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A B S T R A C T

Calcium phosphates (CaPs) are extensively used in the biomedical field for bone regeneration applications. 
Hydroxyapatite (HAp), the main component of human bone, has been successfully used as a bone graft material. 
Partial calcium (Ca) substitution with gallium (Ga) can influence HAp’s physicochemical properties and bio
logical activity. In this study, Ga-doped Ca-deficient HAp (GaCDHAp) powders containing 1.6 ± 0.1 and 3.3 ±
0.4 wt% Ga were synthesized using wet chemical precipitation. Bioceramics were prepared from the synthesized 
GaCDHAp powders using uniaxial compaction and sintering at temperatures between 600 and 1200 ◦C. The 
quantitative phase composition and the Ga substitution in the HAp lattice were investigated by Rietveld refine
ment. It was observed that the sintering of the GaCDHAp led to the formation of biphasic CaP bioceramics 
composed of HAp and α-TCP. The secondary phase inhibited the densification, leading to a microporous structure 
of GaHAp bioceramics. Structure refinement showed that Ga substituted Ca on the Ca1 site in the HAp lattice. 
Charge balance was maintained by an additional partially occupied oxygen site in the structural channel.

1. Introduction

Calcium phosphate (CaP) bioceramics have been used in hard tissue 
reconstruction since 1980 [1]. Hydroxyapatite (HAp) is a naturally 
occurring CaP mineral and the main mineral component of human bone. 
This similarity in composition confers HAp-based biomaterials osteo
conductivity, allowing integration within bone tissues. Thus, for de
cades, HAp-based biomaterials have been widely used for applications in 
bone repair, replacement, and tissue engineering [1–4]. The range of 
HAp-based materials is extensive and constantly expanding [5]. In the 
case of HAp bioceramics, numerous factors, e.g., preparation and pro
cessing methods, influence their performance. Moreover, HAp has the 
capacity for ion exchange, and doping with different metal ions has 
enhanced its biological properties [6–9]. These dopants affect the 
physicochemical properties of HAp, which determine the possibilities of 
processing and application of new materials [10]. Different ions, such as 
magnesium (Mg), zinc (Zn), and strontium (Sr), promote the formation 
of secondary phases during the sintering of HAp [11–13]. The secondary 
phase in the form of tricalcium phosphate (TCP) can influence the 

biodegradability of CaP bioceramics.
Among others, due to its compelling biological properties, gallium 

(Ga) as a dopant has seen an increasing interest in the biomaterials field. 
Ga compounds are currently investigated as effective antibacterial and 
promising anticancer agents [14,15]. Ga3+ mimics iron (Fe3+) in bio
logical processes, thus disrupting iron-dependent processes in tumor 
cells and bacteria, leading to cell death [16,17]. In the material science 
field, multiple materials doped with Ga are being investigated, such as 
bioglass [18], CaPs [19,20], and composites [19,20]. The study focuses 
on Ga-containing CaPs (GaCaPs), which have shown promising results 
against different bacteria [21–23]. Kurtjak et al. studied different for
mulations of Ga-doped HAp (GaHAp) and revealed an antibacterial ef
fect against Pseudomonas aeruginosa (P. aeruginosa) by the disc diffusion 
method [24,25]. Pajor et al. showed antibacterial properties of Ga and 
silver (Ag) functionalised HAp against Pseudomonas fluorescens 
(P. fluorescens) by the disc diffusion method [9]. Shokri et al. studied the 
synergy of Ga and Zn in HAp doping. By increasing the Ga concentra
tion, they disclosed the enhanced antibacterial properties of Ga-doped 
or Zn- and Ga-co-doped HAp (ZnGaHAp). The results show reduced 
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cell viability of S. aureus from 48 % to 6 % and E. coli from 57 % to 18 %. 
Additionally, by increasing the concentration of Ga, the viability of 
human mesenchymal stem cells (hMSCs) decreased compared to that of 
undoped HAp; however, it retained cell viability above 70 % [26]. 
GaCaP used as a coating for MgCa alloy reduced degradation of the alloy 
and promoted the formation of new bone in sheep cranial defects [27]. 
Ngoc Huu et al. introduced a multifunctional biomaterial sintered at 
1200 ◦C, where the HAp pellets were covered with liquid Ga and Ag 
nanoparticles or their combination. In vivo findings indicate a significant 
reduction of bacterial growth in the presence of HAp-Ag-GaNPs in the 
infected cranial defects model [28].

The studies available in the literature on Ga doping mainly focus on 
low-crystallinity (heat-treatment temperature does not exceed 100 ◦C) 
HAp synthesized by various methods [9,22,23,26,29–32]. It has gener
ally been observed that GaHAp has a characteristic hexagonal structure 
and a decrease in crystallinity with increasing Ga concentration [9,22,
23,26,29–32]. Mellier et al. studied Ga3+ influence on β-TCP ceramic 
obtained at 1000 ◦C and observed a reduction in unit cell volume with 
increasing Ga3+ concentration [21]. However, there is a shortage of 
information on the effect of Ga3+ on the high-temperature behavior of 
HAp (heat-processed above 600 ◦C). In this study, systematic and 
complex analyses of coherence between Ga substitution and sintering 
temperature of the HAp bioceramics were performed for the first time.

