the powder was calcined at 800 ◦C for 60 
min in air atmosphere. Residual carbonates were removed during the 
calcination process and a starting biphasic calcium phosphate mixture, 
comprised of HAP and β-TCP, was formed. Both, raw and calcined 
powder were separately examined by X-ray diffractometry to determine 
their phase composition. The resulting biphasic mixture was used for the 
preparation of all the green bodies. 

2.2. Green body preparation 

Porous ceramic samples were prepared by freeze-casting of water- 
based HAP/β-TCP suspension. The same ceramic suspension was used 
to prepare slip-cast samples. Dry shaping technique, namely cold 
isostatic pressing, was utilized (using the same starting biphasic powder) 
to produce comparative samples. Sets of 12 samples were prepared using 
each fabrication method. 

Since the number of variants is quite high, in order to provide a clear 
overview in the obtained results a schematic illustration of the green 
body preparation techniques and corresponding sample identifiers is 
presented in Fig. 1. 

2.2.1. Starting suspension 
The biphasic calcined powder was used for ceramic suspension 

preparation, with a solid loading of 15 vol%, according to the whole 
volume of suspension. A poly(vinyl alcohol) (1.3 vol% according to the 
whole volume; Mowiol® 10–98, Sigma-Aldrich) was used as an organic 
binder, and a carbonic acid polyelectrolyte (2.3 vol% according to the 
whole volume; Dolapix CE 64, Zschimmer&Schwartz) was used as a 
dispersant. Sucrose in the concentration of 3 wt%, according to the 
ceramic powder, was added to the suspension to modify the crystalli-
zation behaviour of growing ice crystals, to enhance resulting mechan-
ical properties of freeze-cast samples. 

2.2.2. Freeze-casting 
The fabrication of porous calcium phosphate samples was performed 

using the freeze-casting method. A freeze-casting mould with embedded 
copper block in the bottom, was printed on a 3D printer from poly(lactic 
acid) – PLA (Plasty Mladeč). The inner diameter of the mould was 24.5 
mm and the height 50 mm. Several freezing rates were facilitated using 
different cooling methods: cooling plate, fast cooling with liquid nitro-
gen and dipping a plastic Pasteur pipette with the suspension into a 
liquid nitrogen bath. A continuous decreasing of the cooling plate 
temperature allows to control the freezing rate and thus the lamellae 
formation and the interlamellar distances. Two different speeds of the 
cooling plate temperature decrease, as well as two different set ups for 
liquid nitrogen cooling, were chosen to achieve various freezing rates 
(see Table 1). After complete freezing, the samples were removed from 
the mould and placed in a freezer (− 20 ◦C) before further processing, to 
equalize the temperature throughout their whole volume. 

Two different drying procedures were used for freeze-cast samples 
after the freezing step, freeze-drying and air-drying. Freeze-drying, by 
sublimation of ice crystals, was conducted in a vacuum chamber at a 
pressure of ca. 10 Pa for 24 h with a gradual temperature increase up to 
30 ◦C. This controlled procedure prevented a damage of the lamellar 
structure of freeze-cast bodies by ice melting or by reaching the sugar 
glass transition temperature. These freeze-dried samples were marked as 
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FC1-FC5, where 1–5 stands for the freezing rate applied, as described in 
Table 1. 

A second set of freeze-cast samples was thawed to obtain dense 
samples. Samples were taken out of the freezing mould, placed into a 
polyethylene mould, and let to thaw. During thawing, the ice crystals 
melted, and the lamellar structure collapsed. Thawed suspensions were 
let to dry at ambient temperature. These samples are denoted as FCA1-5, 
where 1–5 stands for the freezing rate applied, as described in Table 1. 

2.2.3. Conventional shaping techniques 
Two conventional shaping techniques, cold isostatic pressing and 

slip-casting, were used for the preparation of comparative samples. The 
same ceramic suspension, as for the freeze-casting, was used for slip- 
casting technique. A given amount of mixed and deaerated suspension 
was poured into a polyethylene mould and let to dry at ambient tem-
perature. These types of samples are marked as SC (Fig. 1). 

