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Preparation and characterization of magnesium/
carbonate co-substituted hydroxyapatites

. R.GIBSONY, W.BONFIELD*

IRC in Biomedical Materials, Queen Mary, University of London, Mile End Road,

London E1 4NS, UK

A new synthesis/processing method has been devised to produce magnesium/carbonate co-
substituted hydroxyapatite ceramics that do not decompose to tricalcium phosphate (TCP)
on sintering. Using this method, a series of magnesium/carbonate co-substituted
hydroxyapatite (Mg/CO;-HA) compositions, containing between 0 and 0.35wt % Mg and
approximately 0.9 wt % CO; were prepared. Sintering the Mg/CO;—HA compositions in a
CO,/H,0 atmosphere yields a single crystalline phase that appears to be identical to
stoichiometric HA. In contrast, when the compositions were prepared in the absence of
carbonate and were sintered in air, the phase composition was a biphasic mixture of HA and
TCP e.g. for 0.25wt % Mg substitution the phase composition was approximately 60%HA/
40% TCP. Clearly, both the synthesis route and the processing (i.e. sintering) route are of
importance in the production of a single-phase Mg/CO;-HA ceramic. Fourier transform
infrared (FTIR) spectroscopy has indicated that the Mg/CO;—-HA ceramics still contained
carbonate groups after sintering at 1200°C. Chemical analysis by X-ray fluorescence
spectroscopy (XRF) and C-H-N analysis has shown that the cation/anion molar ratio (i.e.
[Ca+ Mgl/[P + C/2]) of the different compositions were 1.68( + 0.01), which is equivalent to
the Ca/P molar ratio of stoichiometric HA. Although the magnesium/carbonate co-
substitution had a positive effect in preventing phase decomposition during sintering, it
appeared to have a negative effect on the densification of the Mg/CO5;-HA ceramics,

compared to stoichiometric HA.
© 2002 Kluwer Academic Publishers

Introduction

Synthetic hydroxyapatite (HA), Ca,;y(PO,)s(OH),, is
increasingly being used as a bone graft material [1,2]
as an alternative to autograft and allograft bone
replacements. HA is osseoconductive in vivo [3], which
is due largely to the chemical similarity of HA and bone
mineral. The rate of remodeling of HA in vivo is,
however, very slow [4] and consideration of the complex
chemistry of bone mineral, compared to synthetic HA,
may explain this. Although bone mineral is essentially a
calcium phosphate apatite phase, it also contains
significant concentrations of other ions [5,6].
Excluding carbonate ions, the major ‘‘secondary’’ ions
in bone mineral are sodium and magnesium, with
contents typically quoted as being between 0.2 and
1wt %. These ‘‘secondary’’ ions play an important role
in the biological/chemical behavior of bone mineral. This
has been illustrated by Kakei et al. [7], who found that
Mg ions were present in a high concentration (approx.
1 wt %) in the bone mineral of new-born rats and that this
level decreased with time to a level of 0.5 wt % after 1
year. The chemistry of the bone mineral was clearly
related to the formation and growth stages of new bone.

In contrast, the authors observed that the carbonate level
of the bone mineral was very low at birth, but increased
three-fold after only one week. It may be hypothesized
that if a hydroxyapatite material was produced that
contained comparable levels of these ions, then the
behavior of this synthetic material in vivo may be more
similar to bone mineral, compared to stoichiometric HA.
Bigi et al. [8] also reported that immature calcified tissue
was rich in Mg, with increasing calcification corre-
sponding to a decrease in the Mg content.

A number of studies have reported the synthesis of
magnesium-containing hydroxyapatite materials, or
magnesium-substituted hydroxyapatite [9—15]. Some of
these studies involve the characterization of an as-
precipitated material and not a material that has been
heat-treated [9-11]. It has been shown that non-heat-
treated calcium phosphates produced by aqueous
precipitation methods can present a diffraction pattern
of a poorly crystalline apatite for Ca/P molar ratios of
between 1.50 and 1.67 [16,17]. It is only when these
materials are heat-treated to temperatures greater than
750°C that the true phase composition, as predicted by
the chemical composition, is observed. Therefore, to
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determine if magnesium substitution in to the HA lattice
is possible without compromising phase purity, these
materials need to be heat-treated prior to characteriza-
tion. Studies to date on preparing magnesium substituted
hydroxyapatite all observed a similar effect, whereby the
magnesium substitution favors the phase decomposition
of hydroxyapatite on heating producing a bipbasic
mixture of hydroxyapatite and tricalcium phosphate
(TCP) [12-15]. This phase decomposition can be
explained by considering studies on the incorporation
of Mg ions in to the B-tricalcium phosphate (TCP)
structure, where it stabilizes the structure [18,19].
Magnesium substitution stabilizes the B-polymorph of
TCP, so that the transformation to the higher temperature
a-polymorph occurs at higher temperatures with Mg—
TCP than pure TCP [20]. Also, naturally occurring TCP,
whitlockite, contains Mg ions substituted for Ca ions. It
appears that when Mg is substituted into the HA
structure, the more stable phase composition after heat-
treatment is that which contains Mg-TCP and HA [21].