In our previous study, we evaluated the effect of Ga on the physi
cochemical and biological characteristics of HAp nanoparticles (low 
crystalline). The GaHAp with 2–8 wt% of Ga showed bacteriostatic 
properties against P. aeruginosa and S. aureus. However, when the Ga 
was above 4 wt%, the GaHAp showed a significant decrease in fibroblast 
cell viability on day 7 [29]. Accordingly, the optimal doping level of Ga 
was 2–4 wt%, which was used for doping the GaHAp bioceramics in this 
study. Insight into how Ga alters crystallinity and structural character
istics during sintering is crucial to expand the possibilities of using the 
GaHAp in developing new biomaterials. For the first time, the in-depth 
justification and the substitution behavior of Ga in the HAp crystal lat
tice were explored to gain deeper insights into the properties of GaHAp 
bioceramics.

2. Materials and methods

2.1. Synthesis of Ga-doped HAp powders

Ga-doped HAp (GaHAp) powders were synthesized using wet 
chemical precipitation from calcium oxide (CaO, >98 %, Jost Chemical, 
USA), orthophosphoric acid (H3PO4, 75 %, Latvijas kimija Ltd., Latvia), 
and gallium nitrate hydrate (Ga(NO3)3⋅xH2O, 99.9 % trace metal, Sigma- 
Aldrich, USA) as described in Ref. [29]. To calculate the required amount 
of Ga(NO3)3⋅xH2O, the number of water molecules was determined 
using an inductively coupled plasma mass spectrometry (ICP-MS, Agilent 
7700X, USA). Thus, the Ga(NO3)3⋅9.95H2O was used as a source of Ga3+

ions.
Synthesis was performed in the IKA EUROSTAR Power Control-Visc 

P7 (Ika-Werke, Germany) synthesis reactor equipped with an anchor 
stirrer, following the procedure below. First, the starting suspension, 
0.44M Ca(OH)2, was prepared by dispersing CaO in the deionized H2O 
(Eq. (1)): 

CaO + H2O → Ca(OH)2                                                                  (1)

The starting suspension was heated to 45 ◦C and this temperature 
was maintained using a laboratory hot plate with an external tempera
ture probe. Second, the Ga(NO3)3⋅9.95H2O powder was added to the Ca 
(OH)2 and stirred at 100 rpm for 5 min. The nominal Ga concentrations 
in the synthesis were 2 wt% (2GaHAp) and 4 wt% (4GaHAp) of the 
theoretical HAp yield. The sample series is designated according to the 
nominal Ga concentration. Third, an aqueous solution of 2M H3PO4 was 
added to the starting suspension at an addition rate of 1 mL/min using 

an automated dosing unit (TITRONIC® universal, Schott, Germany) until 
the pH 6.70 ± 0.05 was reached. The (Ca + Ga)/P molar ratio of the 
reagents was 1.67 (for pure HAp, Ca/P molar ratio was 1.67). The molar 
ratio was the same for all the synthesis series. Reaction occurs according 
to Eq. (2): 

(10-x)Ca(OH)2 + xGa(NO3)3⋅9.95H2O + 6H3PO4 → Ca10-xGax(
PO4)6(OH)2-xOx + 3xHNO3 + (18 + 7.95x)H2O                               (2)

where x = 0.3 (for 2GaHAp), 0.6 (for 4GaHAp), calculated, considering 
that 2 and 4 wt% are the nominal amount of Ga from the total product 
yield.

Obtained precipitates were aged in mother liquors at ambient tem
perature overnight (approximately 20 h). After aging, the precipitates 
were vacuum-filtered and washed with 1 L of deionized water. Filtered 
precipitates were dried in an oven at 105 ◦C for 24 h. Dried precipitates 
were crushed in a pestle to obtain a fine powder (bioceramic precursor 
powder). The HAp synthesized without Ga(NO3)3⋅9.95H2O was used as 
a reference (sample series designated as HAp). To ensure the repro
ducibility of the syntheses, each composition was synthesized in 
triplicate.

2.2. Preparation of the bioceramics

To prepare a bioceramic pellet, 0.5 g of the as-synthesized powder 
was transferred to a cylindrical die of 13 mm diameter and compacted at 
a uniaxial compression force of 100 MPa for 1 min. The compacted 
pellets (disks) were sintered at 600, 700, 800, 900, 1000, 1100, and 
1200 ◦C with a heating/cooling rate of 5 ◦C/min and a holding time of 1 
h.

2.3. Physicochemical characterisation

2.3.1. X-ray diffraction analysis
The phase composition of the as-synthesized powders and the heat- 

treated (600–1200 ◦C) powders was analyzed using X-ray diffractom
etry (XRD, PANalytical, AERIS, The Netherlands). Before analysis, the 
heated powders were ground in a mortar to remove aggregates that may 
have formed due to temperature-induced sintering of the particles. XRD 
patterns were recorded in a 2θ range from 10 to 70◦, with a step size of 
0.0435◦, using a Ni-filter and Cu Kα radiation at 40 kV and 15 mA.

