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RMS Foundation, Bischmattstrasse 12, CH-2544, Bettlach, Switzerland

A R T I C L E I N F O

Handling editor: Jens Guenster

Keywords:
Powder
Synthesis
Phase diagram
Bone
Setting

A B S T R A C T

α-tricalcium phosphate (α-TCP) is the most widespread raw material for hydraulic calcium phosphate cements
(CPCs). CPCs are widely used in bone repair due to their injectability, setting ability, and osteoconductivity. This
study investigated the reactivity of α-TCP powders, focusing on the impact of minor phase impurities, β-calcium
pyrophosphate and hydroxyapatite, and the synthesis temperature. The α-TCP powders were synthesized via a
solid-state reaction of calcium carbonate and anhydrous dicalcium phosphate, with varying Ca/P molar ratios
(1.4850–1.5075) and synthesis temperatures (1175◦C–1350 ◦C). Powders produced with a Ca/P molar ratio
below 1.50 and synthesized at a temperature above the melting point of β-CPP (1296 ◦C) had a broader size
distribution and a two to fourfold lower hydraulic reactivity. Conversely, a higher Ca/P molar ratio improved
reactivity. The study underscores the importance of precise control over synthesis parameters to enhance the
performance of α-TCP-based CPCs, offering insights for optimizing material design in biomedical applications.

1. Introduction

α-tricalcium phosphate (α-TCP; α-Ca3(PO4)2) powder is used as a raw
material for the production of hydraulic calcium phosphate cements
(CPCs) [1,2]. Upon mixing with an aqueous solution, α-TCP particles
dissolve and crystals of calcium-deficient hydroxyapatite (CDHA;
Ca9(HPO4)(PO4)5OH) precipitate [3]. At a low enough liquid-to-powder
ratio (LPR), CDHA crystals get entangled during their growth, thereby
stiffening the α-TCP-based aqueous paste and providing mechanical
stability. The reaction can be written [3]:

3 α-Ca3(PO4)2 + H2O → Ca9(HPO4)(PO4)5OH (1)

Since CDHA is very similar in its composition and structure to bone
mineral, α-TCP-based CPCs have been extensively used for the repair of
bone defects [2]. Their main advantage compared to other types of bone
graft substitutes (BGS) is their ability to be injected and to harden, thus
providing a temporary though fragile fixation of the bone defect. The
osteoclast-mediated resorption process of CDHA enables a smooth
conversion of a cement-filled defect into regenerated bone [4]. Clinical
indications include the treatment of tibia plateau fractures [5], distal
radius fractures [2,6], and the reinforcement of osteoporotic bone [7].

Various studies have investigated the effect of α-TCP powder

properties on the physico-chemical properties of α-TCP-based CPCs.
These studies have revealed that cement pastes made with finer α-TCP
powders are more injectable [8,9], more cohesive [10], and react faster
[9–11]. After hardening, the cements have a finer microstructure than
the α-TCP powder bulk [10,12], meaning that the specific surface area is
higher, and the pores are smaller [12].

There are numerous studies devoted to the effect of additives on the
hydraulic properties of α-TCP-based CPCs, but surprisingly few studies
have addressed the effect of chemical impurities present in the α-TCP
powder on the physico-chemical properties of the cements. The most
investigated effect is related to the presence of amorphous calcium
phosphate (ACP) phases produced during α-TCP powder milling. During
the hydraulic reaction of an ACP-rich α-TCP powder, ACP was observed
to be the first phase to react [13]. Thermally treating the α-TCP powders
at 500 ◦C for 1–24 h led to ACP disappearance and accordingly to a
strong decrease in reactivity [9,13–16]. To our knowledge, no study has
been devoted to the effect of other phase impurities present in α-TCP
powders, namely β-calcium pyrophosphate (β-CPP; β-Ca2P2O7), β-tri-
calcium phosphate (β-TCP; β-Ca3(PO4)2), and hydroxyapatite (HA;
Ca5(PO4)3OH). However, it must be added that HA nano powders are
often added to α-TCP-based cements to act as seeding material, thereby
accelerating the setting reaction [16,17].
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In recent years, various studies have shown that <5 % variations of
the Ca/P molar ratio of β-TCP powders can affect β-TCP crystallographic
structure [18], sintering rate [19], and osteoclastic resorption rate [19].
These results are particularly relevant for the biomedical field since
international standards consider that calcium phosphate materials
(including α-TCP, β-TCP and HA) can be called “phase pure”with>95%
crystalline phase purity. In this study, it was hypothesized that minor
variations of the Ca/P molar ratio of α-TCP strongly modify α-TCP
physico-chemical properties. The aim was therefore to produce α-TCP
powders with <5 % β-CPP and HA impurities and assess the effect of
these phase impurities on the physico-chemical properties of α-TCP
powders and α-TCP-based CPC. A particular attention was paid to the
interaction between the β-CPP content and α-TCP synthesis temperature
since the high-temperature β-CPP phase, α-CPP, melts at 1296 ◦C [20], a
temperature often below the temperature used to produce α-TCP [21].
The main measurable considered here was the reactivity of the powder.