In order to substitute Mg ions in to the HA structure
and to maintain the phase purity on heat treatment, a
different approach is required. Considering other
reactions to substitute ionic species into the HA structure,
it has been well documented that sodium and carbonate
ions can be co-substituted into the HA structure [22-25].
Although magnesium ions have the same charge as
calcium ions, whereas sodium ions have a lower charge,
magnesium ions are much smaller than calcium or
sodium ions. In Na/COj co-substituted hydroxyapatite,
the lower charge of the sodium ion is compensated by the
carbonate ion having a lower charge than the phosphate
group, resulting in overall charge balance. It can be
assumed that in order to substitute a smaller Mg ion for a
larger Ca ion, some additional structural changes may be
needed to prevent destabilization of the structure and
subsequent phase decomposition. The co-substitution of
a second ionic species would be a simple way of
achieving this, as demonstrated for Na/COj; co-sub-
stituted hydroxyapatite. Some studies have co-
substituted magnesium and carbonate ions [10,11] or
magnesium and fluoride ions [26], but the phase stability
of these materials after heat-treatment was not reported.

In the present study, a series of magnesium/carbonate
co-substituted hydroxyapatite (Mg/CO;—HA) composi-
tions, containing 0.1, 0.25 and 0.35wt% Mg and
approximately 1wt % CO; were prepared by a simple
acid-base precipitation reaction. The phase compositions
after heat-treatment/sintering of these Mg/CO;—HA
compositions were compared to similar magnesium
compositions but without the co-substitution of carbo-
nate ions and to a stoichiometric HA.

Materials and methods

Sample preparation

The precipitation method was based on the mixing of a
suspension of Ca(OH), and a solution of H;PO,, as
described by Akao et al. [27]. The magnesium ions were
introduced by adding the appropriate quantity of
magnesium nitrate to the Ca(OH), suspension and
carbonate ions were introduced to the reaction mixture
by bubbling CO, gas in to the H;PO, solution [28]. The

686

amount of H;PO, used remained constant at 0.3 mol for
all compositions. The (Ca + Mg) content was adjusted to
remain at 0.503 mol for all compositions. This meant that
the (Ca+ Mg)/P ratio would be greater (1.68) than the
stoichiometric value for HA of 1.67; this would allow
carbonate groups to be incorporated on to the phosphate
sites to try to retain stoichiometry. Carbonate substitution
was previously demonstrated in apatites with Ca/P molar
ratios greater than 1.67, by a similar process [29]. A
range of Mg/CO;—HA compositions were prepared,
containing 0.1, 0.25 and 0.35 wt % Mg.

The above process was repeated, but without the
addition of CO, gas to the H;PO, solution, producing
only Mg-HA compositions. Additionally, a stoichio-
metric HA was prepared as a reference material by
precipitating 0.5 mol of Ca(OH), and 0.3 mol of H;PO,.

All precipitation reactions were carried out at room
temperature and the pH was maintained at 10.5 by the
addition of ammonium hydroxide solution. After
complete mixing of the reactants, the suspension was
aged overnight. The resulting precipitate was filtered,
dried at 80°C overnight and then ground, milled and
sieved to a fine powder (< 75um), as described
elsewhere [30].

Characterization techniques

Small amounts of the processed powders (1g) were
pressed into powder compacts using a uniaxial press and
a steel die, with an applied pressure of 200 MPa. The
powder compacts and portions of the powders (1 g) were
sintered in a tube furnace (Carbolite, UK) at 1200 °C for
2h, with a heating rate of 2.5°/min. For the Mg/CO;-HA
compositions, a sintering atmosphere of CO,, passed
through water, was used.

