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Abstract—We have studied the effect of doping with lithium cations on the phase composition, lattice param-
eters, and crystallite size of hydroxyapatite at different heat treatment temperatures (900, 1200, and 1400°C).
The results demonstrate that, at high degrees of substitution (20 mol %) and heat treatment temperatures of
1200 and 1400°C, lithium cations contribute to conversion of apatite into lithium-substituted tricalcium
phosphate. At degrees of substitution of 1, 5, and 10 mol %, the addition of lithium causes no destabilization
of the apatite structure even at a temperature of 1400°C.
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INTRODUCTION

Hydroxyapatite (HA), Cas(PO,);(OH), is one of
the most promising materials for use in regenerative
and reconstructive surgery for injured bone tissue
replacement. The reason for this is that HA is similar
in mineralogical composition to natural bone tissue.
HA materials are intended mainly for the fabrication
of high-strength, nonresorbable implants, which
should have excellent mechanical properties [1]. A
topical issue is studies aimed at designing HA materi-
als with controlled properties, for example, via modi-
fication with metal ions [2, 3]. A promising approach
is to produce lithium-substituted (Li-HA) materials.
This is due to the effect of lithium on the biological
properties of HA: it raises the rate of osteogenic differ-
entiation of mesenchymal stem cells [4]; accelerates
HA degradation owing to the activation of cells
involved in the bone tissue remodeling process [5];
and activates beta-catenin (signal mediator), thus
contributing to bone healing [6]. The addition of lith-
ium improves HA sinterability and, as a consequence,
contributes to the strength of HA-based ceramic
materials by reducing their porosity.

There is limited information about the properties
of apatites containing lithium ions, especially as to the
effect of lithium cations on their lattice parameters
and the stability of their phase composition during
heat treatment of HA materials in a wide temperature
range. For example, Drdlik et al. [7] studied the phase
composition and structure of ceramics up to 1250°C at

lithium contents below 1%. Their results show that at
1050°C HA converts into B-tricalcium phosphate
(TCP), whereas the major phase forming at 1250°C is
o-TCP. According to studies at higher degrees of sub-
stitution (10 and 20 at %) [8], heat treatment at 900°C
causes HA to completely convert into Ca, Li(PO,),.
Badran et al. [9] described the preparation of Li-HA
containing 0, 1, 5, 10, 20, and 40% lithium oxide. They
determined the phase composition and lattice param-
eters of the synthesized materials. However, the heat
treatment temperature in their study was relatively low,
just 100°C, which prevented them from assessing the
effect of lithium on the phase composition, thermal
stability, and lattice parameters of materials with a
high degree of crystallinity.

In this paper, we examine how the degree of substi-
tution of lithium cations (0, 1, 5, 10, and 20 mol %) for
calcium ions in HA ceramics influences the variation
of their lattice parameters and phase composition with
heat treatment temperature (900, 1200, and 1400°C).
The choice of these temperatures was prompted by
specific features of the technology of HA ceramics,
which are commonly produced by sintering at tem-
peratures from 1200 to 1300°C.

EXPERIMENTAL

The nominal compositions of the synthesized
compounds are listed in Table 1. The samples were
prepared by precipitation from aqueous solutions. To
this end, ammonium hydrogen phosphate solutions
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Table 1. Compositions of the materials

SMIRNOV et al.

Notation Degree of substitution, mol % Nominal formula
OLi-HA 0 Ca;((PO4)s(OH),
1Li-HA 1 Cag gLij,(PO4)(OH),
SLi-HA 5 Cag 5sLi(PO4)¢(OH),
10Li-HA 10 CagyLi,(PO,4)s(OH),
20Li-HA 20 CagLiy(POy4)s(OH),

were added to a stirred solution containing calcium
and lithium nitrates. Precipitation was carried out at
pH 9.3-9.7. The amounts of chemicals were calcu-
lated for the reaction scheme

(10 — x)Ca (NO;), + 6(NH,), HPO,
+ 2xLiNO; — Cayq_,Li,, (PO,), (OH),,

where x =0, 0.1, 0.5, 1.0, or 2.0.