Two main methods can be used to produce α-TCP: a solid-state re-
action or the phase-transformation of CDHA [22]. Considering the aim
of this study, it was decided to produce α-TCP by solid-state reaction of
calcium carbonate (CC; CaCO3) and anhydrous dicalcium phosphate
(DCP; CaHPO4) according to the reaction:

CaCO3 + 2 CaHPO4 → α-Ca3(PO4)2 + H2O + CO2 (2)

The content of β-CPP and HA was controlled with a small excess of
DCP or CC, respectively.

2. Materials and methods

2.1. Production of α-TCP powder

The method used to produce α-TCP has been described in the past
[14]. A mixture containing a 2:1 ratio of CC (VWR, Belgium, product
number 22300.290) and DCP (Jost, Poland, Product number 2278) was
uniformly blended 10 min in a Turbula T2F mixer (Bachofen,
Switzerland). This mixture was then subjected to calcination at 900 ◦C
for 1 h in an LH60/14 furnace (Nabertherm, Germany), followed by
cooling to ambient temperature. Subsequently, the material was given

on a sieve with 0.5 mm openings. After calcination and sieving, the
powder was sintered at 1350 ◦C for 4 h before being air-quenched in air
upon removal from the furnace at 1240 ◦C. The sintered material was
then processed in a jaw crusher (model BB51 by Retsch, Germany) until
it was fine enough to pass through a 2 mm sieve. The final step involved
ball milling the powder in a planetary mill (model Pulverisette 5 by
Fritsch, Germany) at a speed of 400 revolutions per minute for 15 min in
zirconia containers. The zirconia spheres were removed with a 5.6 mm
sieve and the milled powder was then dried at 60 ◦C to a constant weight
and sieved with a 0.125 mm sieve.

Since phosphor species evaporate during sintering [23], a 1:2 M ratio
between CC and DCP content does not lead to 100% α-TCP. As a result, a
first batch was produced to determine the gap between the expected and
the obtained Ca/P molar ratio of the α-TCP powder. This difference of
composition was then used to adjust the Ca/P molar ratio of the sub-
sequent powders. Targeted Ca/P molar ratios were 1.4850, 1.4900,
1.4950, 1.5000, 1.5025, 1.5050, and 1.5075 (Table 1). In a second step,
the synthesis temperature was lowered from 1350 ◦C to 1250 ◦C,
1200 ◦C, and 1175 ◦C for four α-TCP powder compositions, namely
1.4900, 1.4950, 1.5025, and 1.5050.

2.2. X-ray diffraction analysis

The crystalline phase composition was determined by X-ray powder
diffraction (XRD) using an external standard for absolute phase quan-
tification. Samples previously milled in the planetary mill were
measured without further processing, other samples were milled for 3
min in isopropanol (>99%) using theMcCrone MicronizingMill (Retsch
GmbH, Haan, Germany) with zirconia milling aids. XRD patterns were
recorded on a Bruker D8 Advance diffractometer (Bruker AXS GmbH,
Karlsruhe, Germany) in θ–θ geometry using CuKα radiation filtered with
an Ni-filter and an energy-dispersive detector. A range from 4.0 to 80.0
◦2θ was scanned with a step-size of 0.0122 ◦2θ and a counting time of
0.5 s per step. An external standard sample (NIST SRM676a Al2O3) was
measured using identical instrument settings at the beginning of each
measurement series, half way through the series, and at the end of the
series. These datasets were used to correct the measured intensities for
tube intensity fluctuations during the data collection series, as well as for
the 100 % crystallinity reference intensity.

All datasets were processed with Rietveld refinement using the
software Profex version 4–5 with the Rietveld refinement kernel BGMN
[24]. Crystal structure models were taken from the ICDD PDF-4+
database version 2021 [https://www.icdd.com] as listed in Table 2. Cell
parameters, an isotropic scale factor, and crystallite-size related peak
broadening were refined for all phases. For the strongest phase (α-TCP
and Al2O3, respectively), a texture model using spherical harmonics of
the 6th order, as well as bimodal crystallite sizes and micro-strain were
also refined. Atomic coordinates and thermal displacement parameters
were fixed at their published values for all phases. If an unambiguous
signal of HA was observed, β-CPP was removed from the refinement, and
vice-versa, because thermodynamics exclude their coexistence in ho-
mogeneous thermally equilibrated samples. An example refinement is
shown in Fig. 1b.

The external standard approach for absolute phase quantification
required the determination of the samples’ mass absorption coefficients
(MAC). Due to the low amount of amorphous content that were antici-
pated in the samples, and the expected chemical similarity of the
amorphous phase with the crystalline phases, the sample MACs were
calculated from the crystalline phase composition only, ignoring the
potential presence of an amorphous phase. Phase MACs listed in Table 2
were calculated from the structure models by the Rietveld refinement
software based on absorption data taken from [https://physics.nist.gov/
PhysRefData/FFast/html/form.html].

Prior to phase normalization, the refinement software reported a
phase scale factor G, which is already corrected for the density of the
unit cell (Eq (2)):

Table 1
Composition of the CC-DCP mixtures used to obtain the targeted Ca/P molar
ratios of the α-TCP batches. The compositions are adjusted to consider the
presence of water in the raw materials and the evaporation of phosphor-species
during sintering. The expected β-CPP and HA content is listed in the last two
columns of the table.

