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Abstract

The present study describes sintering behaviour of hydroxyapatite (HAp) upon addition of lithium
iron phosphate (LFP) (1-10 wt. %) system in inert (Ar) atmosphere. The interaction between materials
and melting of LFP influenced early and intermediate stages of HAp sintering, shifting the
densification curves towards low-temperature side. Analysis of densification process indicated
significant differences upon LFP addition. The reaction mechanism that assumes the initial interaction
between phosphates from LFP and calcium from HAp was proposed, generating calcium vacancies
and contributing to HAp densification. Cross-sections of sintered samples showed changes in
microstructural properties, with uniform atomic distribution and presence of Li,Fe;O4 spherical
inclusions (200 nm) located at grain boundaries of calcium phosphate matrix. The Rietveld refinement
analysis indicated changes in structural and microstructural parameters like crystallite size, anisotropy
and microstructural strain of HAp upon LFP addition. Mechanical characterisation indicated

improvements in fracture behaviour upon LFP addition.
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1. Introduction

Materials based on hydroxyapatite (HAp) ceramics are widely studied as components for
medical applications, sensors, magnetic separations, catalyst support, etc[1-4]. Different engineering
and scientific approaches, like microstructural optimization [5-8] and addition of different additives
[9,10], were implemented for enhancement of functional response. Numerous alkali-based compounds
were investigated as useful additives for inducing liquid phase formation during HAp sintering [11].
The addition of Li to HAp [12], as well as the presence of LisPO, in air atmosphere [13], was reported
to enhance sintering behaviour by an improved atomic diffusion and eutectic formation. Li addition
was found to be useful for microstructural and mechanical properties improvement and for increase of
electrical conductivity [12]. On the other side, there are no enough reliable data on the mechanism by
which Fe-compounds influence HAp sinterability. The addition of Fe to HAp was considered from the
point of view of imparted magnetic response [9,14]; furthermore, formation of metallic, especially Ti-
Fe inclusions, in a brittle ceramic matrix was found to be useful for fracture resistance improvement
[15]. Generally, achieving a certain level of multifunctionality within HAp-based bioceramics for
specific purposes could make a progress in applications of HAp-based materials. Lithium iron
phosphate (LFP) is interesting as a sintering aid for HAp, since it melts around 960 - 1000 °C in inert
atmosphere [16], which is usually in the intermediate stage of HAp sintering regardless its
stoichiometry or synthesis method [17-19]. Exploitation of these findings accompanied with an
appropriate sintering cycle, could induce changes in the HAp sintering behaviour through the
formation of liquid phase. Furthermore, the understanding of underlying sintering mechanism and
phase evolution can provide a basis for further development of multifunctional calcium phosphate

system.

To the authors’ best knowledge, this is the first study focusing on sintering behaviour of
HAp-LFP system. An in-depth characterization was performed, giving the full insight into
synthesized materials properties, thermal behaviour, densification, chemical and microstructural

features.
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2. Materials and methods

HAp powder was synthesized by aqueous chemical precipitation. Ca/P ratio of precursors was set to
stoichiometric 1.67. Ca(NOs),-4H,0 (Fluka, Germany) was used as a source of Ca** ions, whilst PO,*
ions were obtained from 85 % orthophosphoric acid, HsPO, (Lach-Ner, Czech Republic), with density
of 1.7 gcm™. 25 % NH,OH (Superlab, Serbia) was used as a precipitating agent. 50 g of
Ca(NO3),'4H,0 was dissolved in 300 ml of distilled water, whilst the phosphate solution was made by
dissolving of 8.60 ml of 85 % H;PO, in the same amount of water. pH values of precursor solutions
were adjusted to 11 prior to reactants mixing. Phosphate solution was dropwise added to calcium
solution at room temperature, and the resulting mixture was boiled and naturally cooled down to room
temperature. The precipitate was aged for 24 h in a native solution and washed out to pH 7. The
obtained filter cake was dried at 80 °C for 18 h and crushed in an agate mortar. LFP was prepared by
a hydrothermal method, starting from aqueous solutions of LiOH-H,O (Centrohem, Serbia),
FeSO47H,O (Fluka, Germany), (NH,),HPO, (Fluka, Germany) and citric acid, C¢HgO; (Alkaloid,
FYR Macedonia) in a molar ratio of 3:1:1:1, respectively. FeSO, and CgHgO; were dissolved in
distilled water, and afterwards, LiOH solution was added, with constant stirring. Finally, an aqueous
solution of (NH,),HPO, was intermixed. The suspension was transferred to a stainless steel Teflon-
lined hydrothermal reactor with the inner volume of 75 ml. Overall solution volume was 45 ml. The
concentration of Fe?* ions was 0.3 M, and pH of the final suspension was 6. The hydrothermal reactor
was heated to 180 °C and kept for 7 hours. After hydrothermal treatment, the reaction mixture was
cooled down to room temperature. Precipitate was separated from the solution by centrifugation. After
separation, the slurry was washed out with distilled water and dried at 80 °C for 24 hours. Synthesized
materials were mixed in an aqueous suspension under effective stirring for 3 h at room temperature

and dried for 18 h at 80 °C in the final step.

X-ray powder diffraction (XRD) measurements were used to identify crystal phases in the synthesized
powders. The data were collected on a Philips PW 1050 X-ray powder diffractometer using Ni-

filtered CuKay, (40 kV, 20 mA) radiation and Bragg—Brentano focusing geometry. Measurements
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were done at room temperature over 26 range of 15-60 ° with 0.05 ° scanning step width and counting
time of 3 s per step. The detailed structural and microstructural analysis was done by Rietveld
refinement procedure for HAp and HAp + 5 % LFP samples after non-isothermal sintering. The data
for Rietveld analysis were recorded from 10 to 100 ° 26, using step size of 0.02 ° and counting time of
12 s per step. The structural refinements were performed using the FullProf computer program in
WInPLOTR environment [20],[21-23]. The Rietveld refinements started from the fixed unit-cell
parameters calculated by LSUCRI [24] and atomic positions reported in the literature [25]. The
Thompson—Cox—Hastings (TCH) pseudoVoigt (pV) profile function was used to describe peak
profiles. The background description was performed by a 6-coefficient polynomial function.