After the synthesis, the precipitate was aged for
21 days to increase the degree of crystallinity of the
apatite phase [10]. Next, the precipitate was filtered
off. The resultant powders were calcined at 900, 1200,
and 1400°C.

The materials were characterized by X-ray diffrac-
tion (Shimadzu XRD 6000 diffractometer) using the
JCPDS PCPDFWIN database. Unit-cell parameters
were determined by the Rietveld method using the
FullProf Suite. IR spectra were measured on a
Thermo Nicolet Avatar 330 Fourier transform IR
spectrometer. Porosity of the samples was assessed by
hydrostatic weighing in accordance with the Russian
Federation State Standard GOST 2409-95. To this
end, samples 30 X 4 X 4 mm in dimensions were
pressed in a steel press die at a specific pressure of
100 MPa and then heat-treated in the temperature
range 900—1400°C.

(1)

RESULTS AND DISCUSSION

After heat treatment at 900°C, the OLi-HA materi-
als consisted of one phase: HA. Further raising the
temperature to 1200°C led to the formation of a small
amount of B-TCP. These results are consistent with
data reported by Meejoo et al. [11], which show that
HA partially converts into B-TCP after heat treatment
in the range 900—1200°C. Further raising the tem-
perature to 1400°C led to the formation of up to 30%
o-TCP. After heat treatment at 900°C, all of the Li-HA
substituted materials consisted of only an apatite phase
(Fig. 1). Note that the percentage of lithium had no
effect on the degree of crystallinity of the samples (on
the intensity of diffraction peaks). After heat treatment
at 1200°C, the samples with a degree of substitution
from 5 to 10 mol % were found to contain a small
amount of B-TCP (Fig. 2). Note that the intensity of
diffraction peaks decreases with increasing lithium
content, which is due to the lower degree of crystallin-

ity of the major phase. In the case of the 20Li-HA
materials, the composition changes sharply, namely,
the apatite decomposes into two phases: B-TCP (20%)
and the lithium calcium phosphate LiCaPO, (LCP).
Heat treatment at 1400°C led to the formation of the
lithium-substituted compound Ca Li(PO,); (Li-
TCP) (15%) starting at the composition 5Li-HA (Fig. 3).
Further raising the percentage of lithium led to an
increase in the amount of Li-TCP and a reduction in
HA content (Table 2), which was accompanied by a
decrease in o.-TCP content from 27% (0Li-HA) to 3%
(1ILi-HA) and to zero in the lithium-rich materials
(5Li-HA, 10Li-HA, and 20Li-HA). Li-TCP (JCPDS
card no. 45-550) in the 5Li-HA, 10Li-HA, and 20Li-HA
materials was difficult to identify because its diffrac-
tion peaks were close to those of B-TCP (JCPDS card
no. 9-169).

We examined in detail the major peaks and found
the reflections from Li-TCP to be shifted to larger
angles on average by 0.2° relative to f-TCP. This was
interpreted in accordance with the JCPDS Powder
Diffraction File as evidence for the formation of a new
lithium-containing compound, Ca,Li(PO,),, because
substitution of a smaller cation (Li*) for a larger cation
(Ca?") is known to reduce the lattice parameters of the
material [12, 13].

It should also be noted that heat treatment at
1200°C led to the formation of two phases in addition
to HA: B-TCP (Ca;P0O,) and LCP (LiCaPO,), with a
Ca/Li ratio of 50/50. At the same time, at a tempera-
ture of 1400°C only one compound was formed in
addition to HA: Ca,,Li(PQO,),, with a Ca/Li ratio of
10/1. This effect can be accounted for in terms of the
lithium redistribution between the phases present. At
low heat treatment temperatures (1200°C), the pro-
cess yields a mixture of phases differing in lithium
content, which may be a consequence of the inhomo-
geneous component distribution produced in the
course of the synthesis of the materials. As the tem-
perature is raised (1400°C), diffusion processes
become more active, resulting in a redistribution of
lithium between the phases present and the formation
of one lithium-substituted compound with low lith-
ium content.