For cold isostatic pressing, the green pellets were prepared using 
semi-automatic uniaxial press BSML 21 – MT 20 (Brio Hranice). 
Approximately 0.5 g of calcined powder was poured into a stainless-steel 
die (inner diameter of 16 mm) and pressed at 10 MPa. Prepared green 
pellets were placed into an elastic cover, the inner space was evacuated 

and the cover sealed. A set of sealed pellets was placed in an isostatic 
press P/O/WEBER (Laborpresstechnik), pressed at 700 MPa, and taken 
out of the protective elastic cover (denoted as CIP, see Fig. 1). 

2.2.4. Sintering 
Sintering of all prepared green bodies was performed at 1200 ◦C for 

120 min in air atmosphere. The heating rate was set to 2 ◦C/min up to 
600 ◦C and then 5 ◦C/min up to 1200 ◦C. The cooling rate was set to 
5 ◦C/min down to 700 ◦C, then the furnace was turned off and samples 
were let to cool down to ambient temperature. 

2.3. Characterization 

2.3.1. Scanning electron microscopy 
Micrographs of obtained microstructures were taken using a High- 

Resolution Scanning Electron Microscope Verios 460L (FEI). Images 
were taken from the sample’s surface by scanning secondary and 
backscattered electrons, at low voltage (5 kV). The microstructural 
characteristics were examined, and the linear intercept method was used 
for grain size determination (EN 13383-1) [21]. 

2.3.2. Porosity 
Relative porosity of freeze-cast porous samples was calculated from 

the sample weight and dimensions after sintering. Density measure-
ments, used for dense samples, were performed using the Archimedes 
method (EN 623-2) [22]. 

To determine the intergranular pore size distribution, a mercury 
intrusion porosimetry measurements were performed using a poros-
imeter Pascal440 (Thermo Fischer Scientific), with a measuring pressure 
set to 330 MPa. 

Fig. 1. Schematic illustration of green body preparation techniques used in this study and corresponding sample identifiers. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Average freezing front velocities assigned to the type of freezing method and 
corresponding sample identifiers.  

Freezing method Sample 
identifier 

Average freezing front velocity 
[μm/s] 

Cooling plate FC1; FCA1 3.4 ± 0.3 
FC2; FCA2 5.5 ± 0.2 

Liquid nitrogen (freezing 
bath) 

FC3; FCA3 12.7 ± 0.5 
FC4; FCA4 25.8 ± 1.2 

Liquid nitrogen (dipping) FC5; FCA5 ~1000  
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2.3.3. X-ray diffractometry 
X-ray diffraction (XRD) analyses for phase composition determina-

tion were performed using the high-resolution diffractometer with Cu 
anode Rigaku SmartLab 3 kW (Rigaku). The XRD was operated at 40 kV 
voltage and 30 mA current in Bragg-Brentano measurement mode. The 
XRD spectra were taken from powder or surface of bulk samples. 
Determination of the hydroxyapatite and β-TCP amount from the XRD 
spectra was obtained using the simple height law for the I100 peaks. 
Therefore, the percentage of hydroxyapatite (HAP) was determined by 
the following formula [23]: 

HAP  [%] =
I100(HAP)

I100(HAP) + I100(TCP)
⋅100  

2.3.4. Dilatometry 
Prism-shaped samples (ca. 1.0 × 3.0 × 4.5 mm) were prepared from 

several types of freeze-cast, slip-cast and CIP green bodies. The samples 
were sintered in a dilatometer L70/1700 (Linseis) at 1200 ◦C for 120 
min in air atmosphere. The heating rate was set at 2 ◦C/min up to 600 ◦C 
and 5 ◦C/min up to 1200 ◦C. The cooling rate was set at 10 ◦C/min. 
Dilatometric curves were recalculated backwards according to Maca 
et al. [24]. Relative densities of sintered samples were measured using 
the Archimedes method. 

