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ABSTRACT

The beta to alpha transition in tricalcium phosphate (TCP) bioceramics containing different
amount of magnesium was studied in the present work. Mg-doped TCP powder was obtained by
solid-state reaction starting from pure calcium carbonate, ammonium phosphate dibasic and
magnesium oxide powders. The f to « transformation temperature was identified by dilatometric
and thermo-differential analyses. Small pellets produced by uniaxial pressing samples were
employed to study the influence of Mg?* on the transition kinetic, after sintering at 1550°C and
subsequent slow or fast cooling down to room temperature. The evolution of - and a-TCP
crystalline phases during each thermal treatment was determined by X-ray powder diffraction
analysis combined with Rietveld method-based software An annealing treatment, suitable to
reconvert metastable o phase to the more clinically suitable (3 phase, was also investigated.
It is shown that the presence of magnesium within the TCP lattice strongly influences the kinetic
of the B 2 a phase transition, promoting the spontaneous o - [} reconversion even upon fast
cooling, or slowing down the [} - « transition during heating. Similarly, it allows the a-f3

transformation in TCP sintered components by optimized annealing treatment at 850°C.
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INTRODUCTION

Calcium phosphate-based ceramics and, above all, hydroxyapatite Caio(PO4)s(OH)2 (HA)
and tricalcium phosphate Caz(PO4)2 (TCP), are currently employed in several biomedical
applications as injectable bone cements [2], osteoconductive coatings on metal prosthesis [3] or
bulk components [4] for bone repair [1-5]. Their excellent biocompatibility and osteointegrative
properties are due to the chemical affinity related with the mineralized phase of human bone tissue,
which consists mainly of nano-sized crystallites of calcium deficient HA [6, 7] [5], partially
enriched by a large variety of substitutional ions such as COs*, Mg?*, Sr?*, F-, CI' or HPO4* [8]
fel.

TCP ceramic exists in three different allotropic polymorphs: B-TCP stable at low-
temperature (<~1150°C), a-TCP occurring at high-temperature (~1150-1460°C) and o/-TCP stable
at even higher temperature (>~1460°C) [9, 10] [Z]. B-TCP possesses a rhombohedral crystal
structure (space group R3c, Z=21), related to whitlockite (CaisMg>H2(PO4)14) [11] [8], while a-
TCP is monoclinic (space group P2i/a, Z=24), related to glaserite (K3Na(SO4)2) [12] [9]. There is
not a technological interest for o’-TCP polymorph because of its spontaneous and complete
reconversion into o-TCP upon cooling. Conversely, both 3-TCP and a-TCP have been widely
studied for low temperature applications, a-TCP phase being often retained at room temperature
in a metastable state [13]. This irreversibility makes the p to a phase transition at ~1150°C the
main technological issue encountered during the consolidation/densification of TCP components,
especially in high temperature process such as plasma spray coating [14] [10].

The structural difference between the two fundamental considered polymorphs accounts
for a different biological response. In particular, a-TCP shows solubility at 25°C [2, 15] 2] larger
(2.5 mg/L) than B-TCP (0.5 mg/L) and, therefore, it is considered unsuitable for surgical implants,
whereas it is usually employed as component for bone cements. There is a great interest and several
works have been carried out in the last decades in order to obtain fully dense monophasic B-TCP
components for prosthetic applications or 3-/a-TCP biphasic mixture with tailored bioactivity [16]
H2].

B to a phase transition affects the sintering behaviour and the final mechanical properties
of TCP components. Due to the cell volume increase, the transition is associated with a volumetric
expansion (~7%) [17] [13], which reduces the shrinkage and prevents TCP from further
densification [18] F41.



B to a phase transition in pure TCP was studied by Monma et al. [19] [15] in the ‘80s. It
was shown that the transformation follows a first-order kinetic and has a reconstructive character,
involving an overall reorganization of the crystal structure with an apparent activation energy of
250 kcal/mol. The reverse transformation o to § was shown to be kinetically inhibited upon cooling
and o-TCP remained metastable at room temperature, also during moderate cooling at 10°C/min.
On the other hand, other authors [20, 21] [16] have found B-TCP phase after quenching a-TCP
from high temperature, it being attributed to partial reconversion upon cooling but making the
transition mechanism less clear than expected. In a recent review [22] [17], Carrodeguas et al.
clarified the reconstructive nature and the irreversibility of the  to a transformation, establishing
that the presence of reconverted -TCP after cooling may indicate that (a) the equilibrium was not
reached in the o region upon heating, (b) B-stabilizing impurities increased the transformation
temperature more than expected or (c) very slow cooling rate (<10°C/min) was employed.