The effective broadening models, as well as TCH-pV profile functions implemented in the Rietveld
method and FullProf computer program, allow studying of microstructural effects [23,26-28]. The
crystallite size anisotropy was simulated using spherical harmonics, while strain anisotropy effects
were described based on a quartic form model [27]. In order to exclude instrumental broadening, the
XRD pattern of a LaBs standard was fitted. The obtained resolution function (U = 0.000761817, V = -
0.000546506, W = 0.00268110, X = 0.0570382, Y = 0.0217545) were calculated in the microstructural
analysis.

Specific surface area of HAp powder was determined to be 73 m?/g, whilst that of LFP was only 1.06
m?/g (Supporting info). The carbonate content in the HAp powder was determined by the elemental
analysis, and was found to be 1.5 wt. % (Supporting info). Particle size distribution (PSD) was
recorded with Malvern Mastersizer 2000 device, using aqueous suspensions of 5 mg powder in 10 ml
distilled water, after 3 min of sonication in an ultrasonic bath. The obtained data were extracted as
volume (V) and number (N) fractions. Thermomechanical analysis (TMA) was done on a vertical
dilatometer system (Setsys Evolution, Setaram, France) with an alumina flattened probe and contact
loading of 5 g in Ar atmosphere up to 1200 °C. Heating rate was 10 °Cmin™ whilst cooling down to
room temperature was naturally with the furnace. Green pellets were prepared by uniaxially pressing
of powders in 6 mm @ molds, with 500 kg load. The height of samples, h, was recorded and compared
with the initial height, h,. Simultaneous thermal analysis was performed (Setsys Evolution, Setaram,

4
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France) in platinum (100 pl) crucibles, in Ar atmosphere. Before introducing Ar atmosphere, working
environment was evacuated up to 10 mBar pressure and purged with 200 mimin™ flow rate of Ar for
30 min. Ar was introduced into a furnace at 20 mimin™ flow rate during both heating and cooling
regime. Mass spectra were recorded on a quadrupole mass spectrometer (Pfeiffer, Germany) with an
acquisition time of 200 ms/amu, for m/z values of 7, 17, 18 and 44, assuming single electron
ionization. Fourier transform infrared (FTIR) spectra of the samples were recorded at ambient
conditions in the mid-IR region (400-4000 cm ™) with a Nicolet IS 50 FT-IR spectrometer operating
in ATR mode and measuring resolution of 4 cm™ with 32 scans. All spectra were normalized to the
phosphate vibration mode at 604 cm™. Microstructural characterization of sintered ceramics was done
by scanning electron microscopy (SEM) using a JEOL 4601F MultiBeam Platform with FEG-SEM,
equipped with an energy dispersive spectrometer (EDS-Xmax N SDD Oxford Instruments, Great
Britain). An electron probe at low acceleration voltages (3-5 kV) was applied. Using a dual-beam
platform, the samples were cross-sectioned at 30 keV and moderate ion (Ga®) currents, and EDS maps
and related spectra were acquired on the sections. Therefore the elemental distribution inside the
material was revealed. The signal from Ga was excluded from presented EDS spectra since it
originates from ion-milling. The micro-mechanical testing by Vickers indentation with 500 g load and
15 s dwell time (Buehler, model Micromet 5101) was performed to give an indication of development
of mechanical properties upon non-isothermal sintering of HAp with LFP addition. All data are
collected for at least 5 indentations. The values of hardness are taken from provided tables according
to the indent diagonal lengths, whilst fracture toughness, Kc, is calculated per Evans-Charles formula,
considering the applied load and length of propagated cracks [29].

3. Results
3.1. Physico-chemical characterization of powders

Fig. 1a shows XRD patterns of synthesized HAp and LFP powders. All reflections are assigned to
pure HAp (P63/m, hexagonal crystal structure, ICSD 99358) and LFP (Pnma, orthorhombic crystal

structure, ICSD 97764) materials. HAp crystallite size in [002] crystallographic direction is 8.1 nm,
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while the crystallinity degree of HAp was estimated to 26 %, according to the method described
previously [30]. Crystallite size of LFP in [311] crystallographic direction is determined to be 37 nm.
Summarized values of crystallite size, unit cell parameters (a, b, ¢) and unit cell volume (V), as well
as the average particle size, are presented in Table SI (Supporting Info). Volume and number PSDs of
HAp, Fig. 1b, reveal peaks 6 um and 400 nm, respectively, while those of LFP, Fig. 1c, are around 10

um and 250 nm, respectively.
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Fig. 1. (@) XRD patterns and PSDs of (b) HAp and (c) LFP powders. (2-column fitting image)

SEM images showing morphology and particle size of selected powders are shown in Fig. 2. HAp is

consisted of spherical particles, Fig. 2a, with a diameter of 50 nm, slightly agglomerated into the

submicrometer clusters. On the other side, LFP powder is consisted of rectangular,

agglomerated particles of few hundred nanometers.

highly-
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Fig. 2. SEM images of (a) HAp and (b) LFP powders (2-column fitting image)

FTIR spectrum of HAp powder is shown in Fig. 3. It can be seen that vibration modes of phosphate,
hydroxyl and carbonate functional groups are present, along with some traces of surface bound water.
The observed phosphate vibration modes are: vl symmetric stretching mode at 961 cm™, triple
degenerative asymmetric stretching mode v3 between 1000 and 1150 cm™, double degenerative
bending v4 mode at 564 and 603 cm™, as well as double degenerative v2 mode at 471 cm™. Vibrations
of hydroxyl group can be observed at 632 and 3568 cm™. The presence of surface bound water is
detected as broad features around 1650 and 3430 cm™, without any traces of nitrate or ammonium
residuals in FTIR spectrum. Vibration modes of carbonates incorporated in HAp crystal structure can
be observed at 874 (v2) and at 1420 and 1456 cm™ (v3), corresponding to B-type carbonated HAp
(substitution at the place of PO, group). Having this in mind, the synthesized HAp can be considered

as B-type carbonated HAp.
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Fig. 3. FTIR spectra of HAp and LFP powders, and HAp and HAp + 5 % LFP samples after non-

isothermal sintering. (single column fitting image)