The calcium, phosphorus and magnesium contents of
the different as-precipitated compositions were deter-
mined by X-ray fluorescence (XRF) spectroscopy using a
Philips PW1606 spectrometer (Ceram Research, UK).
The results were quoted as weight percent of the oxides.
The carbonate contents of the heat-treated powders were
measured by C-H-N analysis (Medac Ltd., UK); the
lower limit of detection was less than 0.01 wt % carbon.
The phase composition of the heat-treated powders and
powder compacts were determined using X-ray diffrac-
tion (XRD). A Siemens D5000 diffractometer with Cu
K, radiation was used; the X-ray generator operated at
40kV and 40 mA. A secondary monochromator was used
on the diffracted beam side with a scintillation counter
detector. Data were collected over the 20 range 5-110°
with a step size of 0.02° and a count time of 12s.
Identification of phases was achieved by comparing the
diffraction patterns of HA and Mg/CO;-HA with ICDD
(JCPDS) standards [31].

Determination of the structural parameters of HA and
Mg/CO;—HA was made by Rietveld refinement of the X-
ray diffraction data collected for heat-treated powders.
The refinement software GSAS [32] was used and the
refinements were based on the structural data for HA of
Kay et al. [33], using the space group P6;/m. The
following parameters were refined: background para-
meters, scale factor, zero point, lattice parameters,



atomic positions, temperature factors and the OH site
occupancy.

Fourier transform infrared (FTIR) spectra were
obtained using a Nicolet 800 spectrometer in conjunction
with a MTech PAS cell. Spectra were obtained between
4000 and 400 cm ~! at 2cm ! resolution averaging 128
scans. The sample chamber of the PAS cell was purged
with helium gas and dried by employing magnesium
perchlorate as a drying agent.

The effect of magnesium/carbonate substitution on the
densification of HA was assessed by sintering powder
compacts of stoichiometric HA and Mg/CO;-HA at
temperatures between 900°C and 1250°C. Sintered
densities were obtained from the measurement of
geometric dimensions and sample mass. For each
sintering condition three compacts were sintered and
the average value of sintered density was determined. All
densities were quoted as a percentage of the theoretical
density of HA, 3.156 gcm ~3 [31]. The microstructures of
the sintered disks were examined by scanning electron
microscopy (SEM) using a JEOL 6300 SEM; specimens
were polished to a 10 um finish and etched with 5%
H;PO,.

Results

The results of the chemical analysis of the Mg/CO;-HA
and stoichiometric HA compositions are presented in
Table 1. The (Ca+ Mg)/P molar ratios of all the
Mg/CO;—HA compositions are greater than the design
composition of 1.68 and are also greater than that of
stoichiometric HA. This higher value implied that there
was less phosphate incorporated in the final reaction
product that the reactant composition suggested. There
was good agreement between the expected and the
measured level of magnesium for all compositions. The
carbonate content of the heat-treated samples (1000 °C),
as measured by C—H-N analysis, was relatively constant
for the three Mg/CO;—HA compositions, with a level of
09 + 0.1wt%. The heat-treated stoichiometric HA
contained no carbonate, as did the heat-treated Mg—HA
compositions, within the detection limits of the instru-
ment.

The overall [Ca site]/[P site] molar ratio could be
calculated by including the carbonate contents of the
samples in to the XRF results. Two different models
could be presumed, where either all of the carbonate
groups were located on the phosphate site [Ca + Mg]/
[P 4 C], or were divided equally between the phosphate
site and the hydroxyl site [Ca + Mg]/[P + C/2]. For the
former model, a ratio of approximately 1.65 was
observed for all Mg/CO;—HA compositions, whereas
the latter model gave a ratio of approximately 1.68,
Table 1.

0.35 wt % Mg/CO,-HA

0.25 wt % Mg/CO -HA

0.1 wt % Mg/CO,-HA

Intensity (arbitrary units)
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Figure 1 X-ray diffraction (XRD) patterns of as-precipitated mag-
nesium/carbonate  co-substituted hydroxyapatite (Mg/CO;—HA).
Increasing the level of substitution results in a small increase in the
width of the diffraction peaks, corresponding to a reduction in
crystallite size.

X-ray diffraction patterns of the as-precipitated, non-
heat-treated HA and Mg/CO;—HA samples are shown in
Fig. 1. Increasing the level of Mg substitution produced
broader diffraction peaks, corresponding to a decrease in
the crystallite size. No secondary phases were observed
in any of the diffraction patterns.

0.35 wt % MngOs-HA

Intensity (arb. units)

2 Theta (degrees)

Figure 2 X-ray diffraction (XRD) patterns showing the effect of (a)
0.35 wt % magnesium/carbonate (Mg/CO;—-HA) co-substitution and (b)
carbonate-free 0.35wt% magnesium (Mg-HA) substitution on the
phase composition of hydroxyapatite at 1200°C (CO,/H,0 atmo-
sphere). e corresponds to HA; o corresponds to 3-TCP.