Monma et al. [19] [15] also studied the o to  reconversion kinetic during an isothermal
annealing process carried out on pure a-TCP powders. A maximum transformation rate
temperature of ~870°C was found, this allowing the complete reconversion in 2 h. It was also
shown that o to 3 transformation can be promoted by the introduction of strains into the starting
a-TCP sample by grinding.

In order to postpone the 3 to « transition upon heating, thus increasing the (3 phase stability
field and the TCP sinterability, the influence of Ca-substitutional ions like K*, Na*, Mg?* and Zn**
has been reported in previous works [22-29] [18-21]. Mg-doped TCP exhibits the most valuable
results in terms of stabilization [30] [22]. Ando [31] [23] and Enderle ez al. [32] [24] proposed a
phase diagram for the Mg3(PO4)2-Caz(PO4)2 system, where the maximum solubility of magnesium
within TCP is equal to 14 mol% (Mg?* substituted Ca**) and at 9.1 mol% Mg concentration, {3 to
a transition temperature occurs a temperature as high as ~1600°C. Recently, the Mg-TCP phase
diagram has been revised proving the existence of the (a'+a) and (a+f) biphasic regions [33] [25].

As previously pointed out, magnesium is naturally present in calcified living hard tissues.
Ryu et al. [34] [27] successfully tested in vivo biphasic components made by MgO-doped HA/j-
TCP with ~9.5 mol% Mg?*, showing good biodegradability without any cytotoxicity or
inflammations. The presence of Mg in TCP has been shown to improve also biocompatibility [35-
371 {28-304.

Considering the importance and the potential applications of -TCP bioceramics, with the
aim to clarify the phase evolution better in the presence of Mg, the 3 to « transformation in the

systems Mg-TCP was deeply investigated in the present work as specifically regards dopant
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concentration and post-transformation cooling rate; the effect of a secondary heat treatment

(annealing) suitable to induce a to 3 reconversion is also analysed.

EXPERIMENTAL PROCEDURE

Magnesium doped-TCP powders were synthesized by solid-state reaction starting from
calcium carbonate (CaCOs, >99.95 wt%, Sigma-Aldrich), ammonium phosphate dibasic
((NH4)2HPOy4, >99.0 wt%, Fluka) and magnesium oxide (MgO, 98.8 wt%, Farve). The raw
materials were weighed in different amounts in order to maintain the TCP stoichiometric ratio
(Ca+Mg)/P of 1.50 and determine a magnesium content Mg/(Ca+Mg) equal to 0, 1.0, 2.0, 4.6, 9.1
mol%. Corresponding samples were respectively labelled as TCP, 1.0Mg, 2.0Mg, 4.6Mg and
9.1Mg (AS series). Raw materials in form of powders were mixed in ethanol and homogenized by
using ZrO; balls; then they were dried and calcined at 1000°C for 30 h. The expected occurring

reaction, according to previous works [38, 39] [30,31], is:

(3-x)CaCOs + 2(NH4);HPO, + x MgO — CazMgy(POs)z + (3-x)CO, + 3H,0 + 4NH; (1)

where the Mg-TCP compounds correspond to the formula CazxMgx(POs). and the amount of Mg?*
substituting Ca?* can be expressed as Mg/(Ca+Mg)*100 = x/0.03. As previously pointed out, an
Mg?* content equal to 9.1 mol% theoretically leads to the maximum structural stability of B-TCP
phase due to the saturation of Ca(5) sites by Mg?* ions within the TCP lattice [24].

Considering the strong influence of Ca-substitutional ions on the TCP system, the purity
and chemical composition of the synthesized powders were checked by inductivity coupled plasma
- optical emission spectroscopy (ICP-EOS, Spectro Ciros Vision CCD, 125-770 nm) using a
hydroxyapatite ultrapure standard (>99.995% trace metal basis, Sigma-Aldrich) and a multi-
element standard (Merck KGaA, type IV). Standard and samples were dissolved in ultrapure nitric
acid (70 vol%) and diluted in pure water produced by reverse osmosis (conductivity <0.1 pS/cm).

B to o transformation temperature was identified by Differential Thermal Analysis - DTA
(Netzsch Gerdtebau STA409 / DAS 414). The experiments were carried out in static airat 2 / 5/
10°C/min up to 1550°C.