Targeted Ca/P
molar ratio

CC
amount
[g]

DCP
amount
[g]

Expected β-CPP
content [wt %]

Expected HA
content [wt %]

1.4850 32.90 99.10 2.4 % –
1.4900 33.17 98.83 1.6 % –
1.4950 33.44 98.56 0.8 % –
1.5000 33.71 98.29 – –
1.5025 33.85 98.15 – 1.6 %
1.5050 33.98 98.02 – 3.2 %
1.5075 34.12 97.88 – 4.9 %

Table 2
Phase-specific crystallographic constants used for the calculation of absolute
phase quantities. “pfu” stands for “per formula unit”.

Phase PDF-4+
database
record

Mass absorption
coefficient [cm2/g]

Molar mass
[g/mol]

Mol
Ca
pfu

Mol P
pfu

α-TCP 04-010-4348 85.72296272 310.1767 3 2
β-TCP 04-008-8714 85.72296272 310.1767 3 2
HA 01-074-0565 86.54987704 502.3114 5 3
β-CPP 04-009-3876 77.10324026 254.0993 1 1
α-Al2O3 04-004-2852 31.66443804 – – –
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Fig. 1. (a) XRD patterns of samples processed at 1350 ◦C contained a weak signal of β-CPP if the Ca:P ratio was below 1.50, and a more pronounced signal of HA if
the Ca:P ratio was greater than 1.50. The vertical axis shows the square root of the raw intensities to enhance the visibility of signals at the background level. The
positions of the strongest non-overlapping β-CPP and HA peaks are marked by dashed lines. (b) All Rietveld refinements resulted in high qualities of fits, as
documented by the representative refinement of the sample with a Ca/P molar ratio of 1.5075 processed at 1350 ◦C.
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G= S⋅(Z ⋅ M ⋅ V) (2)

S is the refined Rietveld scale factor, Z is the number of formula units
per unit cell, M is the molar mass of the formula unit, and V is the cell
volume [25]. This corrected phase scale factor G was further used to
determine absolute phase quantities. First, the crystallinity ratio C of the
sample was determined by comparing the sum of all CaP scale factors,
corrected for the mass absorption coefficient, with the corresponding
value of the external Al2O3 standard according to Eq. (3):

C [%] = 100⋅
∑

(Gi⋅MACi)

Gstd⋅MACstd
(3)

Afterwards, the absolute phase quantities Q and the amorphous
content A were obtained according to Eqs. (4) and (5):

Q [wt-%] =C⋅
G

∑
Gi

(4)

A [wt-%] =100 −
∑

Qi (5)

The molar Ca:P ratios were calculated for the crystalline fractions of
the samples according to Eq. (6) using the data listed in Table 2:

Ca : P=

∑
(

nCa⋅Q
M

)

i
∑

(

nP⋅Q
M

)

i

(6)

nCa and nP are the numbers of Ca and P ions per formula unit,
respectively, and M is the molar mass.

2.3. Scanning electron microscopy

For the scanning electron microscopy (SEM) observations of the
powders, a conductive carbon adhesive disc (Agar scientific code
AGG3347 N) was glued on an aluminum SEM sample holder. Using a
thin spatula, a small quantity of powder was placed on the carbon pad.
Excess powder was removed by careful tapping and the use of filtered
compressed air. The samples were then sputtered with gold (45–50 s, 30

mA) in a compact coating unit (safematic, CCU-010). SEM images were
taken using the secondary electron detector at an electron high voltage
(EHT) of 5 kV and a working distance of ca. 8 mm (ZEISS Sigma 300 VP,
Carl Zeiss Microscopy, Oberkochen, Germany).

For the SEM observation of the cement microstructure (materialog-
raphy samples), the following procedure was followed. Fragments of the
cements were placed in a Polypropylene casting mold and embedded in
epoxy resin (Struers Epofix resin and hardener, ratio 25:3) under vac-
uum (Struers CitoVac). Before mixing with the hardener, the resin was
slightly heated to decrease its viscosity. After the impregnation, the
embedded sample was placed in a refrigerator at 4 ◦C for 4h. Then the
sample was hardened overnight at room temperature. Grinding and
polishing were performed manually on a “Presi, Mecatech 334” pol-
ishing machine (Presi Sarl, Le Locle, Switzerland). Isopropanol was used
as a lubricant in every grinding and polishing step. For the grinding steps
(P320, P500, P1200) SiC paper was used. Grinding was performed at
300 rpm for 10–30 s each. Between the grinding steps, samples were
cleaned in Isopropanol using ultrasound. The polishing process included
6 μm, 3 μm (Diamond) on woven polishing cloth discs (Struers MD-DAC
and MD-DUR). For final polishing a few drops of 0.2 μm silica suspen-
sion, water-free, (AKASEL Nr. Oxipol-010) was given on a neoprene
polishing disc (Struers MD-CHEM). The polishing time was 2–4 min for
each step. The embedded samples were glued on an aluminum SEM
sample holder, a thin line of silver paint was drawn around the surface
and connected to the aluminum sample holder. The samples were then
coated with carbon (50 s) in a compact coating unit (safematic, CCU-
010). SEM images were taken, using the BSE detector at EHT 10 kV
and a working distance of ca. 8 mm (SEM, ZEISS Sigma 300 VP).