3. Results 

3.1. Microstructure 

The SEM micrographs of green bodies (Fig. 2) were taken to observe 
the influence of different shaping techniques on resulting microstruc-
ture, as well as the influence of applied freezing front velocity on 
interlamellar distances of freeze-cast + freeze-dried samples before 
sintering. The microstructure of green body CIP samples (Fig. 2a) 
contain quite a high amount of large square agglomerates, despite the 
fact that a pressure of 700 MPa was applied. Micrographs of similarly 

fabricated samples SC and FCA5, depicted in Fig. 2b and c, respectively, 
show the impact of the freezing on the resulting microstructure. It can be 
seen that the green body microstructure of the FCA5 samples (Fig. 2c), 
which is composed of fine agglomerates, differs significantly from 
microstructure of the slip-cast samples (Fig. 2b) in which the micro-
structure is much finer and ceramic particles are distributed more 
homogenously. 

SEM micrographs of FC2 and FC5 green bodies can be seen in Fig. 2d 
and e, where is apparent that homogenously distributed tiny lamellae 
and interlamellar spaces were also formed in the FC5 samples, despite 
the extremely fast freezing rate (Table 1). However, there is an enor-
mous difference in interlamellar spaces between FC2 and FC5 samples, 
which is in agreement with measurements of interlamellar distances, 
summarized in Table 2. 

Differences in grain sizes of various sintered samples (1200 ◦C/120 
min) are depicted in Fig. 3. There are no significant differences in grain 
sizes of samples prepared by conventional techniques (CIP, SC) and 
freeze-cast + air-dried samples (FCA5), see Fig. 3a and b vs. Fig. 3c. 
These observations were also confirmed by the results of grain size 
measurements using the linear intercept method. For CIP samples the 
grain size was 2.73 ± 0.39 μm, for SC samples 2.38 ± 0.25 μm, and for 
FCA5 samples 2.41 ± 0.26 μm. 

Interestingly, the microstructure of lamellae in the freeze-cast +

Fig. 2. SEM micrographs of green body samples; a – isostatically pressed (CIP), b – slip-cast (SC), c –freeze-cast + air-dried (FCA5), d – freeze-cast + freeze-dried 
(FC2), e − freeze-cast + freeze-dried (FC5). 

Table 2 
Average values of interlamellar spaces, relative porosities and HAP content of 
freeze-cast + freeze-dried (FC) samples after sintering at 1200 ◦C/120 min.  

Sample 
identifier 

Interlamellar spaces 
[μm] 

Relative porosity 
[%] 

HAP content 
[%] 

FC1 108.2 ± 18.7 66.7 ± 0.6 16 
FC2 64.1 ± 10.7 70.7 ± 0.1 16 
FC3 45.0 ± 7.6 72.3 ± 0.0 13 
FC4 19.9 ± 3.6 72.6 ± 0.4 8 
FC5 ~1 66.9 ± 0.3 7  
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freeze-dried samples (FC2), see Fig. 3d, is quite similar to the afore-
mentioned samples. This suggest that lamellae are almost fully dense 
and the porosity is formed mainly by the interlamellar spaces. The SEM 
micrographs revealed that the FC5 samples are quite porous on micro-
scale, despite the fact that their total porosity is lower, compared to FC2- 
4 samples (see Table 2). 

3.2. Porosity 

Total porosity and interlamellar spaces measurements were per-
formed on porous freeze-cast + freeze-dried samples sintered at 1200 ◦C 
for 120 min, and the results, along with HAP content from XRD analyses, 
are summarized in Table 2. 

The highest relative porosity values were achieved by freeze-casting 
using the liquid nitrogen for cooling (FC3 and FC4 samples). On the 
other hand, the lowest porosity values (66.7 ± 0.6% and 66.9 ± 0.3%) 
were observed in the samples frozen on the cooling plate with the 
slowest temperature decrease (FC1) and in the samples prepared by the 
fastest cooling method by dipping in a liquid nitrogen (FC5), 
respectively. 