The quantitative phase composition and Ga substitution in the HAp 
structure were studied by Rietveld refinement with the software Profex 
[33]. Structure models were taken from the ICDD PDF-4+ database 
version 2023 [34] for hexagonal HAp (PDF# 01-074-0565), monoclinic 
HAp (PDF# 01-076-0694), and α-TCP (PDF# 04-010-4348). For α-TCP, 
the scale factor, cell parameters, and crystallite-size-related peak 
broadening were refined. For HAp, the scale factor, cell parameters, 
crystallite-size- and micro-strain-related peak broadening, and preferred 
orientation were refined. The crystallite size was determined from 
complete refinement of the full pattern using the crystallite size esti
mation model implemented in Profex’s Rietveld refinement kernel BGMN 
[35]. Unit cell volume was calculated using Eq. (3) for the hexagonal 
structure and Eq. (4) for the monoclinic structure [35]: 

V =

̅̅̅
3

√
a2c
2

(3) 

where a, c – unit cell parameters 

V = abc sin γ (4) 

where a, b, c – unit cell parameters, γ - monoclinic angle.
To locate Ga substitution in the HAp crystal lattice, a complete 

structure refinement of the 4GaHAp heat-treated at 1100 ◦C was per
formed, including refinement of Ca site occupancy factors, fractional 
coordinates, and thermal displacement parameters. This dataset was 
selected based on its high Ga substitution and processing temperature, 
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allowing for a relatively reliable structure refinement. Difference Fourier 
maps of the refined structure were created with the Electron Density 
Map module in Profex.

2.3.2. Inductively coupled plasma mass spectrometry
Inductively coupled plasma mass spectrometry (ICP-MS) (7700X, 

Agilent, USA) was used to measure Ga concentration. The powders were 
dissolved in deionized H2O (Synergy 185, Millipore, MA, USA) and high- 
purity HNO3 (65 %, ChemLab, Belgium) solution for at least 20 min at 
room temperature. Then, suspensions were microwaved at 150 ◦C for 30 
min (heating rate 5 

◦

C/min) to facilitate the complete dissolution of the 
solid particles. The obtained solutions were cooled and filtered through 
a filter with a pore size of 12–15 μm to eliminate solid phase impurities.

2.3.3. Fourier transformation infrared spectroscopy
The functional groups of the as-synthesized powders and the heat- 

treated (600–1200 ◦C) powders were analyzed using Fourier transform 
infrared spectroscopy (FTIR, Thermo Fisher Scientific, USA). Before 
analysis, the heated powders were ground in a mortar to remove ag
gregates that may have formed due to temperature-induced sintering of 
the particles. Spectra were recorded in attenuated total reflectance 
(ATR) mode. Spectra were obtained at a resolution of 4 cm− 1 over a 
range of wavenumbers from 400 cm− 1 to 4000 cm− 1, by co-adding 64 
scans. Before every measurement, a background spectrum was taken and 
subtracted from the sample spectrum.

2.3.4. Thermal analysis
The thermal properties of the as-synthesized powders were deter

mined with thermogravimetric analysis (TGA) (TGA/DSC 3+, Mettler 
Toledo, Switzerland). Approximately 10 mg of the sample was placed 
into an alumina crucible and heated to 1200 ◦C at 10 ◦C/min under an 
airflow of 10 mL/min.

2.3.5. Scanning electron microscopy and energy dispersive X-ray analysis
The surface morphology of the GaHAp bioceramics pellets was 

analyzed using a high-resolution field emission scanning electron mi
croscope (FE-SEM/STEM, Verios 5 UC, Thermo Fisher). SEM imaging was 
performed at an accelerating voltage of 2 kV, utilizing through-lens and 
Everhart-Thornley detectors to capture detailed surface features. A low 
beam current and vector scanning mode were employed to minimize 
charging effects and potential sample damage, with a dwell time of 50 
ns. Before imaging, the samples were coated with a 10 nm carbon layer 
(calculated for a completely flat Si wafer surface) using a LEICA EM ACE 
200 coater. Other processing of the bioceramics pellet samples was not 
done. The carbon coating thickness was doubled for energy-dispersive X- 
ray spectroscopy (EDX) analysis. EDX was performed at 20 kV and 1.6 
nA using an Oxford Instruments X-Max 150 detector.

2.3.6. Density measurement by Archimedes’ method and bulk density
The apparent density and open porosity of sintered bioceramics were 

determined using the Archimedes principle and a density determination 
kit (YDK 01, Sartorius AG, Germany). First, the samples were weighed 
and transferred to a vessel for impregnation with water. Then, the 
vacuum was applied (the air was pumped out from the vessel using a 
vacuum pump) for 30 min. Samples were poured with water under 
vacuum and impregnated for 30 min following increased pressure in the 
chamber, reaching atmospheric pressure. Afterwards, the samples were 
transferred to the density determination kit and weighed in water and 
air. The apparent density (dA) was calculated using Eq. (5): 

dA =
md* ρliquid

m1 − m2
, (5) 

where md - a mass of the dry sample (g), ρliquid - a density of water (g/ 
cm3), m1 - a mass of the water-impregnated sample in the air (g), m2 - a 
mass of the water-impregnated sample in water (g).

Table 1 
Designation of the sample series, Ga concentration measured using ICP-MS (NM – not measured), and Rietveld refinement results of phase composition (errors of phase 
quantities represent standard deviations of triplicate measurements).