TABLE I The results of XRF and CHN analysis of Mg/CO;-HA and HA samples

Sample ID [Ca + Mg]/P wt % Mg (XRF) wt% CO, (1200°C) [Ca+Mg]/[P +C] [Ca+ Mgl/[P +C/2]
Stoichiometric HA 1.68 <0.01 <001 1.68 1.68
0.1 wt % Mg/CO,~HA 1.70 0.10 0.9 1.65 1.67
0.25 wt % Mg/CO,—HA 1.70 0.24 1.0 1.65 1.68
0.35 wt % Mg/CO,~HA 1.70 0.33 0.8 1.66 1.68
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0.25 wt % Mg/CO_-HA

'_ e
(R SN
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Figure 3 X-ray diffraction (XRD) patterns showing the effect of (a)
0.25 wt % magnesium/carbonate (Mg/CO5;—HA) co-substitution and (b)
carbonate-free 0.25wt% magnesium (Mg-HA) substitution on the
phase composition of hydroxyapatite at 1200°C (CO,/H,0O atmo-
sphere). e corresponds to HA; o corresponds to 3-TCP.

The phase compositions of the heat-treated 0.35 wt %
Mg/CO;-HA sample (1200 °C) is presented in Fig. 2 and
is compared with a 0.35wt% Mg-HA sample which
does not contain any carbonate groups. The inclusion of
carbonate groups helped to retain the phase purity of the
Mg/CO;-HA (i.e. 100% HA-like phase), with only
diffraction peaks corresponding to hydroxyapatite pre-
sent. In contrast, the absence of carbonate in Mg—HA in
what is otherwise the same composition results in
significant phase decomposition, with a biphasic content
of approximately 45% HA-like phase and 55% B-TCP.
This effect is observed for all the Mg/CO;-HA and Mg
HA compositions, with phase pure HA-like compositions
obtained for all samples that have carbonate groups
included, but phase decomposition to HA + B-TCP
mixtures for Mg-HA samples that do not contain
carbonate groups. The only difference that is observed
is that less B-TCP is obtained for lower Mg contents of
Mg-HA compositions, for example, Fig. 3 compares
0.25 wt % Mg/CO,;—HA and Mg-HA compositions, with
the latter containing approximately 60% HA-like phase
and 40% B-TCP.

The effect of magnesium/carbonate substitution on the
unit cell parameters of hydroxyapatite is to cause a
significant increase in the g-axis and no change in the
c-axis, when compared to stoichiometric HA, Table II.
Although the g-axis of the Mg/CO;—HA samples

TABLE II The unit cell parameters ( & 0.0001) of Mg/CO;—HA
and HA samples sintered at 1200 °C

Sample ID a-axis (nm) c-axis (nm)
Stoichiometric HA 0.9417 0.6878
0.1 wt % Mg/CO;-HA 0.9429 0.6879
0.25 wt % Mg/CO;-HA 0.9427 0.6878
0.35 wt % Mg/CO;-HA 0.9428 0.6878
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Figure 4 Fourier transform infrared (FTIR) spectra of heat-treated
magnesium/carbonate  co-substituted  hydroxyapatite  (0.35wt %
Mg/CO;-HA) showing the bands corresponding to (a) the v; and (b)
the v, modes of the carbonate groups.

increased by approximately 0.1% compared to HA,
there appeared to be no direct effect of the changing Mg
content on the unit cell parameters.

FTIR spectra of heat-treated (1200°C) samples of
0.35wt% Mg/CO;—HA showing the bands corre-
sponding to the v; and v, modes are presented in Fig.
4(a) and (b), respectively. The positions of distinct
phosphate, carbonate and hydroxide bands of these
samples and of 0.25wt% Mg/CO;—HA are listed in
Table III. The HA sample produces the characteristic
phosphate and hydroxyl bands corresponding to syn-
thetic hydroxyapatite [34], and no bands corresponding
to carbonate groups were present. In addition to these
phosphate and hydroxyl bands, the Mg/CO;—-HA samples
also produced bands at approximately 1571, 1550, 1505,
1457, 1446 and 1409 cm ~! for the v; mode and at 880
and 873cm ™! for the v, mode. The ratio of the
intensities of the two v, bands at 880 and 873cm ™!,
which relates the amount of A-type to B-type carbonate
substitution, was 2.146. The relative intensity of the
hydroxyl stretching band of 0.35 wt % Mg/CO;-HA at
3571 cm~! was less than that of the hydroxyl band of
stoichiometric HA.