Relative densities of green bodies and sintered samples, prepared by 
freeze-casting followed by thawing and air-drying (FCA1-5), as well as 
comparative slip-cast (SC) and isostatically pressed samples (CIP) are 
shown in Table 3. 

The green body densities of FCA samples increase with increasing 
freezing rate, reaching the maximum value of 55.4 ± 0.7%, for samples 
dipped in the liquid nitrogen. However, the relative densities of sintered 
samples do not show exactly the same trend and the maximum relative 
density of 98.2 ± 0.8% was reached in samples frozen by the second 
fastest cooling rate (FCA4), but it is necessary to consider that the 
relative densities of the FCA5 samples have relatively large variance 
(95.3 ± 4.3%). 

Slip-cast samples, which preparation route was the same as in the 
case of FCA samples, except for the freezing step, had a relative green 
density 46.6 ± 0.6%, which is between FCA2 and FCA3 samples, but the 

relative density 98.9 ± 0.6% of sintered SC samples was superior even to 
FCA4 samples. As expected, both, the highest green and sintered relative 
densities, were observed in the isostatically pressed samples with values 
of 63.9 ± 0.9% and 99.3 ± 0.4%, respectively. 

Mercury porosimetry measurements were performed on various 
green bodies prepared by different techniques, to compare their pore 
size distributions. Selected porosimetry results can be seen in Fig. 4. 

Based on the pore size distribution, the samples can be divided in two 
groups: unimodal porosity samples (with pores between grains only), 
and bimodal porosity samples, containing porosity between grains as 
well as interlamellar porosity. Bimodal pore size distribution was 
observed in all freeze-cast + freeze-dried samples (FC1-5), despite an 
extremely fast freezing rate was used to freeze the FC5 samples. The 
mercury porosimetry measurement of the samples FC2 was not fully 
completed because interlamellar spaces in this sample were about 65 μm 
(see Table 2), and such big pores (interlamellar spaces) are out of the 
measurement range of the used porosimeter. 

A unimodal pore size distribution was only observed in freeze-cast +
air-dried samples, as well as in comparative slip-cast and isostatically 
pressed samples. 

Fig. 3. SEM micrographs of sintered samples; a – isostatically pressed (CIP), b – slip-cast (SC), c – freeze-cast + air-dried (FCA5), d – freeze-cast + freeze-dried (FC2), 
e − freeze-cast + freeze-dried (FC5). 

Table 3 
Average values of relative densities of green and sintered samples, along with 
and HAP content in sintered samples (1200 ◦C/120 min) prepared by isostatic 
pressing (CIP), slip-casting (SC) and freeze-casting + air-drying (FCA).  

Sample 
identifier 

Green body relative 
density [%] 

Sintered relative 
density [%] 

HAP content 
[%] 

CIP 63.9 ± 0.9 99.3 ± 0.4 4 
SC 53.4 ± 0.6 98.9 ± 0.6 20 
FCA1 38.9 ± 0.3 89.1 ± 0.6 25 
FCA2 44.3 ± 0.4 97.2 ± 0.4 24 
FCA3 49.5 ± 0.3 95.2 ± 0.2 30 
FCA4 52.8 ± 0.5 98.2 ± 0.8 21 
FCA5 55.4 ± 0.7 95.3 ± 4.3 27  
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3.3. Phase composition 

XRD analyses were performed on original raw powder, calcined 
powder and sintered samples, to evaluate the effect of the processing 
method on the phase composition of sintered samples. The HAP content 
(~60%) in the calcined powder was calculated from obtained XRD 
patterns, that are depicted in Fig. 5, using height law for the I100 peaks. 
The results have shown that the amount of hydroxyapatite in the powder 
dropped by about 30% during calcination, when compared to the orig-
inal starting powder, in which the declared amount of HAP was at least 
90% (data taken from the datasheet supplied by the producer). 

The residual HAP content in all freeze-cast + freeze-dried samples is 
given in Table 2, whereas the HAP content in all freeze-cast + air-dried 
samples is given in Table 3. The XRD patterns of selected samples are 

shown in Fig. 6. The phase composition of CIP samples is almost pure 
β-TCP, with just a few traces of the original HAP (~4%), which is the 
highest content of β-TCP among all the sintered samples. On the other 
hand, the highest amount of original HAP (~30%) was found in the 
freeze-cast + air-dried FCA3 samples, see Table 3. 