Sample 
series

Nominal Ga conc., wt 
%

Measured Ga conc., wt 
%

Heat treatment temp., 
◦C

HAp, % α-TCP, % HAp crystallite size, 
nm

α-TCP crystallite size, 
nm

HAp 0 – as-synthesized 100 0 16.5 ± 1.3 (1,0,0) –
47.0 ± 5.5 (0,0,1)

– 800 100 0 77 ± 4 –
– 900 100 0 100 ± 3 –
– 1000 99.6 ±

0.5
0.4 ± 0.5 154 ± 15 NM

– 1100 99.3 ±
0.8

0.7 ± 0.8 247 ± 22 NM

– 1200 99.2 ±
1.4

0.8 ± 1.4 264 ± 27 NM

2GaHAp 2 1.6 ± 0.1 as-synthesized 100 0 11.0 ± 0.3 (1,0,0) –
30.5 ± 0.2 (0,0,1)

NM 800 100 0 37 ± 1 –
NM 900 90.1 ±

3.3
9.9 ± 3.3 69 ± 2 –

NM 1000 84.4 ±
1.7

15.6 ±
1.7

85 ± 0 145 ± 17

NM 1100 80.1 ±
1.5

19.9 ±
1.5

112 ± 6 136 ± 14

NM 1200 72.3 ±
7.2

27.7 ±
7.2

175 ± 32 148 ± 22

4GaHAp 4 3.3 ± 0.4 as-synthesized 100 0 9.3 ± 0.2 (1,0,0) –
25.6 ± 0.3 (0,0,1)

3.6 ± 0.4 800 100 0 32 ± 4 –
3.6 ± 0.4 900 87.0 ±

5.5
13.0 ±
5.5

62 ± 6 –

NM 1000 82.1 ±
4.5

17.9 ±
4.5

85 ± 0 145 ± 23

3.7 ± 0.4 1100 72.8 ±
4.3

27.2 ±
4.3

97 ± 5 122 ± 4

NM 1200 70.1 ±
7.2

29.9 ±
7.2

150 ± 30 136 ± 25
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The open porosity (POp) was calculated using Eq. (6): 

POp =
m1 − md

m1 − m2
*100, (6) 

where md - the mass of the dry sample (g), m1 - the mass of the water- 
impregnated sample in the air (g), m2 - the mass of the water- 
impregnated sample in water (g). The bulk density of the green bodies 
(ρ0) and sintered bioceramics (ρ) was calculated by dividing the sample 
mass by its bulk volume (Vbulk). The bulk volume was calculated using 
Eq. (7): 

Vbulk =
πd2h

4
, (7) 

where d and h are the average diameter and height of the sample, 
respectively, measured using a digital caliper for five samples.

The shrinkage (Sh) of the bioceramics after sintering was determined 
using Eq. (8): 

Sh=
db − da

da
*100, (8) 

where db and da are the sample diameters before and after heat treat
ment, respectively.

3. Results

3.1. Chemical and phase composition

The measured Ga concentrations of the as-synthesized powders are 
summarized in Table 1. The measured Ga concentrations were close to 
the theoretically planned or nominal ones. ICP-MS (see 4GaHAp in 
Table 1) and EDX (Supplementary material, Table S1) analysis 
confirmed that Ga concentration in the samples does not change after 
heat treatment.

The phase composition of the HAp and the GaHAp before and after 
heat treatment at temperatures ranging from 600 to 1200 ◦C is shown in 
XRD patterns (Fig. 1(A–C)). Relatively broad and merged XRD diffrac
tion maxima characteristic of the hexagonal HAp phase (PDF# 01-074- 
0565) indicated low crystallinity of the as-synthesized powders. 
Furthermore, with increasing Ga concentration, the crystallinity of HAp 
decreased with temperature increase, as indicated by the broadening of 
the characteristic XRD diffraction maxima, especially the triplet of 
(2,1,1), (1,1,2), and (3,0,0) between 30 and 35◦ 2Theta. The XRD 
diffraction reveals the formation of a secondary phase that corresponds 
to the α-TCP phase (PDF# 04-010-4348). In addition, the content of the 
secondary phase increased with increasing Ga concentration (Fig. 1
(A–C), Table 1).

The crystallite size of HAp is displayed in Table 1. The (0,0,l) 
diffraction maxima of the as-synthesized powders were less affected by 

Fig. 1. XRD patterns of the A – Ga-free HAp, B – 2GaHAp, C – 4GaHAp powders heat-treated at temperatures ranging from 600 to 1200 ◦C, D – XRD patterns at 
35–40◦ 2Theta range of the HAp and 4GaHAp powders heat-treated at 1100 ◦C, revealing maxima of monoclinic structure (Iobs – observed intensity, Icalc – calcu
lated intensity).
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broadening than all other diffraction maxima, hence requiring refine
ment of anisotropic crystallite sizes. Datasets of the heat-treated samples 
were refined with isotropic crystallite sizes. Crystallite size decreased 
with increasing Ga concentration, and at the highest temperatures 
(1000–1200 ◦C), crystallite size was approximately 1.5 times smaller 
compared to HAp.