Vibration spectrum of LFP shows fundamental PO, * modes v1-v4, split in several components due to
interaction with Fe-O units in the crystal structure [31]. The vibration modes of phosphates are
observed at 933 cm™ (slightly shifted asymmetric stretching mode, v1), doublet v2 from 461 to 495

m™, triplet v3 from 1057 to 1137 cm™ and triplet v4 from 544 to 631 cm™. The vibration modes of
phosphate group certainly exist in both HAp and LFP compounds, indicating the existence of the

common chemical functionality.
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3.2. Thermal analysis

Thermal analysis of LFP in air atmosphere was performed to investigate thermal stability under
oxidative environment and to determine the amount of carbon retained after synthesis, Fig. 4a. LFP
undergoes a thermal oxidation process accompanied with mass increase and corresponding

exothermic peaks in DTA plot around 325 and 590 °C. According to the previously described

procedure, the amount of remained atomic carbon is determined from the difference between mass

gain due to Fe?* oxidation (theoretically 5.07 % for pure LFP), and mass gain of investigated material

[32], indicating that 2.9 wt. % of carbon remained in the LFP powder.

Any indication of LFP melting in air atmosphere up to 1000 °C is not observed. Corresponding mass

spectrum, Fig. 3b, reveals peaks that originate from CO, release, having the most intensive features

between 200 and 450 °C, and after 750 °C. A slight Li sublimation current can be observed at

temperatures between 250 and 310 °C, while remaining water is almost continually released during

heating.
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Fig. 4. TG-DTA and mass spectra of prepared LFP in air, (a) and (b), and in inert (Ar) atmosphere, (¢)

and (d). (2-column fitting image)

Processing of LFP in Ar atmosphere induced completely different thermal response, Fig. 4c. Mass of
material decreased in several steps, with final mass loss around 2.4 wt. %. DTA plot shows an
intensive sharp endothermic peak between 950 and 1000 °C corresponding to LFP melting, without
any traces of oxidative behaviour. Mass spectrometry analysis, Fig. 4d, indicates that mass decrease
in the regions up to 600 °C can be ascribed to water loss with the most intensive peaks at 325 and 525
°C, whilst CO, and L. releases are detected in two steps preceding the melting region, around 860 and
930 °C. Considering the level of mass change in the region of Li sublimation and CO, release, which
is below 1 wt. %, no significant compositional and physicochemical changes are expected that can

influence further behaviour.

Having described the thermal behaviour of LFP in oxidative and inert atmospheres, the basis for
further investigation of thermal behaviour of HAp—LFP system is provided. Thermal analysis of pure
HAp in Ar atmosphere up to 1200 °C, Fig. 5a, with corresponding mass spectrometry, Fig. 5b, shows
a continual mass loss characteristic for HAp. At lower temperatures, loosely bound water molecules
release the material, while at higher temperatures, structural dehydroxylation process takes place.
Evaporation of water molecules during heating is almost continual with temperature and reaches a
plateau at 900 °C. Carbonates leave material at specific temperature ranges: ~ 300, 550 — 625, and 930
°C. The final mass loss is around 8 wt. %. DTA plot shows several endothermic peaks: around 100 °C
due to water release, and around 625 and 930 °C due to carbonates evaporation. The endothermic
shoulder around 850 °C probably originates from slight phase transformation of HAp to B-TCP, since
the thermal processing in inert atmosphere favours dehydroxylation and decrease of structural

stability.

Influence of LFP addition on thermal behaviour was demonstrated on sample with 5 wt. % of
LFP. TG/DTA plot, Fig. 5¢c, of HAp + 5 % LFP sample is similar to the results obtained for HAp:

characteristic DTA signals of water release (~100 °C) and endothermic trend around 600 °C are

10



O©CO~NOOOA~AWNPE

observed. Broad endothermic feature between 750 - 875 °C indicates earlier phase transformation
while that at 980 °C shows the trace of LFP melting. Carbonates evaporation peaks, Fig. 5d, are found

around 250, 500 and 600 °C, whilst the most intensive one is at 875 °C.
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Fig. 5. TG-DTA and mass spectra of HAp, (a) and (b), and HAp + 5 % LFP, (c) and (d), in inert (Ar)

atmosphere. (2-column fitting image)

3.3. Non-isothermal sintering behaviour

Densification and densification rate plots during non-isothermal sintering of HAp with the different
amounts of added LFP are shown in Fig. 6. It is observed that HAp exhibits poor densification
behaviour (Fig. 6a), without reaching the final sintering stage plateau. The addition of LFP induced
shifting of densification curves towards lower temperatures. The temperature of densification onset is
gradually decreased with increasing LFP content in the green samples. In the intermediate sintering
stage, samples with 1 and 2 wt. % of LFP retain characteristic sigmoid shape of densification curve

11
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whilst sample with 5 wt. % of LFP clearly shows the change in slope, indicating different sintering
mechanism. This trend is confirmed for sample with 10 wt. %. of LFP, however, a certain dilatation

process appears around 1150 °C.

Quantitatively, the values of absolute density of HAp and HAP + 5 % LFP samples are 1.96 and 2.43
g/lem® at 1000 °C, respectively, whilst at 1100 °C, these values are 2.30 and 2.68 g/cm®, respectively.
At the highest investigated temperature (1200 °C), absolute densities of all samples are similar,

between 2.70 and 2.90 g/cm®; however, the densification pathways are completely different.