Moreover, LiCaPO, was reported to lose lithium at
high temperatures [ 14]. This may lead to the formation
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Fig. 1. X-ray diffraction patterns of the powders after heat treatment at 900°C (the letter A denotes HA).
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Fig. 2. X-ray diffraction patterns of the powders after heat treatment at 1200°C (the letter A denotes HA;  denotes B-TCP, and

LCP denotes LiCaPOy).

of compounds with the whitlockite structure, includ-
ing Ca, Li(PO,).

X-ray diffraction measurements showed that the
peaks of the 1Li-HA material heat-treated at 900°C
were shifted to smaller 20 angles relative to pure HA.

INORGANIC MATERIALS  Vol.55 No.7 2019

This points to an increase in lattice parameters (Table 3).
This effect can be accounted for by the presence of
lithium cations in interstices, which leads to the for-
mation of an interstitial solid solution and vacancies in
the cation sublattice. This appears to be the most likely
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Fig. 3. X-ray diffraction patterns of the powders after heat treatment at 1400°C (the letter A denotes HA; o denotes o.-TCP, and

Li-TCP denotes Ca;(Li(POy)).

scenario, given that the ionic radius of Li is consider-
ably smaller than that of Ca (Ca?*, 1.04 A; Li*, 0.68 A).

It should also be taken into account that the HA
structure was formed only gradually, over 21 days of
aging in mother liquor [10].

Table 2. Phase composition of the materials

The aging process involves reactions between com-
ponents and the formation of reaction intermediates,
which then react with each other to form the HA
structure. Lithium phosphate, Li;PO,, is known to
have low solubility (pKsp = 8.5 [15]), so in reaction (1)

Percentage
Sample Phase composition
900°C 1200°C 1400°C
OLi-HA Ca;o(PO4)¢(OH), 100 90 73
a-Cas(POy), - - 27
B-Ca;(POy), - 10 -
1Li-HA Ca;o(PO4)(OH), 100 100 97
a-Cas(POy), — - 3
SLi-HA Ca;o(PO4)(OH), 100 91 85
B-Ca;3(POy), — 9 _
Ca | Li(POy), 15
10Li-HA Ca ((PO4)c(OH), 100 90 78
B-Ca3(PO,), - 10 -
Ca,oLi(POy), - 22
20Li-HA Ca;((PO,4)¢(OH), 100 53 24
B-Ca3(PO,), - 20 -
LiCaPO, - 27 —
CaoLi(POy), - - 76
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Table 3. Unit-cell parameters and crystallite size (D)

719

a, A c, A D nm a, A c, A D nm a, A c, A D.nm
Sample (£0.002) [ (£0.002) ’ (£0.002) | (£0.002) ’ (£0.002) | (£0.002) ’
900°C 1200°C 1400°C
OLi-HA 9.420 6.886 58 9.423 6.884 121 9.427 6.910 111
1Li-HA 9.424 6.889 58 9.414 6.881 123 9.423 6.887 83
S5Li-HA 9.427 6.879 51 9.419 6.882 117 9.417 6.892 109
10Li-HA 9.425 6.881 59 9.407 6.893 91 9.383 6.869 71
20Li-HA 9.425 6.881 59 A new whitlockite-like phase prevails | A new whitlockite-like phase prevails

it is most likely to first precipitate. Next, precipitated
hydroxyapatite (PHA), having higher solubility
(pKsp = ~5.5 in an alkali medium, pH 8.0—8.5 [16]),
is formed. Further storage in the mother liquor leads
to crystallization of the precipitate, and the PHA
reacts with lithium phosphate to form substituted HA
materials with better crystallinity in comparison with
the parent PHA. Such interaction is possible given that
freshly precipitated powders consist of fine particles
and exhibit high reactivity. This is confirmed by the
present data on the phase composition of powder
materials after aging in the mother liquor (Fig. 4),
which indicated the presence of a small amount of
incompletely reacted compounds—calcium hydroxide
and lithium phosphate—in the HA. Note that the for-
mation of lithium phosphate was observed in powders
with the highest substituent content.

Thus, we are led to conclude that the final forma-
tion of the HA structure and the reaction between HA
components reach completion during subsequent

Intensity

high-temperature heat treatments. With allowance for
the above, the defect formation reaction for the incor-
poration of lithium cations into interstices and the for-
mation of an interstitial solution, cation vacancies,
and vacancies in the anion sublattice (missing OH
groups) can be represented by the following scheme:

" (2)
+ 5V, +Vy - + 3P0 po,.