Cell parameters (a, b, c), cell volume (V) of HAp and α-TCP heat- 
treated above 1000 ◦C are displayed in Table 2. In the literature, re
ported values of hexagonal HAp are a = b = 9.432 Å, c = 6.881 Å [36], 
and of monoclinic HAp – a = 9.4214 Å, b = 2a, c = 6.8814 Å [36]. 
Accordingly, our results showed that the unit cell parameter c and the 
volume of the unit cell of HAp increased with increasing Ga concen
tration (Fig. 2), suggesting that Ga3+ ions were incorporated into the 
HAp crystal lattice.

The unit cell parameter of α-TCP, shown in Table 2, was not affected 
by Ga3+ substitution and is within the range reported in the literature. 
Unit cell parameters of α-TCP are reported to be a = 12.881 Å, b =
27.290 Å, c = 15.221 Å by Stahl et al. [37], a = 12.859 Å, b = 27.354 Å, c 
= 15.222 Å by Tronco et al. [38], and a = 12.859 Å, b = 27.354 Å, c =
15.222 Å by Yashima et al. [39]. The calculated unit cell volume from 
cell parameters of the α-TCP formed as a secondary phase was higher 
than reported in the literature, namely, 4310.59 Å3, by Yashima et al. 
[40]. However, it was uncertain to conclude Ga’s influence on the α-TCP 
structure as the phase had a weak diffraction maximum.

3.1.1. Theoretical Ga substitution in the HAp structure
XRD datasets of the HAp heat-treated at 900, 1000, 1100, and 

1200 ◦C showed monoclinic apatite diffraction maxima at 2Theta be
tween 35.5 and 40◦ (Fig. 1(D)). These additional weak diffraction 
maxima, indicating a lowering of the symmetry from hexagonal to 
monoclinic, could not be identified in the XRD datasets of the 2GaHAp 
and the 4GaHAp heat-treated at the same temperatures, either due to 
hexagonal symmetry or due to overlap with the secondary α-TCP phase. 
Hence, a monoclinic HAp structure template was used for Rietveld 
refinement of the HAp datasets. In contrast, the hexagonal structure 
template was used for all datasets of the 2GaHAp and 4GaHAp at 
800–1200 ◦C, and for the as-synthesized datasets. Structure refinement 
of the hexagonal HAp phase in the dataset 4GaHAp heat-treated at 
1100 ◦C with a Ga-free hexagonal structure model showed residual 
unfitted electron densities at the Ca1 position in Fobs-Fcalc Fourier 
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Fig. 2. Refined unit cell volume of the HAp and GaHAp bioceramic heat- 
treated at 1000, 1100, and 1200 ◦C as a function of the nominal Ga concen
tration. The volumes of the monoclinic HAp phase at 0 wt% Ga were divided by 
2 to represent a domain equivalent to the hexagonal unit cell.
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synthesis maps (Fig. 3(A)). In addition, excess electron densities were 
also found in the channel along the c-axis hosting the OH− groups (Fig. 3
(A)).

From these signals, we derived a model for the substitution of Ga in 
the HAp structure. Ga3+ ions substitute for Ca2+ ions on the Ca1 site, 
thus introducing an additional positive charge. The charge imbalance is 
compensated by an additional anion site located in the channel at x =
0.131, y = 0.000, z = 0.988, represented in our refinement model by an 
additional O2− ion. This uptake of additional ions can explain the unit 
cell volume expansion in the HAp structure due to the Ga addition. 
Refining this model with the 4GaHAp heat-treated at 1100 ◦C reduced 
residual electron densities in the Fobs-Fcalc Fourier synthesis map (Fig. 3
(B)). The substitution model for the hexagonal HAp structure is sche
matically shown in Fig. 3(C). The refined Ga3+ content on the Ca1 site 
increased with increasing nominal Ga concentration. However, the 
presence of α-TCP diminished the resolution of the HAp diffraction 
signal. Hence, the quantification of Ga substitution by Rietveld refine
ment was not considered reliable.

3.2. Functional groups

The functional groups of the HAp and the GaHAp before and after 
sintering at temperatures ranging from 600 to 1200 ◦C were analyzed 
using ATR-FTIR spectra (Fig. 4).

The as-synthesized powders exhibited absorbance bands at 570–580 
cm− 1 attributed to the bending vibrations (ν4) of PO4

3− and bands 
centered at 900–1100 cm− 1 derived from the symmetric and asymmetric 
stretching vibrations (ν1 and ν3) of PO4

3− . Bands at 631 cm− 1 corre
sponded to the librational mode (νL) of the hydroxyl OH− groups [41]. 
Low-intensity absorbance bands were detected at approximately 1418 
cm− 1 and 879 cm− 1, attributed to CO3

2− and HPO4
2− groups [42]. The 

presence of CO3
2− bands was due to a partial carbonation process of the 

synthesis products, due to the atmospheric CO2 [43]. Substituting 
HPO4

2− for PO4
3− acts as a charge compensation mechanism for the 

cationic deficiency. CO3
2− and HPO4

2− absorbance bands disappeared 
after heat treatment [42]. The ATR-FTIR data correlated with the XRD 
data and confirmed the formation of a biphasic mixture of HAp and 
α-TCP after heat treatment of the 2GaHAp and the 4GaHAp (Fig. 4(B and 
C)). The difference with heat treatment appeared in the wavenumber 
region from 900 to 1100 cm− 1, where more significant distortion 
occurred as the heat treatment temperature increased (Fig. 4(A)). The 
absorbance bands characteristic of the α-TCP phase were detected after 
heat treatment at temperatures above 800 ◦C. Namely, the α-TCP PO4