The analysis of influence of LFP addition on densification rate is given in Fig. 6b. HAp sample
clearly exhibits two separate densification regions, represented with the sharp peak at 980 °C, and
broad feature between 1000 and 1150 °C. The addition of LFP influences the position of the former
peak, shifting it to the low-temperature side, while the later appears as a satellite feature which
gradually loses its intensity. The sample with 5 wt. % of LFP shows the most uniform peak of
densification rate near 920 °C, with a minimal contribution of high-temperature shoulder. The trend

continues for sample with 10 wt. % of LFP.
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Fig. 6. (2) Non-isothermal densification and (b) densification rate of HAp with different amount of

LFP up to 1200 °C in inert (Ar) atmosphere. (2-column fitting image)
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The analysis of mass spectra recorded during non-isothermal sintering of pure HAp, Fig. 6a, and HAp
+ 5 wt. % LFP, Fig. 6b, shows a continual water loss with exponentially decreasing intensity.
Furthermore, an exchanged profile of carbonates evolution from crystal lattice at higher temperatures
can be observed, whilst it is almost the same at low-temperature side. Presence of LFP provokes
earlier release of incorporated carbonates: for pure HAp ceramics, it is peaked around 925 °C, whilst
for the HAp + 5 wt. % LFP sample is at 875 °C, which agrees with the findings of thermal analysis.
Generally, a broad feature of carbonates loss is shifted for 50 degrees towards lower temperatures for
sample containing LFP. For both samples, the maxima of carbonates release peaks correspond to the
temperature of shrinkage values of 2-3 %. Considering Li release for HAp + 5 wt. % LFP sample, a

slight increase in ionic current is detected, overlapping release of carbonates above 800 °C.

13
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3.4. Microstructural, chemical and phase analysis

Microstructural properties of polished and thermally etched samples after non-isothermal sintering are
shown in Fig. 8. It can be seen that different microstructural features are present depending on the
amount of initially added LFP. HAp sample after non-isothermal sintering consists of a conventional
microstructure, with the existence of elongated pores and rather broad grain size distribution due to

the uncontrolled grain growth. The average grain size is approximately around 500 nm. The addition
14
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of 1 % of LFP resulted in microstructure larger grains. The trend of grain growth with LFP addition
was also confirmed for HAp + 5 % LFP sample. However, this sample clearly exhibits the presence of
two different kinds of microstructural features: a fraction of larger grains, with grain size on a
micrometer level, and smaller grains, nearly 200-300 nm in size, located along the grain boundaries of
the larger grains. Also, a certain amount of closed, round pores can be found at grain junctions.
Contrary to the aforementioned samples, microstructure of HAp + 10 % LFP was quite different.
Besides the largest grains among the investigated samples, it can be observed that grains have
rounded edges and that pores are larger and more spherical in shape which can originate from
formation of higher amount of liquid phase during the processing stage. The appearance of larger

pores is in agreement with the observation of dilatation in densification curve at 1160 °C.

15
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HAp +5 % LFP’

HAp +1 % LFP

Fig. 8. SEM micrographs of microstructural profile of non-isothermally sintered ceramics with

different amount of added LFP. (2-column fitting image)

Microstructural profile is revealed by cutting the sample with low-intensity focused ion (Ga*) beam.
During the milling stage, it is observed that behaviour of samples against ion-milling was changed:

HAp tends to be milled in a vertical direction, whilst it is more horizontal with LFP addition (HAp + 5

% LFP).
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Several microstructural regions of sintered HAp + 5 % LFP sample were chosen for EDS analysis:
different places (10 spots) in the laminar region and flat surface (Fig. 9a) as well as specific
microstructural features observed in the flattened region (Fig. 9b). It can be seen that both laminar and
flat regions are consisted of main atomic constituents of calcium phosphate ceramic phases, Ca, P, O,
as well as a trace from Fe, Fig. 9c. Also, low amount of C remained in the material after
decomposition of organic phase is also detected. However, EDS analysis of uniformly distributed
spherical inclusions with a size between 150 and 250 nm, Fig. 9d, reveals an intensive Fe peak
besides those from Ca, P and O. Elemental mapping of flattened area (Fig. 9a) indicated the existence
of homogeneous atomic distribution within the material with the presence of specific Fe-rich spherical
inclusions (Fig. 9b). The measured atomic composition of characteristic microstructural regions is

given in Table I.
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Fig. 9. (a) SEM micrograph of laminar and flat regions of HAp +5 % LFP sample with elemental

distribution; (b) SEM micrograph of magnified flat region with clearly observable spherical inclusions

with elemental mapping showing Fe-rich region; EDS spectra of (c) laminar and flat regions and (d)

Fe-rich inclusions. (2-column fitting image)
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Table 1. Atomic composition of characteristic microstructural regions.

Element Flat region / % wt. Laminar region / % wt. Fe-rich inclusions/ %
wt.
Ca 41.4 43.1 53.5
P 20.8 224 6.0
0 36.8 335 7.1
Fe <1.0 <0.9 333

FTIR spectra of non-isothermally sintered HAp and HAp + 5 % LFP samples are shown in Fig. 3.
HAp shows characteristic vibrations of PO group: v1 vibration at 961 cm™, v2 mode at 474 cm™, v3
between 1000 and 1150 cm™ with peaks at 1044 and 1091 cm™, and v4 mode at 568 and 602 cm™.
Vibrations of O-H group are presented as low-intensity peak around 3560 cm™. In the case of HAp +
5 % LFP sample, complex v3, as well as v4, phosphate mode is represented by the broader peak,
without clear vibration near 1090 cm™. Moreover, peaks of vl and v3 vibrations are shifted towards
lower energies. v4 vibration mode at 565 cm™ shows splitting and formation of two modes at 551 and
570 cm™. Vibration modes of carbonates incorporated in HAp crystal lattice can be observed neither
for HAp nor for HAp + 5 % LFP, except some surface bound CO, and H,O in HAp + 5 % LFP,

probably upon handling.