The densities of HA and Mg/CO;—HA ceramics
sintered at temperatures between 900 and 1250°C are
presented in Fig. 5. For low sintering temperatures, 900—
950°C, the densities of HA and 0.25 and 0.35wt %
Mg/CO;-HA samples were comparable. As the sintering



TABLE III Results of FTIR analysis of heat-treated (1200 °C) Mg/CO;—HA and HA samples; all values
correspond to the wavenumbers (cm ~!) of the different hydroxyl, carbonate and phosphate bands

OH o, PO, PO, CO, OH PO, PO,
V3 V2 V2
1086,
HA 3571 — 1065 962 — 632 600, 473
1023 570
1571, 1550 1081
0.25wt % 3571 1505, 1457 1051 962 880 631 599, 474
Mg/CO;-HA 1446, 1409 1022 873 567
1570, 1550 1086
0.35wt % 3570 1505, 1457 1050 962 880, 635 600, 473
Mg/CO;-HA 1446, 1409 1039 873 571
temperature was increased above 950°C the densifica-  Discussion

tion of HA appeared to be affected by magnesium/
carbonate substitution, with lower densities being
obtained for the Mg/CO; samples for any given sintering
temperature. This was most noticeable at approximately
1050°C where the difference in density of HA and
0.35 wt % Mg/CO;—HA approached 10% of the theore-
tical density. As the sintering temperature approached
1250 °C the densities approached similar values, with
only 1-2% differences between the HA and Mg/CO;-
HA samples.

The microstructures of the HA and 0.25 wt % Mg/CO;—
HA sample sintered at 1000 and 1200 °C are shown in Figs
6(a), (b) and 7(a), (b), respectively. At 1000°C, the
Mg/CO;-HA sample exhibited an early stage of sintering,
with only small regions of densification of particles. The
HA sample showed a greater degree of sintering of
particles, with a number of dense regions being visible;
the HA particles also appeared to be larger than the
Mg/CO;—HA particles. Sintering at 1200 °C produced a
bimodal distribution of grains for both samples, although
the Mg/CO;—HA sample produced an overall smaller
grain size than the HA sample. There appeared to be more
porosity present in the Mg/CO;—HA sample, which
correlates with the sintered densities displayed in Fig. 5.
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Figure 5 Change in the sintered densities (expressed as a percentage of
the theoretical density of HA) of Mg/CO;—HA and HA for sintering
temperatures between 900 and 1250 °C.

The synthesis route used was successful in retaining the
desired amount of magnesium in the final product (Table
D). The method of introducing carbonate into the reaction
mixture ensured that there was an excess of these groups
available for substitution. XRF analysis of the final
products showed that there was less phosphate groups
present, as indicated by the higher than expected

(b)

Figure 6 Scanning electron microscopy images of (a) HA and (b)
0.25 wt % Mg/CO;-HA sintered at 1000 °C, respectively.
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(b)

Figure 7 Scanning electron microscopy images of (a) HA and (b)
0.25 wt % Mg/CO;—-HA sintered at 1200 °C, respectively.

[Ca+ Mg]/P ratio, than the initial reactant composition
would have suggested. This implied that during
synthesis, carbonate groups were incorporated into the
phosphate site of the forming apatite composition. On
sintering, all Mg/CO;—HA compositions contained
approximately 0.9 + 0.1 wt% CO; which affected the
overall molar ratio of (Ca position)/(P position), and this
ratio depended on the relative distribution of the
carbonate groups over the phosphate (B-type substitu-
tion) and hydroxyl (A-type substitution) groups. The
relative distribution will depend on the substitution
mechanism that allows the co-substitution of Mg and
CO; ions. The co-substitution of Na and CO; ions can be
considered as a more straightforward mechanism, as the
addition of equal amounts of the two groups ensures that
charge balance in the final product is maintained [22, 25].
Magnesium ions, however, have the same charge as
calcium ions, so the role of the co-substitution of CO;
ions is not preserving charge balance. For this reason, the
carbonate (CO%‘) groups that are incorporated in the
Mg/CO;—-HA compositions can not be situated exclu-
sively on the phosphate (PO3 ~) positions, as this would
result in incomplete balance of charge. Considering the
chemical analysis results alone, Table I, also suggested
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that substitution of carbonate exclusively on the
phosphate position was not feasible as this resulted in a
[Ca + Mg]/[P + C] molar ratio of approximately 1.65 for
all Mg/CO;—HA compositions, which is lower than the
stoichiometric HA. This low (cation)/(anion) molar ratio
would result in phase decomposition to HA 4-TCP during
heat-treatment, as would be observed for a Ca-deficient
apatite with a Ca/P molar ratio of 1.65; this was not
observed by XRD (Figs. 2 and 3). Recalculating the
molar ratio by assuming that the carbonate groups are
distributed equally over the phosphate and hydroxyl
positions produces a [Ca-+ Mg]/[P+ C/2] ratio of
approximately 1.68 for all three Mg/CO;—HA composi-
tions, which is equivalent to the value obtained for the
phase-pure stoichiometric HA produced in this study as a
reference (Table I). Splitting the carbonate group over
two sites (mixed AB-type) also allows charge balance to
be maintained, as shown in mechanism (1).