3−

groups’ absorbance bands at 900–1000 cm− 1 due to the 
triple-degenerate asymmetric stretching ν3, at 940–980 cm− 1 due to the 
symmetric stretching ν1, and at 400–500 cm− 1 and 550–600 cm− 1 due to 
the double and triple-degenerate bending ν2 and ν4 [44] were detected 
as “shoulders” which became more pronounced as the heat treatment 
temperature increased. In addition, an increase in α-TCP content pro
moted the decrease of OH− groups’ absorbance at ~3600 cm− 1. More
over, in the case of the 2GaHAp and the 4GaHAp heat-treated above 
1000 ◦C, additional peaks at 502, 734, and 928 cm− 1 were detected. 
Their intensity increased with increasing Ga concentration (Fig. 4(D)). 
Nevertheless, concluding whether new functional groups are created is 
challenging because various phases and impurities have functional 
group bands overlapping in the same spectral region. Nonetheless, the 
presumed peaks might be ascribed to the possible formation of Ga-O 
bonds. Based on the literature, Ga2O3 heat-treated at 1000 ◦C contains 
bands (duplicates) in the region 400–850 cm− 1 [45], and it corresponds 
to the region of formation of new groups in our study.

3.3. Thermal analysis

Thermal analysis was performed on the as-synthesized HAp, 
2GaHAp, and 4GaHAp powders (Fig. 5). The region up to 300 ◦C cor
responds to the dehydration of the samples [46]. The peaks around 50 ◦C 
were observed on the DTG curves. According to Refs. [47–49], in the 
temperature range 50–80 ◦C, desorption of surface adsorbed water 

Fig. 3. Fobs-Fcalc Fourier synthesis maps at z = 0.0 of the 4GaHAp sintered at 1100 ◦C, refined A – without and B – with the substitution model for Ga. The model is 
depicted schematically in C. “O” marks the additional oxygen ion compensating the charge imbalance introduced by Ga incorporation on “Ca1”.
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molecules occurs. In the HAp case, the surface adsorbed water loss 
resulted in a 1.5 % mass loss, 2GaHAp – 2.1 %, and 4GaHAp – 3.4 %. In 
turn, the peak shoulder from 80 to 300 ◦C is related to the water loss 
from the lattice, chemically bound water inside the pores, or chem
isorbed water [50]. This accounted for a mass loss of 3.0 % in the case of 
HAp, 3.4 % – 2GaHAp, and 3.3 % – 4GaHAp. The temperature region 
400–1100 ◦C corresponds to various thermal events related to crystal
lization and structural stabilization processes.

According to Tõnsuaadu et al., at ~900 ◦C, dehydroxylation of the 
HAp phase occurs [46]. The emergence of the additional peak in DTG at 
~600 ◦C for the GaHAp samples can be associated with phase trans
formation during heat treatment and dihydroxylation that started at a 
lower temperature. The addition of Ga inhibited crystal growth, leading 
to the formation of the material with lower crystallinity and promoting 
the formation of the amorphous phase. It is suggested that at 600 ◦C, the 
amorphous part transforms to a more stable CaP. Furthermore, the 
quantity of the amorphous/low-crystalline phase increased as the Ga 
content increased, resulting in a higher mass loss of the GaHAp 
compared to pure HAp. The amorphous phase introduced extra water 
molecules to the structure due to the presence of a hydrated layer. The 

Fig. 4. ATR-FTIR spectra of the A – HAp, B – 2GaHAp, and C – 4GaHAp powders heat-treated at temperatures ranging from 600 to 1200 ◦C, D – revealing new 
functional group peaks (marked with red lines) for the samples heat-treated at 1000, 1100, and 1200 ◦C. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)

Fig. 5. Thermal analysis of the as-synthesized HAp, 2GaHAp, and 
4GaHAp powders.
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totals mass loss at 1200 ◦C for HAp was 6.6 ± 0.4 %, for 2GaHAp – 9.3 ±
0.6 % and for 4GaHAp - 9.8 ± 0.3 %.

3.4. Density

Apparent density, open porosity, shrinkage, and bulk density of the 
HAp and GaHAp bioceramics sintered at 600, 800, 1000, and 1200 ◦C 
were determined and summarized in Fig. 6.

After sintering at 1100 and 1200 ◦C, the apparent density (Fig. 6(A)) 
and bulk density (Fig. 6(B)) of the 2GaHAp and 4GaHAp bioceramics 
were half that of the HAp bioceramics. The open porosity (Fig. 6(C)) was 
approximately 50 % higher than that of the HAp bioceramics. The 
shrinkage of the GaHAp bioceramics compared to the HAp was reduced 
by ~80 % (Fig. 6(D)). The densification process is affected by Ga’s 
impact on crystal growth. Moreover, the formation of a secondary phase 
in the form of α-TCP significantly decreased densification.