3.4. Dilatometry 

To clarify the differences in the sintering behaviour of samples pre-
pared using different shaping techniques, dilatometry measurements 
were performed on freeze-cast + freeze-dried sample FC5, freeze-cast +
air-dried sample FCA5, slip-cast and CIP samples. The obtained dilato-
metric curves are shown in Fig. 7. The inaccuracy in green body den-
sities is given by the calculation method based on the densities after 

Fig. 4. A pore size distribution comparison of green body samples prepared by different techniques; isostatic pressing at 700 MPa (CIP), slip-casting (SC), freeze- 
casting + air-drying (FCA5) and freeze-casting + freeze-drying (FC2, FC5). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 5. XRD patterns of the original as received powder and the calcined powder (800 ◦C/60 min). HAP percentage in the calcined powder was counted using the 
height law for the I100 peaks. Main HAP and β-TCP peaks are identified with indicated symbols. 
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sintering. The dilatometric analyses revealed that the sintering behav-
iour of slip-cast (SC) and freeze-cast + air-dried (FCA5) samples is un-
surprisingly very similar, since the only difference in their preparation 
route is the implementation of the freezing step in the case of FCA5 
samples. However, some differences in the densification process can be 
seen. The temperature when densification started was about 10 ◦C 
higher in the case of the freeze-cast sample (~870 ◦C vs. 880 ◦C) and the 
densification process of the CIP samples was finished even before 
reaching the final sintering temperature, without further changes in 

relative density during the dwell time. 
The sintering behaviour of porous freeze-cast + freeze-dried FC5 

samples differs among all the samples. The densification started later, 
compared to conventionally prepared samples, at about 920 ◦C, as in the 
case of FCA5, however the densification rate was very slow, and did not 
reach the final stage even after the 120 min’ dwell at 1200 ◦C. 

As the dilatometric measurements are based on a linear shrinkage of 
samples with more or less isotropic properties (in term of porosity and 
shrinkage), a simple comparison of FC samples with conventionally 

Fig. 6. XRD analyses of sintered samples prepared by isostatic pressing at 700 MPa (CIP), slip-casting (SC), freeze-casting + air-dried (FCA5), and freeze-casting + freeze- 
dried (FC2 and FC5). The HAP percentage in the samples was counted using the height law for the I100 peaks. Main HAP and β-TCP peaks are identified with indicated symbols. 

Fig. 7. Dilatometric curves of sintered samples prepared by isostatic pressing at 700 MPa (CIP), slip-casting (SC), freeze-casting + air-dried (FCA5), and freeze- 
casting + freeze-dried (FC5). Starting temperatures of densification are indicated for each sample. 
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prepared ones was not possible, as FC samples have anisotropic highly 
ordered lamellar microstructure. The only exceptions are FC5 samples 
frozen by dipping in liquid nitrogen, in which the microstructure is 
composed of extremely small uniformly distributed lamellae without 
directional orientation and some non-lamellar zones. 