2.4. Particle size distribution

Particle size distributions (PSD) were measured using laser diffrac-
tion (LS 13320, Beckmann Coulter Indianapolis, USA) with the Tornado
Dry Power System (DPS). The powder was sampled with a scoop three
times after manual tumbling of the wide mouth bottles. Three samples of
about 10 mL volume were tested for each parameter setting. The dry
powder was dispersed within the Tornado DPS and passed the

Table 3
Summary of the XRD results in weight fractions. The estimated standard deviation (ESD) of the measured values reported by the Rietveld
refinement software is indicated for each phase. The “measured Ca/P ratio” is the molar ratio calculated from the phase composition assuming
that the amorphous phase has a Ca/P molar ratio of 1.50.
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measurement chamber where monochromatic light with a wavelength
of 780 nm was used as main illumination source. The scattering patterns
were recorded by 126 detectors placed at angles up to 35◦ from the
optical axis. The Mie theory was applied with a real refractive index of
1.0 for air and of 1.60 for the powder. The complex refractive index was
set to 0. Spherical particles with smooth, homogenous surface were
assumed. Based on this assumption, volume and number distributions
and the specific surface area (SSA) were calculated. For the determi-
nation of the d-values, a logarithmic normal distribution was assumed.

2.5. Inductively coupled plasma-mass spectrometry

The second of the three methods used to determine the Ca/P molar
ratio of the α-TCP powders is inductively coupled plasma-mass spec-
trometry (ICP-MS; Agilent 7700x, Agilent Technologies, Santa Clara,
USA). The powders were dissolved in 69 % HNO3 (w/w) and diluted
1:1000 in a solution of demineralized H2O containing 3 % HNO3, 2 %

HCl and 0.01 % HF (all: Rotipuran® Supra, Carl Roth, Karlsruhe, Ger-
many). 44Ca and 31P signals measured in the solutions were calibrated
against a custom-made certified standard solution containing Ca and P
ions in a molar ratio of 1.55 (Inorganic Ventures, Christiansburg, USA).
Signals of trace impurity elements were calibrated against multi-element
standard solutions (Inorganic Ventures). Calibration drifts were cor-
rected according to the Ca–P standard measured after every 8th sample
and according to a 20-ppb internal Sc standard solution (Inorganic
Ventures, USA) measured along with each sample. Finally, the mean
values of four measurements per sample were determined.

2.6. Isothermal calorimetry

A TAM Air Cement isothermal calorimeter (Thermometric AB,
Sweden), equipped with 8 distinct measuring cells, was utilized to
examine the heat exchange process during and post-mixing of a calcium
phosphate powder blend with 1 mL of an aqueous solution. For the

Fig. 2. Quantitative results of the Rietveld refinement analysis of the XRD data showing the effect of the measured Ca/P molar ratio on the fraction of (a) ACP, (b)
β-TCP, (c) β-CPP, (d) and HA in α-TCP powders. The relationship between the expected and measured Ca/P molar ratio is shown in (e). Part (f) reports the Ca/P molar
ratios determined by XRF, XRD and ICP-MS. In (e), the Ca/P molar ratio of the powder synthesized at 1350 ◦C was calculated twice, once directly on the α-TCP
powder after production, and once after calcining the powder during 24h at 950 ◦C. The errors on the ICP-MS results given in (f) correspond to the uncertainty of the
methods as calculated during a method validation performed for an ISO 17025 accreditation.
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Fig. 3. SEM images of α-TCP powders produced at 1175 ◦C or 1350 ◦C and with different nominal Ca/P molar ratios. Three enlargements are shown per powder. The
scale bars have a width of 200, 20, and 2 μm, respectively (from left to right). Large dense agglomerates are shown with a white arrow.
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experiments, 2.0g α-TCP powder, along with 1.0 mL of the solution,
were introduced into the sealed compartments of the mixing cell
(referred to as the "20 mL Admix Ampoule"), all maintained at a tem-
perature of 37 ◦C. Subsequently, the mixing cell was inserted into the
calorimeter. Upon reaching a constant (zero) signal, typically after
75–90 min, the solution was injected into the powder and thoroughly
mixed using a mixing rod. The measurements were concluded once a
steady thermal signal was achieved, typically within 7 days. Each
composition underwent four to five randomized repetitions for
robustness.

2.7. Wavelength dispersive X-ray fluorescence

The third of the three methods used to determine the Ca/P molar
ratio of the α-TCP powders is wavelength dispersive X-ray fluorescence
(WD-XRF; S8 Tiger, Bruker, Germany). For that purpose, certified pri-
mary standards consisting of lithium phosphate (Li3PO4) and calcium
carbonate (CaCO3) were used to calibrate the instrument. The calcium
carbonate was annealed beforehand at 1200 ◦C to create a stable com-
pound of CaO. A total of 13 reference samples were prepared to produce

the calibration samples using a molar Ca/P molar ratio of 0.500–2.000.
In the process, 1 g of sample material (mixture of Li3PO4 and CaO) was
fused with 9 g of lithium tetraborate (Li2B4O7) in a platinum crucible in
a Leneo electric furnace from Claisse (Malvern Panalytical) at 1065 ◦C to
form a homogeneous glass melting tablet. The same mixing ratio was
used to measure the test samples as for the calibration samples (1 g
sample material and 9 g Li2B4O7).