3.5. Microstructure

SEM images confirmed the results of the density measurements, 
revealing significant differences between the HAp and GaHAp bio
ceramics microstructures sintered at different temperatures (Fig. 7).

At 600 (Fig. 7(A–C) and 800 ◦C (Fig. 7(D–F), a substantial difference 
in microporosity and grain sizes was not observed. Increasing the sin
tering temperature above 800 ◦C, i.e., to 1000 ◦C (Fig. 7(G–I), 1100 ◦C 
(Fig. 7(J–L), 1200 ◦C (Fig. 7(M− O), led to an increase in grain sizes for 
both the HAp and GaHAp bioceramics. However, Ga promoted the for
mation of smaller grains and inhibited the densification of HAp 
regardless of the sintering temperature. As the sintering temperature 
exceeded 1000 ◦C, a compact structure consisting of individual 

hexagonal grains was observed in the case of the HAp bioceramics 
(Fig. 7(J–M)). At 1100 ◦C, the 2GaHAp (Fig. 7(K) and 4GaHAp (Fig. 7
(L)) bioceramics had longitudinal-shaped grains. This is associated with 
grain growth in the c-direction. Formation of characteristic hexagonal 
grains was observed for the GaHAp bioceramics (Fig. 7(N and O) sin
tered at 1200 ◦C.

4. Discussion

In the present study, sintering of the GaHAp precursors, i.e., HAp 
doping with Ga, led to the formation of biphasic CaP bioceramic 
composed of HAp and α-TCP phases. The refined α-TCP quantities in the 
Ga-free samples remained below their standard deviations and were 
thus considered to be below the detection limits. The presence of α-TCP 
in Ga-doped samples suggests that the Ca/P molar ratio of the synthesis 
products was less than for stoichiometric HAp, i.e., <1.67. Thus, the 
syntheses products were CDHAp with chemical formula Ca10-x-yGax- 

y(HPO4)y(PO4)6-y(OH)2-x-yOx-y, where x = 0.3 (for 2GaHAp), 0.6 (for 
4GaHAp), and y = 10-6*Ca/Pexperimental. Experimental Ca/P was calcu
lated from the relative proportion of the phases in heat-treated samples 
following the proposed procedure by Raynaud et al. [51]. For example, 
for the sample 2GaHAp at 1100 ◦C with a composition of 80.1 % HAp 
and 19.9 % α-TCP, y = 0.211, and 4GaHAp at 1100 ◦C with a compo
sition of 72.8 % HAp and 27.2 % α-TCP, y = 0.287.

The α-TCP formed above 800 ◦C, and its ratio in the biphasic mixture 
increased with increasing Ga concentration. According to the literature, 
the stability of α-TCP is in the range of 1120–1430 ◦C and up to 1120 ◦C 
as a primary phase forms β-TCP, which then transforms to α-TCP [52,
53]. We observed that α-TCP formed at lower temperatures, i.e., at 
900 ◦C. Martinez et al. have reported that low-temperature α-TCP 

Fig. 6. A – apparent density, B – bulk density, C – open porosity by Archimedes’ principle, and D – shrinkage of the HAp and GaHAp bioceramic pellets after sintering 
at 600 ◦C, 800 ◦C, 1000 ◦C, and 1200 ◦C.
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(LT-α-TCP) can be obtained at 650 ◦C from amorphous CaP (ACP) with 
Ca/P molar ratio of 1.5 [54]. However, they also observed that LT-α-TCP 
gradually transforms to the β-TCP phase at temperatures above 650 ◦C. 
Moreover, Sinusaite et al. have suggested that the phase transformations 
between TCP polymorphs depend on the size and concentration of 
dopants in the ACP [55]. In our research, both the reduced Ca/P 
(resulting product is GaCDHAp) and the co-existence of an amorphous 
phase (reduction in crystallinity due to Ga addition) can promote the 
development of the α-form. Additionally, a low amount of impurities in 
the raw material (CaO) can further affect the physicochemical proper
ties, including the thermal stability of CaP phases [56]. It is known that 

magnesium (Mg) has been shown to stimulate the formation of β-TCP at 
lower temperatures and increase the β→α transition temperature [46,
55]. As in the present work, the CaO used has a low concentration of Mg, 
which can also lead to the formation of α-TCP as a secondary phase. 
Nevertheless, due to the low intensity of secondary phases maxima, it is 
amiss to evaluate gallium intrusion into the TCP structure. Regarding 
the Ga effect, the structure refinement of the hexagonal HAp showed Ga 
incorporation into the Ca1 site in the HAp structure, leading to 
decreased crystallinity and, thus, disruption of the crystal lattice.

The presence of a secondary phase (TCP) can potentially improve the 
biodegradability of HAp bioceramics. Namely, the presence of more 

Fig. 7. SEM microphotographs of the A – HAp, B - 2GaHAp, and C – 4GaHAp bioceramic pellets sintered at 600 ◦C, D – HAp, E − 2GaHAp, F – 4GaHAp bioceramic 
pellets sintered at 800 ◦C, G – HAp, H – 2GaHAp, and I – 4GaHAp bioceramic pellets sintered at 1000 ◦C, J – HAp, K - 2GaHAp, L – 4GaHAp bioceramic pellets 
sintered at 1100 ◦C; M − HAp, N – 2GaHAp, and O – 4GaHAp bioceramic pellets sintered at 1200 ◦C. Scale bar – 500 nm.
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soluble TCP could enhance the solubility of bioceramics, providing su
perior ion release and bioactivity [57]. Bioceramics becoming more 
reactive in biological environments can lead to enhanced formation of a 
biological apatite on the surface, promoting biomaterial’s integration in 
bone tissues [58].