XRD patterns, Fig. 10, show final phase compositions of the non-isothermally sintered ceramics.
Sintering in inert atmosphere up to 1200 °C contributes to slight thermal instability of HAp itself and
resulted in a dominant presence of HAp phase with small amount of a-TCP phase in the material.
Here should be noted that heating of the powder and/or prolonged sintering in air atmosphere did not
result in any TCP phase formation (Fig. S1, Supporting info). TCP formation in Ar atmosphere was
favoured by shifting chemical equilibrium of dehydroxylation reaction. The addition of LFP changed
the phase composition of sintered materials. Instead of high-temperature TCP phase, in the case of

HAp +1 % LFP, besides HAp, the main phase is low-temperature rhombohedral -TCP. When initial
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amount of LFP is increased to 2 wt. %, the same phases are present; however, the amount of B-TCP
phase is higher than in the previous sample and the same trend continues with the addition of 5 % of
LFP. For sample with added 10 wt. % of LFP, B-TCP is dominant phase, with small amounts of non-
transformed HAp in the final ceramics. Moreover, in the case of samples with higher LFP amounts,
reflections at 36.7 and 42.7 20 degrees in the XRD patterns appear, and thus the surrounding regions
are magnified to reveal the nature of crystallized phase. According to the previously reported data, the
reflections can be assigned to Li,FesO, compound that forms under inert atmosphere conditions,
without Fe?* oxidation [33,34]. Summarized phase composition of sintered samples is given in Table

Sl (Supplementary info).
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Fig. 10. XRD patterns of non-isothermally sintered ceramics up to 1200 °C. (single column fitting

image)
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3.5 Rietveld refinement

Rietveld refinement procedure was conducted using the FullProf computer program to identify any
structural and microstructural changes in HAp crystal lattice parameters due to the potential
incorporation of foreign ions in HAp crystal lattice. Since the amount of added LFP is small and that
HAp + 10 % LFP sample after sintering showed the dominant presence of 3-TCP, the procedure was
performed only for HAp and HAp + 5 % LFP sample. The atomic positions and space group (P6s/m,
SG 176) of HAp were used as a starting set in the refinement procedure for both powders [25]. The
structural refinement procedure confirmed that the materials after non-isothermal sintering are
consisted of two phases. The best agreement between observed and calculated powder patterns for
processed HAp sample was achieved when refined as the mixture of HAp (P6s/m) and o-TCP (P2,/a)
(Fig. 11a), while the best compliance for HAp + 5 wt. % of LFP sample was obtained when the
refinement was carried out as a mixture of HAp (P63/m) and S-TCP (R3c). The obtained values of the
agreement factors (HAp: Rp = 6.87, Rwp = 9.35; HAp + 5 % LFP: Rp = 6.55, Rwp = 8.60) confirmed

the validity of applied structural models (Table SlII, Supporting info).
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Fig. 11. Final Rietveld refined plots of (a) HAp and (b) HAp + 5 % LFP samples after non-isothermal

sintering. (single column fitting image)

The refined unit-cell parameters and cell volumes are presented in Table Il. The addition of LFP
provokes decreasing of HAp unit cell parameters: a = b decreases from 9.4171(5) to 9.4089(7) A,
while ¢ decreases from 6.8851(3) to 6.8671(4) A, yielding the decrease in unit cell volume. This can
be a consequence of incorporation of smaller ions in the crystal structure of HAp. This was
corroborated by calculation of average bond distances values, Table Ill: calculated average Cal-O
bond length value decreases from 2.564 (HAp) to 2.558 A (HAp + 5 % LFP) and Ca2—-O from 2.457

(HAp) to 2.444 A (HAp + 5 % LFP).
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Table 11. The refined values of unit-cell parameters and cell volume.

Samples Phases Unit cell parameters
a(A) b (A) c(A) v (&%)

Hap HAp (P63/m) 9.4171(5) 6.8851(3) 528.75(4)
(~93%)

a-TCP (P2,/a) (~ 7%) 12.975(6) 26.874(1) 15.238(6) 4284.92(3)

$=126.25(3)

HAp +5 % LFP HAp (P65/m) 9.4089(7) 6.8671(4) 527.36(3)
(~ 80 %)

B-TCP (R3c) 10.4126(14) 37.4399(2) 3515.49(6)
(~ 20 %)

sintering.

Table Ill. The agreement factors, structural and microstructural parameters after non-isothermal
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Ca2

P 01 02 03

04

HAp

X %

y Vs

z 0.0012(1)
B(A? 2.82(2)
Occ s
Average distances

)

Cal—0 =2.564

Ca2—0=2.457

Average
crystallite size
(nm)

D=53

Average strain
29.24x10*

HAp + 5% LFP

X %

y Vs

z 0.0025(3)
B(A?) 2.49(3)
Occ Vs
Average distances

A

Cal—0 =2.558

Ca2—0=2.444

Average
crystallite size
(nm)

D=34

Average strain
34.43x10*

Rp=6.87

0.2449(5)
-0.0082(6)
Yy

3.03(1)

Y

Rp = 6.55

0.2452(2)
0.9931(2)
Yy

2.71(1)
Y

Rwp=9.35

0.3681(7)  0.4834(9)  0.4606(5)  0.2569(7)
0.3977(8)  0.3278(3)  0.5796(6)  0.3416(2)

Ya

Y, Yy 0.0695(1)

3.02(2) 2.87(2) 2.87(2) 2.87(2)

Yo

Y Yo 1

Rwp= 8.60

0.3991(1)  0.3277(2) 0.5873(1)  0.3414(3)
0.3681(1)  0.4821(4)  0.4660(4)  0.2596(2)

Ya

Yy Vs 0.0676(2)

3.00(2) 2.04(2) 2.04(2) 2.04(2)