4. Discussion 

The answer to the question ‘why freeze-casting brings different phase 
compositions of calcium phosphates’ can be found mainly in the green 
body microstructure. Freeze-casting, followed by lyophilisation and 
sintering, brings highly porous samples (total porosity of ~70%) with 
bimodal pore size distribution. Furthermore, different cooling methods 
and resulting freezing front velocities change the porosity and the size of 
interlamellar spaces. Increasing the freezing front velocity, the total 
porosity of sintered samples increases, while the size of interlamellar 
spaces decreases (see Table 2). These two trends fully correspond with 
the literature [14,15,25]. Bimodal pore distribution has been observed 
in the freeze-cast + freeze-dried green bodies, in contrast to the unim-
odal one present in all other samples (see the porosimetry curves in 
Fig. 4). If we compare intergranular porosities of FC2 and FC5 samples, 
we can see that the pores between ceramic particles differ very slightly 
in the size, but the volume of intergranular pores is clearly lower in the 
case of FC5samples. This is probably caused by high freezing front ve-
locity (dipping the mould in liquid nitrogen), with a speed of about 
1000 μm/s (compared to the freezing front velocity of FC2 samples with 
an average speed of 5.5 ± 0.2 μm/s). Low freezing front velocity led to 
higher compaction of ceramic particles and thus lowered the pore vol-
ume. This is also in a good correlation with total porosity results after 
sintering, as the relative porosity of FC5 samples is lower with value of 
66.9 ± 0.3%, compared to 70.7 ± 0.1% of FC2 samples. It is also 
necessary to mention that the FC5 samples are exceptional, among the 
freeze-cast + freeze-dried samples, because they were prepared by 
non-directional freezing and thus, the resulting microstructure is fairly 
isotropic with very thin lamellae in many directions and some 
non-lamellar zones distributed throughout the whole samples. Inter-
estingly, almost the same relative porosity after sintering was measured 
in the samples frozen by the slowest freezing front velocity (FC1), see 
Table 2. Although the explanation remains unknown, the ice crystals’ 
slow growth (average freezing front velocity just 3.4 ± 0.3 μm/s) could 
have played a key role, giving the ceramic particles enough time to 
self-assemble in the emerging lamellae. 

As aforementioned unimodal pore size distribution at the submicron 
level has been observed in conventionally prepared samples, as well as 
in the samples prepared by freeze-casting + air-drying (FCA5). A good 
correlation between green body densities and freezing rate can be 
observed in the case of FCA samples, where the higher the freezing rate, 
the higher is the resulting green body density (see Tables 1 and 3). These 
results suggest that lower freezing rates lead to higher internal pressures 
due to the ice crystals growth, promoting a higher occurrence of ag-
glomerates and thus lower green body density. 

FCA5 and SC samples, that share the same preparation route except 
for the freezing step in the case of FCA samples, are also comparable in 
terms of green body density and pore size. The main difference between 
them can be found in the volume of intergranular pores. A higher vol-
ume of pores is found in FCA5 samples, compared to SC samples (Fig. 4), 
due to the presence of agglomerates, which were also observed in the 
SEM micrographs (Fig. 2). Similar results were also obtained by Zheng 
et al. [26], in the study regarding the freeze-casting influence on the 
sintering behaviour of alumina. As well as in our presented study, they 
observed changes in green body and sintered densities, and sintering 
behaviour as well, derived from the shaping process. All these correla-
tions, according to our presented work, also applies for calcium phos-
phate materials. 

Cold isostatically pressed samples showed the highest values of green 
body relative density (~64%) as well as and relative density after 

sintering (~99%) among all the samples. In addition, CIP samples 
exhibited a very narrow pore size distribution (Fig. 4). Such results are 
not unexpected due to the very high applied pressure of 700 MPa. 

The dilatometric analyses (Fig. 7) indicate that the sintering behav-
iour and densification process differ mainly among the conventionally 
prepared samples and samples where the freeze-casting was applied (FC 
and FCA). The dilatometric curve of CIP samples has shown that its 
densification started at ~870 ◦C and the sample was almost fully sin-
tered even before reaching the sintering temperature of 1200 ◦C. 
Regarding the samples using the same ceramic suspension as feedstock 
also differences were observed. The densification of SC samples started 
at ~870 ◦C compared to ~880 ◦C and ~920 ◦C in the case of FCA5 and 
FC5 samples, respectively. The reason, why freeze-casting is shifting the 
start of the sintering to higher temperatures is still not clear however, 
the literature data [26] and the microstructural observation (Fig. 2) 
suggest that the main reason is the presence of ceramic agglomerates in 
freeze-cast samples. 