[Caj_ Mg, J[(PO, ) (COy),]I(OH), (CO3),] (1)

There does not initially appear to be a direct relationship
between the amount of magnesium (y) and the amount of
carbonate (x) that is incorporated, but as the two are not
mutually required to maintain charge balance, the
amount of carbonate incorporated is associated to the
[Ca+ Mg]/P molar ratio of the initial reaction mixture.
For all three Mg/CO;—HA compositions, this value was
designed to be maintained at a constant value of
approximately 1.68, and XRF analysis showed that the
actual value remained constant at 1.70, and this may
explain why a relatively constant value of carbonate ions
was incorporated in all three compositions. As the ratio
[Ca + Mg]/P was determined to be 1.70, the value of x in
mechanism (1) can be determined, and x=0.118. This
corresponds to a value of approximately 1.4wt%
carbonate, which is of a comparable order to the
measured values in Table I. Chemical analysis of Mg-
substituted apatites produced by other methods showed
the values of [Ca 4+ Mg]/P molar ratio were less than the
stoichiometric value of 1.67 for HA [11,13,15], e.g.
Yasukawa reported values ranging from 1.25-1.62 [13].

It should be noted that substitution of the carbonate
groups exclusively on the hydroxyl position would, as for
exclusive substitution on the phosphate group, result in
charge imbalance and also would produce a very high
molar ratio of approximately 1.70 (Table I).

Analysis of the as-precipitated, non-heat treated
Mg/CO;—-HA compositions by X-ray diffraction revealed
that Mg substitution had a small effect on the crystal-
linity of the HA. This was also observed by numerous
other studies on non-heat treated Mg-substituted hydro-
xyapatite/apatite [9-15], although the effects were
greater in these studies due to the much higher levels
of Mg substitution investigated. It has been established
that Mg ions can inhibit the crystallization and growth of
hydroxyapatite [15, 35]. The X-ray diffraction analysis of
the Mg/CO;-HA compositions in the present study
suggested that the Mg substitution affected the growth of
the HA crystals, which was observed as broader
diffraction peaks.

The most interesting result obtained in this study was
the difference in the phase compositions of the