Yo

Y2 Yo 1

0
0
0.1866(3)
2.87(2)
0.1666

0
0
0.1845(3)
2.04(2)
0.1666

23



Furthermore, it is obvious that LFP in HAp sample causes decreasing and broadening of diffraction
maximum intensity, which indicates lower crystallinity, smaller values of crystallite size and higher
microstrain values (Fig. 11). The influence of added LFP on the microstructural properties (size and

strain) of HAp was determined by analysis of broadening and shape of diffraction maxima using the

OCoO~NOUIAWNE

Rietveld method and FullProf computer program. The visualizations of crystallite shape anisotropy as
well as microstrain anisotropy are shown in Fig. 12. It can be seen that the presence of LFP in HAp
sample provokes decreasing of average crystallite size from 53 to 34 nm (Table I1I) as well as
reduction of the crystallite size anisotropy (Fig. 12a). On the other side, the presence of LFP caused

increasing of microstrain value from 29.24-10* to 34.34-10* (Table 11l) and appearance of the

microstrain anisotropy (Fig. 12b).

(a)

HAp + 5 % LFP

crystallite shape

(b} microstructural strain

Fig. 12. (a) Crystallite shape and (b) microstructural strain of HAp and HAp + 5 % LFP samples after

non-isothermal sintering. (2-column fitting image)
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3.6. Mechanical measurements

According to the already reported literature, the addition of Li or Fe can contribute to improved
electrical and mechanical properties of HAp. The mechanical measurements showed that hardness is
not significantly changed and almost stayed in the area of standard deviation or is lower for samples
with added LFP, which can be a consequence of liquid phase formation during sintering and
microstructural softening. However, fracture toughness of sintered ceramics increased with added
LFP, especially for HAp + 5 % LFP and HAp + 10 % LFP samples, indicating the beneficial effect.
This can originate from formation of identified Li,Fe;sO, microstructural features located along the
grain boundaries of matrix phase, which act as mechanical energy-dissipating agents that suppress

crack propagation.

500

HA
(a) P HAp + 1% LFPHAp +5% LFP 0.7 (b) HAp + 10 % LFP

HAp + 10 % LFP
400 4

HAp + 5% LFP

300 -

200

HAp HAp +1% LFP

Hardness, HV

100+

Fig. 13. (a) Vickers hardness and (b) fracture toughness properties of final ceramics upon non-

isothermal sintering (2-column fitting image).

The low values of obtained fracture toughness for all samples can be understood from the point of

final density, since materials are not fully densified; however, it gives a clear indication of the

favourable mechanical response upon the LFP addition.
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4, Discussion

Since the investigated materials have very distinct area of applications, previous studies have not
reported results on sintering behaviour of HAp—LFP system; however, considering HAp ceramics,
addition of the different Li- or Fe-compounds were proved to be an efficient method for enhancing
densification, mechanical and electrical properties [12,13,35]. Moreover, HAp and LFP possess
tetrahedral phosphate group as a common functionality which makes these systems interesting for

further investigation.

Chemical precipitation method has been showed as a practical and useful approach for synthesis of
nanocrystalline HAp ceramics [36]. Unit cell parameters as well as specific surface area of the
prepared HAp were of the expected size when compared to biological HAp [37] with a certain amount
of incorporated carbonates, having the similar apparent particle size as LFP powder. Moreover,
specific surface area of LFP could is very low, which implies that improvement in sintering behaviour

cannot be ascribed to the effects of additional surface development.

Working atmosphere for thermal processing of this system arose as one of the most influential
parameters. Processing in air atmosphere resulted in expected oxidation of LFP [32]. However,
processing in inert (Ar) atmosphere showed stable system up to almost 950 °C, where intensive
melting occurred. These experimental observations implied that further studies of the influence of
LFP on sintering behaviour of HAp ceramics require inert atmosphere processing. HAp showed
similar thermal behaviour in inert atmosphere as that exhibited in air [38], with a certain level of
thermal instability being promoted by the absence of moisture in inert conditions and enhanced
dehydroxylation [39]. The addition of LFP to the matrix material induced important differences in
thermal behaviour comparing to pure HAp ceramics. Low-temperature carbonate release peak (~ 600
°C) can be ascribed to small amount of A-type carbonates, whilst that at higher temperatures should
be from B-type carbonates in HAp crystal lattice [40]. Endothermic peak around 830 °C of HAp + 5

% LFP sample implies that LFP favours phase transformation and low-temperature TCP phase
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formation. This foregoing interaction between two materials probably provoked the release of

carbonates from HAp crystal lattice at lower temperatures, particularly at 870 °C.

Non-isothermal sintering behaviour of HAp materials with different amount of added LFP showed
improved densification in the intermediate sintering stage, earlier onset of sintering and overall
shifting of densification curves towards lower temperatures. Enhancing the densification in low-
temperature range with LFP addition could imply the change towards mass transport mechanisms that
involve atomic flux from grain boundary and/or volume regions. In the light of identified Li,FesO,
inclusions, the reaction mechanism that involves interaction between Ca from HAp and PO, group
from LFP is proposed. Since the phosphate group is a common chemical functionality of HAp and
and that there is no phosphate group in the final Li-Fe compound described above, it is reasonable to
assume that chemical reaction between HAp and LFP starts via the phosphate groups of LFP. From
the side of HAp, the chemical reaction at high temperatures starts from Ca ions, and tricalcium
phosphate, B-TCP, Caz(PO,),, is formed. This reaction pathway can be supported also by the slight Ca
over-stoichiometry (Ca/P > 1.67) due to B-type carbonation in the place of phosphates, Cajgx(PO4)s.
«(CO3)4(OH)... In that way, when interaction started, the amount of Ca in HAp actually decreases, as
well as the Ca/P ratio, in the presence of LFP, favouring further high-temperature HAp decomposition
and formation B-TCP. This can explain why the amount of B-TCP phase in the final ceramics
critically increased with LFP addition, being the dominating calcium phosphate phase of final
ceramics after sintering for HAp + 10 % LFP initial composition. Moreover, along with reaction of
phosphates from LFP and Ca from HAp and subsequent formation of Ca vacancies in HAp structure,
a certain amount of Fe?* ions can incorporate in HAp crystal lattice, which explains the findings from
the Rietveld. The phosphate-depleted LFP can tend to form the identified Li,FesO, compound,
accompanied by slight Li sublimation observed experimentally. Although the quantitative mechanism
cannot be exactly deduced herein, the chemical reaction taking place during inert atmosphere

processing of HAp-LFP system can be represent as follows:
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Ca1ox(PO4)sx(CO3)x(OH)i + LiFEPO, — CayoyFe (PO,)s(OH), + Cag(POy), + LisFesOs+ 1CO, +
1Li

The subsequent partial reactions that take place are:

(1) (Ca)uap — (POs)Lrer — B-Caz(PO,).