A portion of the synthesized Mg-TCP powder was shaped into circular green pellets
(thickness ~3 mm, diameter ~13 mm) by uniaxial pressing in steel mould at ~350 MPa.
Dilatometric analysis was carry out at 20°C/min up to 1550°C in a horizontal-loading dilatometer

(Lineis L75 Platinum Series) with Al,O3 ram and boat. In addition, sintering treatment at 1550°C
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(10°C/min, 2 h dwelling) were performed, followed by two different cooling process, (i) controlled
cooling down to room temperature at 2°C/min (C series) and (ii) air-quenching down to room
temperature (Q series).

In order to analyse the possibility to reconvert the metastable a-TCP phase retained after
cooling, annealing processes were carried out under continuous heating condition (2°C/min)
within the dilatometer on the previously quenched also pellets (QA series). Some synthesized pure
TCP powder (with no Mg doping) was heated at 1300°C for 5 h, air-quenched at room temperature
and then isothermally treated at 850°C for 20, 40 and 120 min following the same conditions used
by Monma ez a/. [19] [15].

The crystalline phase composition was determined by X-ray powder diffraction (XRD)
using a Debye-Scherrer diffractometer (Italstrutture CPS) working with Cu K radiation (8.08 keV)
at 40 kV and 30 mA; the measurement was carried out in the 20 range of 10-80°, with step of 0.03°
and 10 min of acquisition time. The detection limit of the instrument under these conditions can
be fixed at 0.5 w% for the considered crystalline phases. The acquired spectra were analysed by
the Rietveld method-based software (MAUD 2.55) to quantify the o/ phase relative amount, using
#29-0359 a-TCP and #09-0169 B-TCP phase PFD cards as structural models.

RESULTS

Synthesized powders

The ICP-OES analysis confirmed the high purity level of the synthesized Mg-TCP
powders, the impurities (substantially, Na, K, Fe, Mn and Sr, only) being always lower than 50
ppm. The Mg/(Ca+Mg) molar ratio ratios, i.e. Mg?* substituted Ca?* amount (Tab. 1), show little
differences with respect the nominal ones, probably due to the high MgO hygroscopy or weighing

errors. Similarly, (Ca+Mg)/P atomic ratios are slightly larger than the stoichiometric 1.5 value.

Sample Mg nominal, mol% Mpg/(Ca+Mg), mol% (Ca+Mg)/P
TCP AS 0.0 0.00 + 0.04 1.500 + 0.001
1.0Mg AS 1.0 0.79 + 0.04 1.507 + 0.001
2.0Mg AS 2.0 2.03 +0.04 1.508 + 0.001
4.6Mg AS 4.6 4.12 £ 0.04 1.503 + 0.001
9.1Mg AS 9.1 9.10 + 0.04 1.529 + 0.001

Tab. 1 Stoichiometric values for Mg-TCP synthesized powders (AS series) by ICP-OES.



From a mineralogical point of view, as shown in Fig. 1, all samples are formed by 8
polymorph only, with a variable but negligible amount of hydroxyapatite (HA) as secondary phase.

Therefore, referring to the pseudo-binary CaO-P>0s-(H>0) phase diagram [40, 41] 32,331,
positive deviations from the stoichiometric TCP conditions and possibile humidity can lead to the
formation of border phases such as HA, as expected from ICP data. The presence of HA can be
very likely accounted for by the incomplete reaction between H3PO4 and HA occurring at about
800°C as pointed out by Pan er al. [38] [30] in the TCP synthesis. Nevertheless, no free/unreacted
MgO or other crystalline phases have been detected and Mg?* ions can be considered completely
solubilized within the B-TCP lattice. This is confirmed by the gradual shift of the XRD peaks
position and by the linear decrease of the refined cell parameters (Tab. 2) at increasing doping
amount, as a consequence of the Mg?* — Ca?" partial replacement. The average crystallite size
estimated by the Warren-Averbach method is equal to 706 + 90 nm for undoped TCP and it
gradually decreases along the series down to 223 + 27 nm (4.6Mg), reaching the final value of 298
+ 19 nm in 9.1Mg.