Mg/CO;-HA materials compared to Mg—-HA materials,
which were prepared without carbonate ions being added
during synthesis and were sintered in air. The only
difference in the two materials was the incorporation of
carbonate groups in to the structure of the former
material. This actually resulted in the Mg—HA materials
having a higher [Ca position]/[P position] molar ratio
than the Mg/CO;—HA materials, but the carbonate-free
materials decomposed during sintering. The level of
phase decomposition was, however, much greater than
would be expected, with a biphasic mixture of
approximately 50% HA/50% B-TCP, Figs. 2 and 3; for
a non-substituted calcium phosphate material, this
phase composition would correspond to a Ca/P molar
ratio of approximately 1.58 [36]. The Mg/CO;-—HA
compositions, however, produced diffraction peaks
corresponding only to the ICDD (JCPDS) standard for
HA [31]. The incorporation of carbonate ions in to the
HA structure are obviously essential to retain the phase
purity of HA when Mg ions are substituted for Ca ions.
Bigi et al. [15] showed that Mg substitution resulted in
phase decomposition of HA when heated to 500 °C or
greater, resulting in a biphasic mixture of HA and
magnesium stabilized B-tricalcium phosphate. Similar
phase decomposition was observed for Mg/CO;-sub-
stituted HA by LeGeros et al. [9] heated at 800 °C and by
Mayer et al. [14] heated above 700°C, and for a Mg-
substituted HA by Yasukawa et al. [13] heated above
800°C. All of these reported thermal treatments were,
however, carried out in an air atmosphere, whereas the
Mg/CO;—HA compositions in the present study were
heat-treated/sintered in a CO, atmosphere.
Measurement of the lattice parameters of heat-treated
samples in the present study showed that magnesium and
carbonate co-substitution resulted in a uniform increase
in the a-axis (from 0.9417nm for HA to 0.9427-
0.9429 nm for Mg/CO;-HA) but no change in the c-
axis (0.6787 nm), compared to stoichiometric HA. The
fact that the unit cell parameters did not change for the
different levels of magnesium substitution suggested that
the incorporation of the Mg ions did not control the
change. This implies that the change was due to
carbonate substitution, especially as the same increase
in the g-axis was observed for all Mg/CO;-HA
compositions. Some studies have reported the unit cell
parameters of Mg-substituted HA, although these were
determined on materials that had not been heat-treated
[11,13-15]. Mayer et al. [14] calculated unit cell
parameters for as-prepared Mg-substituted apatite and
Mg/CO;-substituted apatites. For the Mg-only substi-
tuted HA samples, they observed a small decrease in both
a and ¢ parameters as the level of Mg substitution was
increased. A similar decrease in both a and ¢ parameters
was observed for the Mg/CO;-substituted apatites, with
the changes appearing to be caused by the increasing Mg
content and not the presence of COj;. Bigi et al. [15]
showed that the g-axis did not change significantly but
the c-axis showed a large decrease with increasing Mg
substitution. Yasukawa et al. [13] observed a linear
decrease in both a- and c-axis of as-prepared Mg-
substituted apatite with increasing Mg substitution. It is
difficult to compare the results obtained from heat-
treated samples in the present study with these literature

values for non-heat-treated samples. Another significant
difference between literature values and those obtained
here are the levels of magnesium substitution used. In the
present study, the maximum Mg substitution is
0.35 wt %, which corresponds to a molar ratio of Mg/
(Mg + Ca) of 0.015, whereas studies such as Yasukawa
et al. [13] prepared compositions that had Mg/(Mg + Ca)
ratios of up to 0.55. These results show clearly that high
levels of Mg substitution/incorporation are only possible
in as-precipitated, non-heat-treated materials and that
when these materials are heat-treated they exhibit
extensive phase decomposition. To maintain phase
stability of Mg-substituted HA on heating, the levels of
Mg substitution must be low, carbonate ions need to be
co-substituted in the HA structure, and they need to be
sintered in a CO, environment.

Studies on the co-substitution of sodium and carbonate
ions have shown that the unit cell parameters of as-
precipitated carbonate substituted HA changes as the
level of carbonate substitution changes; LeGeros [37]
and Barralet [38] have shown that the a-axes decreases
and the c-axis increases with increasing carbonate
substitution on the phosphate site. Studies have also
shown that the reverse occurs when carbonate is
substituted for hydroxyl groups (A-type), with an
increase in a-axes and a decrease in c-axis.

Fourier transform infrared (FTIR) spectroscopy is a
useful method to investigate the presence and position of
carbonate groups in hydroxyapatite [39]. The Mg/CO,
co-substitution did not appear to affect significantly the
positions of the phosphate and hydroxyl bands in the
FTIR spectra of HA, Table III. For the Mg/CO;-HA
compositions, carbonate bands were observed for v;
mode at approximately 1571, 1550, 1505, 1457, 1446
and 1409cm~! and for the vy mode at 880 and
873cm~!. There are contradicting reports in the
literature relating the positions of these carbonate
bands and the position of the carbonate group in the
HA structure, i.e. A-type or B-type [24, 34,38, 39]. This
can lead to difficulties in quantifying the carbonate
substitution, but some agreement can be made with the
results obtained by LeGeros [39] for A- and B-type
carbonate substituted hydroxyapatites. This study
showed that A-type substitution produced bands at
1550, 1525, 1460 and 877cm~! whereas B-type
substitution produced bands at 1540, 1450, 1410 and
870cm ~ !. There appears to be some correlation between
the results obtained for the Mg/CO;—HA compositions in
the present study and the results of LeGeros for both A-
and B-type substitution, which would support the
proposed mechanism described earlier. Comparing the
v3 bands of 0.35 wt % Mg/CO;—HA with those of an AB-
type carbonate substituted HA with approximately equal
amounts of A:B type substitution [29] shows a
significant increase in the relative intensity of the band
at 1550cm~! and a large decrease in the relative
intensity of the band at 1409cm~! for the
Mg/CO;—HA material. Using the data of LeGeros, this
would correspond to a greater proportion of A-type
carbonate substitution in the Mg/CO;—HA. This was also
evident by the higher than unity ratio of the intensities of
the two bands corresponding to the v, vibration from the
carbonate group at 880 and 873cm—!. Although the
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FTIR data presented in Fig. 4 implies that there is a
greater relative amount of A-type carbonate substitution
than is described earlier in Mechanism (1) and Table I, it
should be noted that C—H-N analysis was carried out on
samples sintered at 1000 °C, whereas the FTIR data was
obtained from samples sintered at 1200 °C. Sintering at a
higher temperature in a CO, atmosphere will increase the
possibility of further substitution of some of the hydroxyl
groups for carbonate groups, which in turn would not
affect the [Ca site]/[P site] ratio.