Further increasing the amount of lithium ions (5,
10, and 20 mol %) had little effect on the lattice
parameters. This can be accounted for in terms of
another mechanism of lithium incorporation into the
crystal lattice of HA: the formation of substitutional
solid solutions, accompanied by the formation of oxy-
gen vacancies:

Li;PO, —12—3Lic, + V™po, + POypo,.  (3)

20Li-HA

OLi-HA

30 35 40

45 50

20, deg

Fig. 4. X-ray diffraction patterns of the powders after aging in the mother liquor.
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Fig. 5. IR spectra of the samples heat-treated at 900°C.

This reaction scheme also stems from the (calcium +
lithium)/phosphorus ratio, which exceeds the cal-
cium/phosphorus ratio in stoichiometric HA. Note
that the amount of excess lithium increases with
increasing lithium concentration (Table 1). Thus, the
forming excess of lithium cations is incorporated into
the cation (calcium) sublattice to form vacancies in the
anion sublattice (missing PO, groups).

Summing up schemes (1) and (2), we obtain a reac-
tion scheme for the formation of solid solutions in the
case of materials with a high lithium concentration
(5—20 mol %) (reaction (3)). This is accompanied by
the formation of both cation and anion vacancies:

4Li,PO, —HA 591 + Li, + V5,
+ Vou+V "po, +4PO0j po,.

Thus, at low lithium concentrations, the dominant
process is the formation of interstitial solid solutions,
which leads to an increase in the lattice parameters of
the material. Increasing the concentration of lithium
cations in HA leads to the formation of interstitial and
substitutional solid solutions, and the lattice parame-
ters of the material remain essentially unchanged.

In the case of the materials that had degrees of sub-
stitution of 1, 5, and 10 mol % and were heat-treated at
1200 and 1400°C, we observed a tendency toward a
decrease in the a cell parameter. The ¢ cell parameter
varied (decreased or increased) little. As pointed out
by Belyakov et al. [17], changes in lattice parameters
when one of them decreases and another (the other)
may increase are typical of the formation of substitu-
tional solid solutions. In the case of the materials with
a 20 mol % degree of substitution, the predominantly

4

forming phase is lithium-containing TCP. This is
attributable to the thermal instability of lithium-sub-
stituted HA as a consequence of the formation of
numerous structural defects. This clearly shows up in
the case of the 20Li-HA material (Table 1), in which
the increasing vacancy concentration (especially the
concentration of missing OH groups) contributes to
the conversion of HA into TCP [reaction (4)].

IR spectroscopy data demonstrate that the spectra
of the samples heat-treated at 900°C are characteristic
of HA and differ little from each other (Fig. 5) [18].
Changes in the spectra are observed after heat treat-
ment at a higher temperature of 1200°C. The materials
with degrees of substitution from 1 to 5 mol % retain
typical vibrations with absorption bands characteristic
of phosphate groups (at 573 and 600 cm~! and in the
range 960—1188 cm™') and OH groups (631 and
3571 em™!) (Fig. 6). As the lithium concentration is
raised from 10 to 20 mol %, the 631-cm~! band disap-
pears and the 3571-cm~' band becomes weak. This is
due to the loss of water (OH groups) as a result of the
conversion of the apatite phase into TCP. After heat
treatment at 1400°C, the spectra show no band at
631 cm~!, independent of the degree of substitution. In
the spectra of the materials with degrees of substitu-
tion of 1, 5, and 10 mol %, the absorption band at
3571 cm~! is weak, whereas in the spectra of the sam-
ples containing 0 and 20 mol % lithium this band has
negligible intensity (Fig. 7). This indicates that lithium
cations stabilize the apatite phase (help the apatite
structure to retain hydroxyl groups) at high tempera-
tures (1400°C) and degrees of substitution in the range

INORGANIC MATERIALS  Vol. 55
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Fig. 7. IR spectra of the samples heat-treated at 1400°C.

1—10 mol %. These conclusions are consistent with
the above X-ray diffraction data (Table 2).