(i)  Ca-deficient HAp — (Fe) rp — Fe-HAp — B-Caz(PO,), — H,O — 1CO,

(iii) PO,-deficient LiFePO, (condensation) — Li,Fes0, — 1Li

The formation of Ca vacancies, due to the reaction between HAp and LFP, as additional mass
transport pathways, contributes to densification of the HAp-LFP system. Furthermore, formation of -
TCP induces release of structural OH, which can additionally improve sintering of the materials. Such
behaviour resulted that 10 % shrinkage of HAp + 5 % LFP sample occurs more than a hundred
degrees earlier than for HAp sample. It was previously found that Li-compound addition favours
liquid phase formation during sintering and reduced B-TCP content of sintered ceramics [41], whilst
in the case of added of LisPO, phase, the eutectic point was found at 1010 °C [13]. Formation of
liquid phase could be also assigned to this system, influencing changes in the shape of densification
curves, decrease of their slope at corresponding temperatures (depending on LFP amount), and pore
and grain boundary rounding. However, it should be noted that in the reported data, sintering
atmosphere, as well as starting Li-compound, were different. In the case of HAp—LFP system, LFP
addition stimulated B-TCP formation, stabilizing it even up to 1200 °C, which is higher than
temperature of p—a-TCP phase transition. Nevertheless, the incorporated carbonates (1.51 wt. %)
could influence densification process. In the case of pure HAp, such content of carbonates may induce
lowering of densification around 950 °C to the certain extent, Fig. 6b; however, for samples with
added LFP, especially higher amounts, the other processes probably overlap the effect of
decarbonation and densification lowering should be considered from the point of exhausted reaction

potential between HAp and LFP.
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Considering the observed microstructural changes, the appearance of specific microstructural features
with the addition of LFP phase could be correlated with melting and interaction of LFP with the
matrix material. Different behaviour against ion-milling could give some clues regarding
morphological organization or alignment of the inner-structure of the sintered materials. Formation of
spherical Li,Fe;O, inclusions within calcium phosphate matrix revealed that places of inclusions are
actually the initial positions of LFP particles/agglomerates. From these points started interaction with
the matrix material and melting of LFP, initializing liquid phase sintering and phase transformation.
Having in mind the results of microstructural investigations, it can be considered that uniformly
distributed inclusions along grain boundaries of calcium phosphate matrix could be beneficial for
enhancing mechanical properties since it was found that micrometer-sized Fe-Ti particles were useful

for fracture toughness improvement [15].

The Rietveld refinement analysis showed that decrease in unit cell parameters as well as in
length of Ca—O bonds in HAp crystal structure. This can occur due to the partial replacement of Ca®*
by smaller ions. Having in mind that the theoretical sum of six-coordinated Fe?* and O% ionic radii is
2.01 A [42], previous findings that after non-isothermal sintering length of Cal-O and Ca2—O bonds
decreases from 2.564 (HAp) to 2.558 A (HAp + 5 % LFP) and 2.457 (HAp) to 2.444 A (HAp + 5 %
LFP ), respectively, corroborate the ionic replacement of larger Ca* ion (1.0 A for sixfold
coordination) by smaller Fe?* cation (0.61 A in sixfold coordination) in HAp crystal structure. It was
already reported that the partial replacement of Ca atoms in the HAp structure by ions with smaller
ionic radius provokes a decrease in cell volume [43-45]. On the other hand, it is reported that
incorporation of 3d-metal ions in a hexagonal channel of the apatite structure causes the expansion of
the unit cell [46,47]. Herein, the contraction is observed for both a and c unit cell parameters. Song et
al. reported that doping with 0.2 mol. % of Fe?" at pH 12 resulted in decrease of a and increase in
value of c unit cell parameter, with indication that such replacement occurs at Cal position [48].
Furthermore, crystallinity was lowered [48]. In the case of Fe**/Zn** co-doping of HAp, decrease in
both a and ¢ parameters was observed [49], while Fe** doping was also attributed to decrease in

crystallinity of HAp [50]. The findings of decreased crystallite anisotropy and crystallinity, and
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increased microstructural strain of sample processed in the presence of LFP suggest that partial
incorporation of Fe*" into HAp crystal lattice could occur. Having in mind that the amount of Li in the
investigated system is very low, and that there are no adequate literature data on influence of Li
incorporation on HAp crystal lattice parameters, the question of Li* incorporation in HAp crystal

lattice herein is still illusive, although it is possible if the value of its ionic radius is considered.