3. Statistics

ANOVA was performed using a general linear model in order to
identify the significant effect (p < 0.01) of the factors considered on the
measured responses. Tukey pairwise comparison was used in order to
identify the significant differences between groups (p < 0.01). The
program Minitab 19 (Minitab LLC) was used for that purpose.

4. Results

All powders were essentially crystalline (Fig. 1a) even though the
internal Al2O3 standard revealed that they contained a small amount

Fig. 4. Particle size distribution in volume of α-TCP powders produced (a) at 1350 ◦C and different nominal Ca/P ratios, or (b, c, d, e) at different temperatures and a
nominal Ca/P molar ratio of 1.490, 1.495, 1.5025, and 1.505, respectively.
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(3–11 %) of an amorphous calcium phosphate phase (ACP; Table 3;
Fig. 2a). Except for the powders synthesized at 1175 ◦C, all β-TCP con-
tents were below the limit of detection (Fig. 2b). There was no apparent
relationship between the content of ACP and β-TCP, and the Ca/P molar
ratio (Fig. 2a and b). Decreasing the overall Ca/P molar ratio increased
the fraction of β-CPP (Fig. 2c). Similarly, an increase of the Ca/P molar
ratio led to an increase of the HA content (Fig. 2d). Both effects were
linear. The dispersion of the measured Ca/P molar ratios of all the
powders produced at one given expected Ca/P molar ratio was small,
demonstrating the reproducibility of the synthesis method (Fig. 2e). The
powders produced with an expected Ca/P ratio of 1.4950 had a signif-
icantly different composition than the powders produced with an ex-
pected Ca/P molar ratio of 1.5025 (p = 0.0008). The XRF and ICP-MS
data obtained on the powders produced at 1350 ◦C confirmed the val-
idity of the calculations made by Rietveld refinement of the XRD data
(Fig. 2f).

The SEM images of the α-TCP powders revealed that most particles
had a diameter in the range of 1–10 μm (Fig. 3, Fig. S1). Agglomerates
were present in all powders, but only the agglomerates in powders
produced with a Ca/P molar ratio below 1.50 and a synthesis temper-
ature of 1350 ◦C appeared particularly dense and numerous. The ob-
servations made on the SEM images (Fig. 3) were confirmed by the PSD
values gathered by dynamic light scattering (Fig. 4; Table 4).

The PSDs in volume of the powders demonstrated that most of the
powders consisted of particles with a diameter close to 5–10 μm and
agglomerates up to 120 μm (Fig. 4). Accordingly, the d50 values were all
between 4.4 and 9.6 μm (Table 4). However, the powders produced at a
synthesis temperature of 1350 ◦C and a Ca/P molar ratio below 1.50 had
d50 values roughly twice larger than those of the other powders (Fig. 5c,
Table 4). A t-test revealed that the difference was significant at p =

0.008. A 2-way ANOVA analysis using 4 Ca/P molar ratios (1.49, 1.495,

1.5025, and 1.505) and 4 synthesis temperatures (1175 ◦C, 1200 ◦C,
1250 ◦C, 1350 ◦C) detected a significant effect of the Ca/Pmolar ratio on
d50 and d90 in number, and d10 and d50 in volume, and of the Ca/P
molar ratio d10 and d90 in number, as well as d50 in volume. One may
summarize the complex observations by stating that a lower synthesis
temperature and a large Ca/P molar ratio led to finer single particles but
more numerous large agglomerates.

The SSA values of the powders varied between 1.1 and 2.4 m2/g
(Fig. 5g–Table 4) without clear effect of Ca/P ratio or synthesis tem-
perature. Nevertheless, a 2-way ANOVA analysis detected significant
effects of the Ca/P molar ratio and the synthesis temperature on the SSA
values. When comparing groups, only the powders sintered at 1175 ◦C
had significantly higher SSA values than the powders sintered at 1350 ◦C
(p < 0.01).

The reactivity of the powders was assessed using isothermal calo-
rimetry data. The α-TCP aqueous pastes reached an exothermic peak
5–10 min after mixing, but the whole reaction lasted days (Figs. 6 and
7). Single curves suggest that an increase of the Ca/P molar ratio of the
α-TCP powders reduced the time to reach the exothermic peak
(Fig. 6a–c). Contrarily, the synthesis temperature did not seem to affect
the results (Fig. 6e–g). When looking at the overall reaction, the powders
produced with a Ca/P molar ratio inferior to 1.50 and a synthesis tem-
perature of 1350 ◦C needed significantly more time to reach 100 % re-
action rate (Fig. 6d–f). Statistically, both the Ca/P molar ratio and the
synthesis temperature significantly affected the time to reach 10 %, 50
%, and 90 % of the reaction, as well as the time to reach the maximum.
The fitting equations retrieved from the statistical model contained 1st
order, 2nd order and 3rd order components, making any interpretation
difficult. However, a Ca/P molar ratio below 1.50 significantly slowed
the reaction, particularly for powders produced at 1350 ◦C (Fig. 7).