The main part of the phase transformation of hydroxyapatite into 
β-TCP by dehydroxylation occurred during the sintering at 1200 ◦C. At 
this temperature, hydroxyapatite decomposed into β-TCP and this pro-
cess is most probably driven by sufficient diffusion, which is necessary 
for the phase transformation. It has already been reported [27–29] that 
the dehydroxylation of HAP begins already at 630 ◦C and intensifies 
with increasing the temperature, resulting in β-TCP which becomes the 
major phase. As the dehydroxylation process in the starting powder can 
only take place up to the calcination temperature of 800 ◦C, it is not 
possible to achieve a complete transformation of HAP into β-TCP during 
the calcination. Thus, the starting powder is a biphasic mixture of 60% 
HAP and 40% β-TCP (see XRD spectra in Fig. 5), being hydroxyapatite 
the major phase. The diffusion in prepared samples should be the key 
parameter for the phase transformation of HAP into β-TCP during sin-
tering. Therefore, we can state that the used shaping method and 
resulting microstructure, mainly total porosity and pore size distribu-
tion, influence the diffusion and thus final phase composition. As can be 
seen from obtained XRD spectra in Fig. 6, the content of residual hy-
droxyapatite after sintering varies among all samples. The lowest con-
tent, about 4% of hydroxyapatite, was observed in CIP samples. Such a 
low amount of residual hydroxyapatite was most probably caused by the 
high pressure applied to the starting powder, which was accompanied 
by redistribution of ceramic particles. Similar results, for starting 
biphasic mixture of HAP and β-TCP, were obtained by Itatani et al. [9] 
after uniaxial pressing and sintering at 1070 ◦C. According to several 
reviews [3,7,8], the sintering temperature of 1200 ◦C proposed in this 
paper should be sufficient to achieve complete phase transformation of 
starting HAP/β-TCP mixture into pure β-TCP. However, we have 
observed this tendency just in the case of CIP samples, if we neglect a few 
traces of original HAP. All other samples varied in the content of 
remained HAP, which can be linked to the different shaping methods 
employed and their corresponding parameters, and thus their influence 
on green body microstructure. 

We have to admit that our study faces certain limitations and opens 
new questions. First, only one starting powder composition was used 
(one Ca/P ratio), but diverse starting mixtures can be affected differ-
ently by the green body microstructure during sintering. The second 
opened question is the green body microstructure’s impact on the final 
phase composition when varying the sintering temperature or heating 
rates. Anyhow, we can state that the green body microstructure is one of 
the key parameters determining the phase composition of calcium 
phosphate ceramics after sintering, and it can be influenced significantly 
by the freeze-casting technique and its parameters. 

5. Conclusions 

Samples with different microstructures and wide range of porosities 
were successfully prepared by several techniques, freeze-casting fol-
lowed by freeze-drying or air-drying, slip-casting and cold isostatic 
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pressing. The impact of used shaping method on the green body and 
sintered density, pore distribution, and final phase composition was 
observed. Mercury porosimetry results (which correlated with SEM 
micrographs) revealed differences in the porosity. Bimodal pore size 
distribution was obtained in all freeze-cast + freeze-dried samples, while 
unimodal distribution was obtained in all freeze-cast + air-dried sam-
ples, and conventionally prepared samples. 

The sintering behaviour of samples, in which preparation a freezing 
step was involved, differed from the conventionally prepared ones. The 
beginning of the densification was shifted about 50 ◦C to higher tem-
peratures (870 ◦C vs. 920 ◦C). A phase transformation of HAP into β-TCP 
was observed already during the calcination at 800 ◦C. The residual HAP 
content in the sintered samples (1200 ◦C/120 min) was increasing with 
the higher porosity, as well as the pore size. This trend was observed for 
both, samples with a unimodal and bimodal pore size distribution. The 
content of residual HAP in the sintered samples varied for 4%–30% for 
samples with unimodal pore size distribution and from 7% to 16% for 
samples with bimodal distribution. 

The question raised in the title ‘why freeze-casting brings different 
phase composition of calcium phosphates’ could be answered: the 
freezing rate applied during the freeze-casting has an influence on the 
resulting porosity and phase composition regardless of whether freeze- 
drying or air-drying was used afterward. 
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