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Abstract B-Tricalcium phosphate (B-TCP) is a widely studied calcium phosphate phase due to its well-
defined crystal structure and its ability to accommodate ionic substitution within the lattice. In this
work, B-TCP powders were synthesized via a controlled precipitation route, followed by partial
substitution of Ca** with Zn?* to examine the influence of Zn incorporation on phase formation and
structural evolution. The formation of the B-TCP phase and the absence of detectable secondary phases
were verified using X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), and thermal analysis. The results show that Zn?* substitution
induces measurable changes in the diffraction features consistent with lattice modification and is
accompanied by increased crystallinity and improved microstructural uniformity. Overall, the findings
demonstrate that controlled Zn?* incorporation provides an effective approach for tuning the structural

and physicochemical characteristics of B-TCP powders.
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1. INTRODUCTION

Calcium phosphate systems have been extensively
investigated as a versatile class of inorganic materials due
to their compositional diversity, phase transformations,
and the wide range of physicochemical behaviors that can
be achieved through controlled processin (Bohner et al.,

distinct stability profiles and transformation behavior;
HA is comparatively stable, while brushite and monetite
are metastable under a range of aqueous environments
and may undergo faster dissolution or phase conversion
depending on the chemical conditions (Bohner et al.,
2020). Consequently, precise control of reaction

2020). These materials are commonly categorized into
ceramics and cementitious systems. Calcium phosphate
ceramics are typically produced through sintering routes
using phases such as hydroxyapatite (HA) and a- or -
tricalcium phosphate (B-TCP), whereas calcium
phosphate cements (CPCs) are formulated as reactive
powder—liquid systems capable of hardening in situ via
dissolution—precipitation mechanisms (Nikpar,
Khavandi, et al., 2025; Sinusaite et al., 2020). From a
materials engineering perspective, key parameters such
as setting time, rheological behavior of the paste, and
post-hardening mechanical performance are critical for
evaluating the processing—structure—property
relationships of CPCs (Sainz et al., 2023). The final phase
assemblage obtained in CPCs systems is highly sensitive
to reaction conditions, particularly pH, which governs the
thermodynamic stability and kinetic pathways of calcium
phosphate precipitation. At pH values above 4.2,
hydroxyapatite formation is generally favored, whereas
under more acidic conditions, brushite (CaHPO4-2H-0)
or monetite (CaHPO4) becomes the predominant reaction

product (Zhang et al., 2024). These phases exhibit

chemistry and phase evolution remains a central
challenge in tailoring the structural and physicochemical
characteristics of calcium phosphate cement systems.

2. MATERIALS AND METHODS

Zinc-substituted B-TCP powders were synthesized
via a controlled wet-chemical precipitation method using
analytical-grade reagents and deionized water. The Ca/P
molar ratio was fixed at 1.5 to favor B-TCP formation
(Bohner et al., 2020). Calcium and zinc nitrate solutions
were gradually added to a diammonium hydrogen
phosphate solution, while the pH was maintained
between 10 and 11 using diluted ammonium hydroxide
to ensure complete precipitation (Pejchalovaetal., 2021).
The suspension was aged for 24 h, filtered, washed, and
dried at 100 °C, followed by calcination at 700 °C for 3
h (Bohner et al., 2020). Phase composition and structural
features were evaluated using X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), and
Scanning Electron Microscopy (SEM).

2.1. Synthesis of B-TCP Cement
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Undoped B-TCP powder was synthesized using
calcium nitrate tetrahydrate and ammonium phosphate as
precursors. Calcium nitrate tetrahydrate (7 g) was
dissolved in 70 mL of deionized water, while ammonium
phosphate (2 g) was dissolved in 40 mL of deionized
water under magnetic stirring at 500 rpm. The phosphate
solution was gradually added to the calcium solution, and
the pH was adjusted from approximately 6 to 10 by the
dropwise addition of aqueous ammonia. The resulting
precipitate was dried at 50 °C for 24 h, washed under
vacuum to remove residual ammonia, and dried again at
50-60 °C. After grinding, the powder was calcined at 700
°C at a heating rate of 5 °C-min' to obtain the final B-
TCP powder.

2.2. Preparation of Zn-Substituted p-TCP
Zinc-substituted B-TCP powders were prepared using
a controlled precipitation method. Aqueous solutions of
calcium nitrate and zinc nitrate were gradually added to
a diammonium hydrogen phosphate solution, while the
pH was maintained between 10 and 11 using diluted
ammonia to ensure complete precipitation (Bohner et al.,
2020). The resulting suspension was aged at room
temperature for 24 h, then filtered, washed, and dried at
100 °C for 12 h, followed by calcination at 700 °C for 12
h. The Zn?" substitution level was fixed at x = 0.02 in the
Cas—Zn«(PO4)2 composition, and the samples were
designated as C1 (undoped) and C2 (Zn-substituted)
(Sainz et al., 2023). Table 1 presents the naming
convention for the synthesized B-TCP Powders.