The reactivity of α-TCP powders is known to be affected by their SSA

Table 4
Summary of the particle size distribution results. The first column contains the expected or targeted Ca/P molar ratio. The average d-values are
given in μm ± the standard deviation. The values d10, d50 and d90 correspond to 10 %, 50 % and 90 % on the cumulated distribution curves,
either as a function of the particle volume or the particle number. The last column contains the SSA values determined by nitrogen adsorption
(BET method).
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value and their ACP content [13]. Therefore, the isothermal calorimetry
data was plotted as a function of the SSA value (Fig. 8) and the ACP
content (Fig. S2). The results revealed that the reactivity was indeed
increased with an increase of SSA: the time to reach 10 %, 50 % and 90
% of the total heat released during the reaction was significantly reduced

(Fig. 8a,b,c). However, this statement was no longer valid at p< 0.01 for
the 90 % released heat results when the results of the powders synthe-
sized at 1350 ◦C and a Ca/P molar ratio lower than 1.50 were removed
(p = 0.04; Fig. 8d). The height of the first exothermic peak was found to
significantly increase with an increase of SSA (Fig. 8f), but its position

Fig. 5. Particle size distribution results are shown as (a,b) d10, (c,d) d50, (e,f) d90 values for the different synthesis temperatures and Ca/P molar ratios. The SSA
values are plotted in (g). The error bars correspond to ± one standard deviation.
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Fig. 6. Representative isothermal calorimetry curves for different synthesis temperatures and Ca/P molar ratios. The left column contains the released heat rate
curves. The right column contains the cumulated released heat curves. The charts either show the results obtained at one synthesis temperature ((a,b) 1175 ◦C, (c,d)
1350 ◦C) or one Ca/P molar ratio ((e,f) Ca/P = 1.4900; (g,h) Ca/P = 1.5050).
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was not affected (Fig. 8e).
At first sight, the ACP content had only a significant effect on the

height of the main exothermic peak (Figs. S2h and i), but not on its
position, or on the time to reach 10 %, 50 %, and 90 % of the total
released heat. However, after excluding the results obtained with the
powders synthesized at 1350 ◦C and a Ca/P molar ratio below 1.50,
there was a trend towards an increased reactivity at a higher ACP con-
tent (Figs. S2a–f). The effect was significant for the 50 % released heat
values (Fig. S2d).

After the calorimetry experiments, some hardened cement samples
were impregnated in a resin, polished and analyzed by SEM (Fig. 9). All
samples contained the typical globular microstructure of α-TCP-based
cements, namely apatite plate-like crystals surrounding and connecting
mainly empty spherical pores left by the dissolution of α-TCP particles.
Two peculiarities were detected. First, dense particles of up to ≈50 μm
diameter were observed in cement samples produced with α-TCP pow-
ders sintered at 1350 ◦C and a Ca/P molar ratio below 1.50. Such dense
particles were not detected in other cements, in particular cements made
with α-TCP powders produced with the same Ca/P molar ratio, but a
lower synthesis temperature (Fig. 10). Second, all cements contained

agglomerates of up to 150 μm. These agglomerates appeared more
numerous for samples with a Ca/P molar ratio above 1.50 and produced
below 1350 ◦C (Figs. 9 and 10). Assuming that agglomerates were
already present in the α-TCP powders, some cement pastes were pro-
duced in a speed mixer using milling balls. The resulting cement pastes
became free of agglomerates (Fig. 11).

5. Discussion

ISO 13175-3, 13779-6 and ASTM F1088, F1185 standards consider
that calcium phosphates are phase-pure when their crystalline purity
exceeds 95 %. A simple conclusion would then be that the physico-
chemical properties of such powders remain identical independently
of the crystalline purity. However, recent results have shown that this is
not true of β-TCP since the presence of less than 5 % β-CPP or HA
strongly affected the crystalline structure as well as the physico-
chemical and biological properties of β-TCP [18,19]. In this study, it
was hypothesized that the presence of less than 5 % β-CPP or HA would
affect the physico-chemical and hydraulic properties of α-TCP powders.
The aim was then to produce α-TCP powders with various contents of

Fig. 7. Summary of the results obtained by isothermal calorimetry showing the effect of the Ca/P molar ratio and synthesis temperature on (a) 10 % released heat,
(b) 50 % released heat, (c) 90 % released heat, (d) the peak position, and (e) the peak maximum. The error bars correspond to ± one standard deviation.
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these two foreign phases and to characterize the powders and the
cement pastes made with these powders.

The results showed that it is possible to produce crystalline α-TCP
powders by solid-state reaction of CC and DCP in a chemically
controllable and reproducible manner (Figs. 1 and 2; Table 3). This was
expressed for example by a linear relationship between the measured
and expected Ca/P molar ratio (Fig. 2e and f). An excellent agreement
was found between XRD, XRF and ICP-MS measurement (Fig. 2f), in
accordance with past studies [18]. Interestingly, the fit between the
measured and expected Ca/P molar ratio was better at 1175 ◦C, 1200 ◦C,
and 1250 ◦C than at 1350 ◦C (Fig. 2e). It was speculated that this could
be due to the presence of amorphous CPP in the powders produced at
1350 ◦C. To check this hypothesis, the powders were calcined 24 h at
950 ◦C and characterized again by XRD. The Ca/P molar ratios differed
by − 0.0018 to 0.0021 from the initially measured values which can be
expected considering the different specificity of the XRD Rietveld
refinement quantifications of β-CPP in an α-TCP or β-TCP matrix,
respectively (Fig. 2e). Furthermore, there was no trend suggesting that

an amorphous CPP phase would have transformed into a crystalline
phase.