The observed preference of Ga to enter the HAp lattice structure is 
consistent with Zhu et al.’s proposed explanation that the ions with a 
smaller ionic radius than Ca tend to occupy the Ca(1) position [59]. 
Some authors have mentioned that Ga replaces Ca in the HAp lattice 
structure [60]. However, the specific position of Ga in the HAp crystal 
lattice was not determined. Pereira Rocha et al. proposed that Ga not 
only replaces Ca but is present in the hydrated or amorphous surface 
layer of HAp [31]. Poorly crystalline or nanocrystalline HAp was 
analyzed in the abovementioned studies. Meanwhile, heat-treated HAp 
was examined in our study, and during sintering, amorphous surface 
atoms become part of the ordered lattice. Substitution of smaller cations 
for Ca2+ in calcium phosphate phases often leads to a shrinkage of the 
unit cell volume, as was reported for Mg2+ substitution in HAp [61] and 
β-TCP [62]. In the case of Ga3+ substitution, we observed an opposite 
trend despite the substantially smaller ionic radius of VIGa3+ = 0.760 nm 
versus VICa2+ = 1.14 nm [63]. A similar observation was reported by 
Makshakova et al. for Fe3+ substitution in HAp [64]. The unit cell 
expansion with increasing Ga concentration is most likely related to the 
incorporation of oxygen ions (O2− ) into the channel, replacing the hy
droxyl ions (OH− ), to compensate for the additional positive charge 
introduced by Ga3+.

The addition of Ga significantly influenced the sinterability of the 
HAp bioceramic at temperatures above 800 ◦C. According to Moham
madi et al., a lower Ca/P molar ratio (≤1.67) resulted in abnormal grain 
refinement consisting of a few coarse particles surrounded by finer 
grains. The authors attributed this unusual grain formation to the 
nucleation and growth of secondary phase crystals and further forma
tions of different CaP phases [65]. In our study, the GaHAp bioceramics 
exhibited a similar microstructure (Fig. 7). Accordingly, the formation of 
micropores in the GaHAp bioceramics could be attributed to the for
mation of biphasic mixtures, where the secondary phase inhibits 
densification. It is related to the Zener pinning, where in the interme
diate temperature during heat treatment, CDHAp transforms to the 
α-TCP and acts as a pinning agent, HAp remains as the matrix, and 
secondary phase forms dispersed particles at grain boundaries and in
hibits grain growth [66]. Thus, in the case of the GaHAp, to obtain a 
denser bioceramic, higher sintering temperature and longer sintering 
time are required. This was supported by the increased density of the 
GaHAp bioceramics sintered at 1200 ◦C compared to lower tempera
tures. However, we can benefit from the microporous structure of 
biphasic GaCaP ceramics. Based on Trzaskowska et al. HAp sintered 
above 900 ◦C has low porosity, specific surface area (SSA), and bioac
tivity, and is not biodegradable [57]. Meanwhile, the presence of mi
cropores increases SSA, affecting bioactivity and the ability to absorb 
liquids and adsorb proteins. The presence of macropores creates a sur
face essential for cell adhesion, proliferation, and tissue ingrowth [53].

5. Conclusions

The study presents the effect of gallium in a concentration up to 3.3 
± 0.4 wt% on the thermal stability of hydroxyapatite. Gallium affected 
the properties of the synthesized precursor powders. Hence, the as- 
synthesized powders contained calcium-deficient hydroxyapatite and 
amorphous phases, which led to the formation of biphasic calcium 
phosphates (mixture of hydroxyapatite and α-tricalcium phosphate) 
during sintering. Thus, doping of hydroxyapatite with gallium affected 
the phase composition and microstructure of the bioceramic after sin
tering. The secondary phase, α-tricalcium phosphate, was formed at 
900 ◦C and above, and its content increased with increasing gallium 
concentration. The formation of the secondary phase during sintering 
significantly affected the microstructure of the obtained bioceramics. 

The microporous structure of the gallium-doped bioceramics was 
observed even at high sintering temperatures. Gallium-doped bio
ceramics had a density twice as low as that of pure hydroxyapatite 
bioceramics after sintering at 1200 ◦C. After sintering at 1200 ◦C, the 
porosity of gallium-doped bioceramics was 40.4 ± 3.7 % (2GaHAp) and 
48.6 ± 2.5 % (4GaHAp), while for pure hydroxyapatite bioceramics it 
was only 1.1 ± 0.6 %. From full Rietveld refinement, we have created a 
theoretical substitutional model for gallium-doped hydroxyapatite. 
Incorporating gallium in the hydroxyapatite lattice occurs in the Ca1 
position and introduces an additional positive charge. An additional 
anion site located in the OH channel is introduced to compensate for 
charge balance, expanding the hydroxyapatite unit cell volume.
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