Although the FTIR data shows clearly that the
Mg/CO;—-HA compositions contain both A- and B-type
carbonate substitution, it is surprising that there was no
band identified at approximately 755cm ~!, which has
been associated with A-type carbonate substitution [40].
A similar decrease in the intensities of the hydroxyl
bands at 3572 and 630cm~! with increasing Mg
substitution was observed by Bigi et al. [15] and
Yasukawa et al. [13] for non-heat-treated Mg-substituted
apatite. It should be noted that MgCOj;, a possible phase
impurity in this system, produces two strong bands at
1481 and 1419 cm~!, which were not observed for the
materials in this study.

Although magnesium/carbonate co-substitution does
not appear to affect the phase composition of heat-
treated/sintered hydroxyapatite, there have been clear
changes in the chemistry of the material as a result of
these substitutions. Other ionic substitutions in hydroxy-
apatite, such as sodium/carbonate [38], ammonium/
carbonate [41], silicon [42] and fluoride [43], have all
been shown to affect the densification of hydroxy-
apatite. The results presented in Fig. 5 comparing the
densification of the Mg/CO;-HA compositions with
stoichiometric HA showed that the co-substitution had
the small negative effect of retarding the densification,
relative to HA, at intermediate temperatures (950°—
1150°C). For sintering temperatures higher than 1150 °C
the sintered densities became more comparable. This
negative effect was slightly surprising considering
reported densification data obtained for sodium/carbon-
ate co-substituted HA [38, 41, 44, 45], which showed that
the temperature required to achieve near-theoretical
densities for these materials was up to 200 °C less than
for HA. It should be noted, however, that the sodium and
carbonate levels in these materials were much higher
than the magnesium and carbonate levels reported here.
The low carbonate content, 0.9 wt%, is particularly
different, as the sodium/carbonate co-substituted HA
materials had typical carbonate contents between 5 and
15wt %.

The differences in densification behavior observed for
HA and Mg/CO;-HA samples was also reflected in the
microstructures of sintered specimens. Although sintered
specimens of Mg/CO;—HA produced higher levels of
porosity than stoichiometric HA, a smaller grain size was
obtained for Mg/CO,—HA than for HA for any given
sintering temperature. Correia et al. [11] studied the
effect of two different levels of magnesium substitution
on the densification of HA. Although they also observed
that Mg substitution inhibited the densification compared
to stoichiometric HA, their materials decomposed
extensively to B-TCP/HA on sintering. The authors
attributed this difference in densification to the formation
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of the secondary phase during sintering. The same
explanation can not be used to describe the results
observed in the present study, as no phase decomposition
was observed on sintering.

Conclusions

Using an alternative reaction route, a magnesium-
containing hydroxyapatite has been prepared that retains
phase purity during heat treatment up to 1250 °C. It has
been demonstrated that this has been possible by the co-
substitution of magnesium (up to 0.35wt%) and
carbonate ions (0.9 wt %) in to the hydroxyapatite lattice.
Materials that were prepared with exactly the same
(Ca+ Mg)/P ratios, but in the absence of carbonate ions,
decomposed extensively on heating to produce biphasic
mixtures of approximately equal amounts of B-TCP and
HA. For the co-substituted Mg/CO;—HA compositions,
results of chemical analysis favored the carbonate ions
being located on both the phosphate and the hydroxyl
groups. In contrast to hydroxyapatites that have been co-
substituted with sodium and carbonate, there was no
beneficial effect of Mg/CO; co-substitution on the
densification of HA. As a result of being able to produce
Mg/CO;—-HA ceramics that do not decompose on
heating, it will now be possible to study how these
biologically relevant ions affect the biological response
of hydroxyapatite, without additional complicating
factors such as the presence of large amounts of
secondary calcium phosphate phases.
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