Controlling the morphology of the powders by milling proved to be
complicated. The SSA and PSD values seemed to vary erratically
(Table 4). One would have expected to get higher SSA values with a
lower synthesis temperature (Fig. 3, Fig. S1). However, significant dif-
ferences were only found between the powders synthesized at 1175 ◦C
and 1350 ◦C. Similarly, the Ca/P molar ratio had solely a significant
effect on the d90 values of the PSD (Table 4). In fact, the only α-TCP
powders that were significantly different from the other powders were
those produced at 1350 ◦C and a Ca/P molar ratio below 1.50: they
contained dense agglomerates with a mean size of 10–20 μm in diameter
(Figs. 3 and 4, Fig. S1). The formation of these agglomerates can be
ascribed to the formation of a liquid CPP phase above 1296 ◦C [20].
Accordingly, it is recommended to make sure that the Ca/P molar ratio
of the α-TCP powder is slightly above a Ca/P molar ratio of 1.50 or that
the synthesis temperature is below 1296 ◦C. The latter is often not
possible because most raw materials contain Mg impurities which

Fig. 8. Summary of the results obtained by isothermal calorimetry showing the correlation between the SSA and (a) 10 % released heat, (b) 50 % released heat, (c,d)
90 % released heat, (e) the peak position, and (f) the peak maximum. The difference between (c) and (d) is that the results obtained with powders synthesized at
1350 ◦C were removed in (d). The error bars correspond to ± one standard deviation. Linear regression lines are shown as well as their equations, the regression
coefficients and the p values.
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Fig. 9. SEM images of hardened cements produced with α-TCP powders synthesized at 1350 ◦C and different nominal Ca/P molar ratios. Three enlargements are
shown per hardened cement sample. The scale bars have a width of 200, 20, and 2 μm, respectively (from left to right). Large dense and loose agglomerates are shown
with a white arrow and a black triangle, respectively.
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increases the β-to α-TCP transition temperature and provokes the for-
mation of stable β- TCP - α-TCP binary mixtures [26]. Also, it favors the
formation of β-TCP during α-TCP cooling [21,27]. Accordingly, most
researchers active in the field produce their α-TCP powders between
1300 ◦C and 1400 ◦C and quench them to prevent the formation of β-TCP
during cooling [3,10,12,15,28–31].

Milling the α-TCP powders transformed a fraction of the crystalline
phases into an amorphous calcium phosphate phase (ACP, defined as
“not contributing to the α-TCP XRD signal”), which is more reactive than
α-TCP. Prolonged milling can then be used to increase the hydraulic
reactivity of β-TCP and α-TCP powders [31,32]. Here, the intention was
not to produce large amounts of ACP, but just to deagglomerate the
powders. The 15 min α-TCP milling time led to the formation of mod-
erate amounts of ACP, i.e. 3–11 % ACP (Table 3). These amounts were
limited enough to have only a moderate effect on the hydraulic reac-
tivity of the α-TCP powders. The ACP content was neither a function of
the Ca/P molar ratio, nor of the synthesis temperature (Fig. 2a). Since
the reproducibility of the milling step is in our hands limited, it was
speculated that the ACP could be a function of the SSA, but there was

only a weak positive correlation between ACP and SSA (r2 = 0.1).
Lowering the synthesis temperature did lead to finer powders and to

a slight increase of SSA (Fig. 5). However, the main effect contributing to
a reduction of α-TCP particle size was related to the Ca/P molar ratio:
the powders were finer and had higher SSA values above a Ca/P molar
ratio of 1.50.

The minute changes of composition of the α-TCP powders produced
with various Ca/P molar ratios and synthesis temperature resulted in
surprisingly large changes in powder reactivity (Figs. 6 and 7. Fig. S2).
For example, the time to reach 90 % released heat was increased four-
fold when the powders with a Ca/Pmolar ratio below 1.50 were sintered
at 1350 ◦C (Fig. 7c). Similarly, the position of the largest exothermic
peak during α-TCP hydraulic reaction was decreased twofold with an
increase of Ca/P molar ratio (Fig. 7d). However, it was difficult to
distinguish a clear effect of the synthesis temperature or Ca/P molar
ratio. To understand these differences, the various values retrieved from
the calorimetry experiments were plotted as a function of the two known
properties affecting the reactivity of α-TCP-based CPCs, namely the SSA
value [9–11] and the ACP content [9,13–16]. Fig. 8a confirmed that the

Fig. 10. SEM images of hardened cements produced with α-TCP powders synthesized at 1200 ◦C and 1350 ◦C and two different nominal Ca/P molar ratios, namely
1.4900 and 1.5050. Three enlargements are shown per hardened cement sample. The scale bars have a width of 200, 20, and 2 μm, respectively (from left to right).
Large dense and loose agglomerates are shown with a white arrow and a black triangle, respectively.
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SSA value significantly affected the time to reach 10 % released heat,
which is generally considered to be a proxy for the setting time [16].
Higher SSA values also led to larger exothermic peaks (Fig. 8f) and a
faster global reaction (Fig. 8a–d) [10,11]. The ACP content had a more
limited effect on the reactivity of the powders than the SSA value
(Fig. S2). Nevertheless, the height of the main exothermic peak was
significantly increased with an increase in ACP content (Figs. S2h and i),
in accordance to the fact that the first phase that reacts during α-TCP
hydrolysis is ACP [13]. Also, there was a tendency for the powders to
react faster with a higher ACP content.