The degree of substitution has no marked effect on
the crystallite size in the substituted HA materials cal-
cined at 900°C, which range in crystallite size from 47
to 58 nm. At 1200°C, we observe an increase in the
crystallite size of the apatite phase in the samples with
a relatively low degree of substitution (1 mol %). At the
same time, at high lithium concentrations the crystal-
lite size is typically smaller, which is due to the forma-
tion of new phases. At a heat treatment temperature of
1400°C, there is a general tendency for the crystallite
size to be smaller than that in OLi-HA. This effect is

INORGANIC MATERIALS  Vol. 55

No.7 2019

attributable to the influence of Ilattice strain. A
decrease in lattice parameters is known to be accom-
panied by a decrease in crystallite size and vice versa:
an increase in lattice parameters leads to an increase in
crystallite size [12, 17]. Such correlations are especially
well-defined in the case of the Li-substituted materials
heat-treated at 1400°C: we observe a tendency for
their lattice parameters to decrease and, accordingly, a
reduction in crystallite size in comparison with HA.

The observed reduction in crystallite size in going
from 1200 to 1400°C can be accounted for by the for-
mation of new compounds, which result from a partial
transformation of the starting, low-temperature
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Fig. 8. Microstructures of sintered ceramic materials differing in lithium content: (a) SLi-HA, (b) 10Li-HA, (c) 20Li-HA.

phases into new, high-temperature, more thermody-
namically stable phases. The result is the formation of
a few phases instead of one phase (one crystal), which
leads to a reduction in crystal size.

Characterization of the samples after sintering
(Table 4) showed that the addition of lithium cations
helped to obtain dense ceramics. Note that, in the case
of the 5Li-HA, 10Li-HA, and 20Li-HA materials, an
essentially pore-free state was reached at a tempera-
ture as low as 1100°C (Table 4). The decrease in the
porosity of the ceramics can be accounted for by the
effect of the lithium cations: when embedded in HA,
they form both cation and anion defects in the crystal
lattice [reactions (2)—(4)], which leads to activation of
the solid-state sintering process.

Figure 8 shows microstructures of the materials
sintered at 1100°C. It is worth noting that the grain size
in the ceramics increases with increasing lithium con-
centration: the grain size ranges from 0.4 to 4 um in
the SLi-HA ceramic, from 0.8 to 4 um in the 10Li-HA
ceramic, and from 2 to 5 um in the 20Li-HA ceramic.
In addition, in the structure of the ceramic containing
20 mol % lithium, the grains are more densely packed,
which makes grain boundaries poorly discernible.
Thus, doping with lithium activates not only the sin-
tering process but also grain growth in the HA ceram-
ics during sintering.

Table 4. Open porosity of the ceramic samples

Percent porosity
Tempera-
ture, °C . . . . .
OLi-HA | 1Li-HA | 5Li-HA |10Li-HA|20Li-HA

1000 55.0 53.3 50.7 20.3 8.8
1100 35.5 12.3 >0.1 >0.1 >0.1
1200 15.5 7.8 >0.1 >0.1 >0.1
1400 >0.1 >0.1 >0.1 >0.1 >0.1

CONCLUSIONS

We have synthesized and investigated a wide range
of lithium-substituted powders with the nominal com-
position of HA. The powders have been heat-treated
at 900, 1200, and 1400°C. Lithium cations have been
shown to influence the lattice parameters and crystal-
lite size of the materials. It has been shown that, at
temperatures of 1200 and 1400°C, lithium cations
contribute to a partial conversion of apatite into lith-
ium-substituted TCP phases, whose concentration
increases with increasing lithium concentration. At a
temperature of 1400°C, lithium cations help the apa-
tite structure to retain OH groups at degrees of substi-
tution of 1, 5, and 10 mol %.

It has been shown that, forming interstitial and/or
substitutional solid solutions in HA, depending on the
degree of substitution, lithium ions activate the sinter-
ing process owing to the formation of both cation and
anion vacancies, which makes it possible to obtain
dense HA ceramic materials at a temperature as low as
1100°C. The present results should be taken into
account in designing the technology of lithium-con-
taining HA ceramics with controlled properties for
application in regenerative and reconstructive bone
surgery.
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