cP 1.0Mg 2.0Mg 4.6Mg 9.1Mg
E;;CR 98.0 £ 0.0 94.0 £ 0.0 98.0 £ 0.0 91.0+0.0 97.0£0.0
a A 10.4357 £ 10.4259 £ 10.4071 £ 10.3786 * 10.3396 *
7 0.0006 0.0006 0.0003 0.0004 0.0003
c A 37.389 £0.002 37.385£0.002 37.354+0.002 37.274+0.002 37.135%0.001
XS, nm 706 £ 90 515+ 37 301 +£24 223 £ 27 298 £ 19
HA, wt% 2.0+£0.3 6.0+0.4 2.0+0.3 9.0+£0.6 3.0+£0.2
Ry 0.1394 0.1422 0.1801 0.1877 0.1408

Tab. 2 Rietveld refinement parameters and crystalline phase quantification for Mg-TCP

synthesized powders (AS series). The reported errors and Rwp correspond to the data fitting.

Fig. 1. XRD spectra of the synthesized Mg-TCP powders (AS series).

Thermal behaviour of Mg-TCP series
Figure 2 shows the DTA plots for the Mg-TCP powders in the range of interest here,
between 1000 and 1550°C. For undoped TCP, 1.0Mg and 2.0Mg compositions, the curves are

characterized by two main endothermic events: a weak signal (f - ) and a very strong and sharp
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peak (a— o). Regular drifts to higher temperature, as well as increased normalized intensities, are
observable in the DTA peaks by increasing the adopted heating rate.

As expected, the first event is gradually postponed by the Mg?* presence: considering data acquired
at 2°C/min, it reaches the maximum velocity at 1196°C (TCP), 1276°C (1.0Mg), and 1313°C
(2.0Mg). Therefore, the signal shift leads to overlap the 4.6Mg peaks (1454°C) with the second
event. Conversely, for the highest Mg composition (i.e. 9.1Mg), no evidence of § — a transition
can be observed up to 1550°C. Also the second thermal phenomenon seems to be affected by Mg?*:
it takes place at 1471°C (TCP), 1425°C (1.0Mg), 1429°C (2.0Mg), 1467°C (4.6Mg), and finally
occurs at 1488°C (9.1Mg).

Fig. 2. DTA curves for Mg-TCP powders at different heating rate (dotted line: 2°C/min; dashed
line: 5°C/min; solid line: 10°C/min) and details of the thermal events (cross: 2°C/min; circle:

5°C/min; triangle: 10°C/min). The temperature values refer to the minimum of the peak.

Preliminary considerations on the sintering behaviour of the Mg-TCP can be done from the
dilatometric curves reported in Fig. 3. For all compositions, green pellets start to shrink at
~1000°C. Then, the densification is stopped by the volumetric expansion associated to the § -«
transition. Therefore, magnesium doping allows to achieve higher final shrinkage than in pure TCP

(2.3%), equal to 5.8% for 1.0Mg, 9.0% for 2.0Mg, 12.5% for 4.6Mg, and 35.3% for 9.1Mg.

Fig. 3. Dilatometric plots of Mg-TCP pellets. Circles represent the 3 — a transition.

Reversibility of f to a transformation

The results of the quantitative analysis carried out on the collected XRD spectra are
summarized in Tab. 3. For pure TCP, only « phase is present regardless the used cooling rate.
Conversely, C series data show the concurrent presence of both polymorphs for the 1.0Mg
composition (B = 46 wt%), while 2.0Mg and 4.6Mg are completely constituted by 3 phase.
Although the very slow cooling rate (2°C/min) used here can justify the spontaneous o - [3
reconstructive reconversion [22] [17], it is clear that Mg?* presence proportionally promotes such
phenomenon. Q series data follow a similar trend, accordingly. The amount of retained o phase
increases after the quenching process and, in this case, 1.0Mg sample is completely constituted by

a-TCP. Unexpectedly, 2.0Mg shows the presence of both polymorphs ( = 64 wt%), while 4.6Mg



is only constituted by B-TCP. Consequently, for Mg-doped TCP composition, § — o transition has

to be considered partially or totally reversible.

Sample B phase, wt% o phase, wt% Ruwp

C series — cooled

TCP_C <DL 1000 0.2439
1.0Mg_C 46 £ 2 540 0.2889
2.0Mg _C 100+ 0 <DL 0.2793
4.6Mg_C 100+ 0 <DL 0.2799
9.1Mg_C 100+ 0 <DL 0.2897

Q series — quenched

TCP_Q <DL 100+ 0 0.2036
1.0Mg_Q <DL 100+ 0 0.2285
2.0Mg_Q 64 +2 362 0.2822
4.6Mg_Q 100+ 0 <DL 0.2694
9.1Mg_Q 100+ 0 <DL 0.2797

QA series — quenched and annealed

TCP_QA <DL 100+ 0 0.2137
1.0Mg_QA 100+ 0 <DL 0.2585
2.0Mg_QA 100+ 0 <DL 0.2708

Tab. 3. Quantitative analysis on XRD collected spectra as a function of Mg doping amount and

performed treatment. DL (detection limit) = 0.5 wt%.