Table 1. Nomenclature of Precipitation-Synthesized -TCP
Powders

Samle Zn Substitu.tion Ca/P
No. Code Sample Level (x) in Molar
CasZn(PO4): Ratio
1 Cl B-TCP 0.00 1.5
C2 B-TCP Zn 0.02 1.5

2.3. Phase Identification

Phase identification of the synthesized powders was
carried out using XRD with a Bourevestnik DRON-8
diffractometer equipped with Cu Ka radiation (A =
1.5406 A), operated at 40 kV and 30 mA. Diffraction
patterns were recorded over the 26 range of 10—60° at a
scanning rate of 2° min'. The obtained data were
analyzed using reference patterns from the JCPDS
database to confirm the formation of the B-TCP phase
and detect any possible secondary phases (Sainz et al.,
2023). Finally, the nominal chemical composition of the
B-TCP powders was designed according to the objectives
of this study, with the substitution of Ca?" by Zn** fixed
at x = 0.02 and the Ca/P molar ratio maintained at 1.5 to
ensure the formation of the B-TCP phase (Zhang et al.,
2024).

2.4. In Vitro Degradation Evaluation

The in vitro degradation behavior of undoped and Zn-
substituted B-TCP cements was evaluated by immersion
in simulated body fluid (SBF) at 37 = 1 °C. The
degradation rate was determined based on the percentage
of weight loss calculated from the difference between the
initial and final weights of the samples after defined
immersion periods.

2.5. Characterization of hydrogels

The microstructure of the samples was analyzed using
SEM (VEGA-II, TESCAN, Czech Republic).
Compressive mechanical properties, swelling behavior,
biodegradation, and cytotoxicity were also assessed in
this study. Compressive strength was then determined
using a uniaxial compressive testing machine (DBBP-50,
Bong Shin, Korea).

3. RESULTS AND DISCUSSION

XRD analysis confirmed the formation of phase-pure
B-TCP at a calcination temperature of 700 °C, with no
detectable secondary phases, indicating that higher
temperatures primarily influence crystallinity rather than
phase composition. Zinc substitution preserved the -
TCP structure while inducing slight peak shifts toward
higher 20 values, which can be attributed to lattice
contraction caused by the smaller ionic radius of Zn*,
along with a reduction in crystallite size (Fig. 1) (Bohner

et al., 2020).
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Figure 1. Comparison of XRD patterns of B-TCP powders
calcined at 700 °C and 800 °C.

FTIR spectra further verified the stability of the -
TCP phase after calcination, showing characteristic
phosphate vibrational bands along with minor carbonate
and hydroxyl groups, suggesting limited surface
carbonation without phase alteration (Figs. 2 and 3)
(Sainz et al., 2023).
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Figure 2. FTIR spectra of B-TCP.
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Comparative FTIR Spectra — Pure vs Zn?* -Substituted B-TCP
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Figure 3. FTIR spectra of Zn-substituted f-TCP.

SEM observations revealed that Zn incorporation led
to a more compact and homogeneous microstructure with
finer crystallites, providing increased surface area and
enhanced nucleation sites. Overall, the combined
structural and microstructural results demonstrate that Zn
substitution effectively improves the crystallinity,
surface characteristics, and early bioactivity potential of
B-TCP without compromising its phase stability (Figs. 4
and 5).

100 p

Figure 4. The SEM micrograph of the Zn-substituted -TCP
cement after 1 day of SBF immersion.

Figure 5. Magnified view showing spherical apatite clusters
formed on Zn-B-TCP surface after immersion in SBF for 1
day.

4. CONCLUSION
Pure and Zn?*'-substituted B-TCP powders were

successfully synthesized via a controlled chemical
precipitation route followed by calcination at 700 °C.

XRD confirmed the formation of phase-pure B-TCP
under the applied processing conditions, while the Zn?*-
substituted compositions exhibited slight peak shifts
toward higher 26 values, consistent with lattice
contraction resulting from the incorporation of the
smaller Zn?* ion into Ca** sites. FTIR further verified the
preservation of the characteristic phosphate vibrational
bands of B-TCP, indicating that the fundamental
structural framework remained intact after substitution
and thermal treatment. In addition, immersion in an ion-
containing aqueous medium, SBF, revealed surface
precipitation behavior consistent with dissolution-
reprecipitation processes, with the Zn?*"-substituted
samples exhibiting a denser and more uniform surface
product layer compared to pure B-TCP. Overall, the
results demonstrate that controlled Zn?" incorporation
provides an effective strategy for tuning the phase
stability, lattice characteristics, and surface reactivity of
B-TCP powders, offering a robust pathway for
engineering their physicochemical properties through
ionic substitution.
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