Contrary tomost studies, the microstructure of the hardened cements
was not observed on broken surfaces, but on polished surfaces
(Figs. 9–11). This allowed a more in-depth analysis of the microstructure
[33]. The images suggest that the dissolution products of α-TCP particles
precipitate mostly at the surface of the α-TCP particles, thus leaving a
hole in the center of the location where the α-TCP particles were [33].
Partly reacted dense α-TCP particles were clearly visible in samples
produced with α-TCP powders synthesized at 1350 ◦C and a nominal
Ca/P molar ratio below 1.500 (Fig. 9). These particles were very slow to
react due to the diffusion-controlled reaction mechanism [34], as evi-
denced by the long time needed to reach 90 % of the reaction (Figs. 7
and 8). By using a synthesis temperature below the melting temperature
of α-CPP (1296 ◦C), the dense α-TCP agglomerates disappeared, and the
time for the cement to reach 90 % of released heat was drastically
reduced (Figs. 8 and 9). More translucent (= less dense) agglomerates
were observed in all hardened CPCs except when the cements were
mixed in a static mixer with dense zirconia beads (Figs. 9–11). The
presence of these agglomerates was then attributed to the presence of
α-TCP powder agglomerates in the α-TCP powders.

Ideally, α-TCP powders should be fine and deagglomerated to be
highly reactive and injectable. Here, the use of a synthesis temperature
below the melting temperature of α-CPP (1290 ◦C) and a Ca/P molar
ratio above 1.50 had a favorable effect to remove dense agglomerates
(Figs. 9 and 10). However, large porous agglomerates were still found in
the powders produced at lower synthesis temperatures. Neither the
manual paste mixing using a spatula nor the mechanical mixing using
the Speed Mixer without beads were intensive enough to remove these
agglomerates (Fig. 11). It is unclear at this point when these agglom-
erates form and how their formation can be prevented.

The results confirmed that α-TCP powders with higher SSA values

and ACP content were more reactive (Fig. 8). However, relatively large
changes of reactivity were found between powders with similar SSA
values. Part of these effects could be explained by a difference of Ca/P
molar ratio (a lower ratio leading to a lower reactivity), but not all. At
this point, the origin of these differences is unclear. Importantly, no
special attention was paid to storing the powders in controlled atmo-
sphere. Even though Espanol et al. [35] did not detect any change of
α-TCP reactivity after 3 weeks incubation in 80 % relative humidity
conditions, they observed that part of the adsorbed water was irre-
versibly bound to α-TCP particle surface. It is known that α-TCP reac-
tivity can be increased by humidifying them temporarily [36].

6. Conclusion

This study significantly advances our understanding of α-tricalcium
phosphate (α-TCP) powders, revealing that minor phase impurities
below 5 %, such as β-CPP or HA, can substantially influence the crys-
talline structure, and physico-chemical properties of calcium phosphate
materials. Contrary to the standards set by ISO and ASTM, which suggest
that crystalline purity above 95 % should yield identical material
properties, the findings highlight the critical impact of synthesis con-
ditions on the properties of α-TCP powders. The study reveals that α-TCP
powders should be produced below the α-CPP melting temperature of
1296 ◦C to prevent the formation of dense agglomerates and a low
reactivity. An alternative consists in using a slight excess of Ca.

Experimental results demonstrated the ability to produce crystalline
α-TCP powders with precise control over the Ca/P molar ratio and
highlighted the role of synthesis temperature in optimizing the physico-
chemical characteristics and reactivity of these powders. Moreover, the
study underlines the challenges in controlling powder morphology
through milling, showing how it unpredictably affects specific surface
area and particle size distribution, thus influencing the reactivity of the
powders. This represents a challenge for α-TCP based cement applica-
tions where the setting time needs to be tightly controlled.

The investigation provides key insights into optimizing α-TCP pow-
der synthesis and processing techniques, emphasizing the importance of
temperature and Ca/P molar ratio in enhancing the hydraulic reactivity
of calcium phosphate cements. By meticulously controlling synthesis
parameters, this research paves the way for developing more effective
biomedical materials for bone regeneration, challenging existing purity

Fig. 11. SEM images of hardened cements produced with α-TCP powders synthesized at 1250 ◦C and a Ca/P molar ratio of 1.5025. Three enlargements are shown
per hardened cement sample. The scale bars have a width of 200, 20, and 2 μm, respectively (from left to right). The large loose agglomerates seen in cement samples
mixed with a spatula (black triangle) are not seen in cement samples mixed with the speed-mixer and zirconia beads.
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standards and offering new perspectives on material design and appli-
cation in the biomedical field.
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