5. Conclusions

HAp-LFP system was studied regarding thermal and sintering behaviour in inert atmosphere
conditions. It was found that LFP interaction with the matrix material and its melting in intermediate
sintering stage of HAp can be successfully exploited to enhance the sintering behaviour of matrix
material. Densification process shifted towards lower temperatures with increase of LFP amount for
almost 150 degrees, and change of sintering mechanism. The reaction mechanism that assumes initial
reaction between phosphates from LFP and Ca from HAp was proposed, inducing formation of
critical amount of TCP and slight Fe-incorporation in HAp. Moreover, the Rietveld refinement
procedure showed that crystallite size, crystallinity and shape anisotropy of HAp decreased upon
sintering due to LFP addition, whilst its microstructural strain value and anisotropy increased,
indicating interactions at crystal lattice level. Specific Li,Fe;O,4 inclusions located at grain boundaries
of calcium phosphate matrix were observed, and the favourable mechanical response of the sintered

ceramics was indicated.
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Supporting info

Specific surface area (SSA) and carbonate content determinations

SSA determination of HAp powder was performed by standard BET method, measuring isothermal
adsorption-desorption characteristics of N, adsorbate, at -198.5 °C. Prior to measurement, degassing
of sample was performed. Measurements were done on Micromeritics Gemini 2370 V5 device
(Norcross, GA, USA). SSA determination of LFP powder was done by the same method, using a
Micromeritics ASAP 2020 instrument. Sample was degassed at 110 ‘C for 10 h under reduced
pressure. The specific surface area of samples was from the linear part of the nitrogen adsorption

isotherms.

Determination of content of total carbon was performed on LECO elemental analyzer model 628.
Instrument range for carbon content is from 0.02 up to 175 mg, and precision range is 0.01 mg.
Helium (99,995 %) was used as a carrier gas, whilst the sample was combusted in stream of pure
oxygen (99,995 %). Prior to each measurement, calibration check was verified with certified reference

material of EDTA.
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Crystallographic parameters, particle size analysis, and phase composition after sintering

Table SI. Properties of prepared materials.

Sample d (hkl) / alA b/A cl/lA VA dgo — vol.*/ dso — num.* /
nm pm pm
HAp 8.1(002)  9.42665(5  9.42665(5)  6.8816(3)  529.54(9) 58 0.41
LFP 37(311)  10.3237(3) 5.9975(3) 4.690(5) 296.76(4) 10.2 0.24

*vol. — PSD by volume; num. — PSD by number; ds,— average particle size;

Table SllI. Phase composition of non-isothermally sintered HAp —LFP composites.

Sample

HAp
HAp +1 % LFP
HAp +2 % LFP
HAp +5 % LFP
HAp + 10 % LFP

Final phase compositionygp / %

HAp

92.5

87
84
74
24

B-TCP

13
16
26
76

o-TCP Fe- inclusions

7.5 -

Sintering of HAp in air atmosphere

XRD patterns of HAp powder after high-temperature treatments in air atmosphere are shown. Heating

of HAp powder up to 900 °C, which is the temperature where phase transformation and B-TCP

formation would already happen in the case of non-stoichiometric, Ca-deficient HAp, did not result in

the observable amount of another phase besides HAp. Moreover, application of high-temperature two-

step sintering cycle, with the first temperature even at 1250 °C, also showed the exceptional thermal

stability of synthesized HAp powder in an air atmosphere. Having in mind these findings, it is clear
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that the appearance of a-TCP phase after non-isothermal heating of HAp up to 1200 °C in Ar

atmosphere was provoked by the shifted chemical equilibrium of dehydroxylation reaction in the

absence of water in the sintering atmosphere.

Intensity / a.u.

after two-step sintering cycle,

(1250 °C, 5 min and 1150 °C, 20 h),
air atmosphere

heating up to 900 °C,
air atmosphere

T T T T T T
10 20 30 40

20/°

50 60 70

Fig. S1 XRD patterns of HAp powder after different high-temperature treatments.
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Figure captions

Fig. 1. (a) XRD patterns and PSDs of (b) HAp and (c) LFP powders. (2-column fitting image)

Fig. 2. SEM images of (a) HAp and (b) LFP powders (2-column fitting image)

Fig. 3. FTIR spectra of HAp and LFP powders, and HAp and HAp + 5 % LFP samples after non-

isothermal sintering. (single column fitting image)

Fig. 4. TG-DTA and mass spectra of prepared LFP in air, (a) and (b), and in inert (Ar) atmosphere, (c)

and (d). (2-column fitting image)

Fig. 5. TG-DTA and mass spectra of HAp, (a) and (b), and HAp + 5 % LFP, (c) and (d), in inert (Ar)

atmosphere. (2-column fitting image)

Fig. 6. (a) Non-isothermal densification and (b) densification rate of HAp with different amount of LFP

up to 1200 °C in inert (Ar) atmosphere. (2-column fitting image)

Fig. 7. Shrinkage curves with corresponding mass spectra of (a) HAp and (b) HAp +5 % LFP in inert (Ar)

atmosphere. (single column fitting image)

Fig. 8. SEM micrographs of microstructural profile of non-isothermally sintered ceramics with different

amount of added LFP. (2-column fitting image)

Fig. 9. (a) SEM micrograph of laminar and flat regions of HAp +5 % LFP sample with elemental
distribution; (b) SEM micrograph of magnified flat region with clearly observable spherical inclusions
with elemental mapping showing Fe-rich region; EDS spectra of (c) laminar and flat regions and (d) Fe-

rich inclusions. (2-column fitting image)

Fig. 10. XRD patterns of non-isothermally sintered ceramics up to 1200 °C. (single column fitting image)



O©CO~NOOOTA~AWNPE

Fig. 11. Final Rietveld refined plots of (a) HAp and (b) HAp + 5 % LFP samples after non-isothermal

sintering. (single column fitting image)

Fig. 12. (a) Crystallite shape and (b) microstructural strain of HAp and HAp + 5 % LFP samples after

non-isothermal sintering. (2-column fitting image)

Fig. 13. (a) Vickers hardness and (b) fracture toughness properties of final ceramics upon non-isothermal
sintering (2-column fitting image).

Fig. S1 XRD patterns of HAp powder after different high-temperature treatments.

Table captions

Table 1. Atomic composition of characteristic microstructural regions.

Table I1. The refined values of unit-cell parameters and cell volume.
Table I11. The agreement factors, structural and microstructural parameters after non-isothermal sintering.

Table Sl. Properties of prepared materials.

Table SII. Phase composition of non-isothermally sintered HAp —LFP composites.