Annealing treatment

The dilatometric plots of the QA pellets during the annealing process (heating rate =
2°C/min) are reported in Fig. 4. An evident phenomenon takes place at about 770°C and 680°C
for 1.0Mg and 2.0Mg, respectively, whereas undoped TCP does not show any effect up to 1000°C.
The shrinkage is proportional to the initial amount of o phase within the quenched sample; for this
reason, no tests were performed on 4.6Mg and 9.1Mg samples (these being completely constituted
by B phase). The quantitative analysis carried out on the XRD spectra of the QA series after
annealing (Tab. 03) points out that pure TCP remains as a-TCP, while 1.0Mg and 2.0Mg are
completely reconverted into 3-TCP.

However, the annealing process carried out isothermally at 850°C on pure TCP powder

actually proves the possibility to reconvert metastable a-TCP even in absence of doping. The XRD
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quantitative analysis allows to estimate a 3-TCP amount equal to 13 wt%, 20 wt% and 42 wt%
after 20 min, 40 min and 120 min isothermal treatment, respectively. Such values are considerably
smaller than those previously reported [19] [15] at very similar conditions; the only difference can
be found in the particle size of the samples (the size being larger in the present work, ~300 pm,

compared to ~100 pm measured by Monma et a/. [19] [15]) or in the purity of the raw materials.

Fig. 4. Dilatometric plot of Mg-TCP sintered pellets during the annealing treatment (QA series).

DISCUSSION
Thermal behaviour of Mg-TCP series

The first endothermic event revealed in the DTA plots can be unequivocally assigned to
the  — o transition, in very good agreement with previous results [32, 33] [24,-25], considering
the heating rates employed for the present analysis. Nevertheless, it should be pointed out that the
specified temperatures represent specifically the lower boundary of the biphasic region where the
two polymorphs coexist, Ze., more precisely, the - (B+a) transition temperature. Similarly, a
second event could be associated with a - (a+ o) reversible transformation.

However, B - a transition takes place for every compositions but 9.1Mg, within the 1000-
1550°C range; in addition, dilatometric plots show a sudden interruption of shrinkage at equivalent

temperatures.

Reversibility of f to a transformation

Pure TCP sample confirms the irreversible behaviour of the 3 - « transition in absence of
doping, also after a slow cooling at 2°C/min. Conversely, 3 phase can be found in Mg-doped TCP
samples belonging to C or Q series. It has to be recalled here that C and Q series samples were
heated up to 1550°C, kept for 2 h at such temperature and then slowly cooled or quenched to room
temperature, respectively. According to Fig. 2, during the heat treatment all compositions exceed
the (B+a) region and, therefore, if the dwell time is considered as sufficient to reach the
equilibrium, - o transition completely occurs. Only the 9.1Mg composition, remaining within
the monophasic 3 region, shall be excluded from such considerations.

The observed behaviour can be explained considering that magnesium, not only increases
the P phase stability, but kinetically promotes the spontaneous « to 3 reconversion upon cooling,
even during very rapid quenching in air.. Moreover, the time required by the system to reach the

equilibrium shall be accounted for explaining the observed behaviour. However, since pure TCP
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and 1.0Mg contain only o phase after quenching, the used dwell time (2 h) is adequate for all
compositions; one can eventually consider that magnesium slows down the f—« transition upon
heating, larger doping amount requiring longer time to reach the equilibrium. In any case, Mg?*
presence within the TCP lattice clearly influences not only the § 2 o (- a and o - [3) transition

thermodynamic but also its kinetics.

Annealing treatment

If the XRD quantitative data for Mg-doped QA samples (f = 100 wt%) and the initial «
phase amount in the quenched samples (Q series) are considered, the shrinkage measured by
dilatometer, which simulates the chosen annealing treatments, can be certainly associated with the
o — [ reconversion process. This statement is in agreement with the lattice parameters difference
between 3 and o TCP, keeping in mind that § - o transition is instead associated with an expansion.
Therefore, to summarize, an annealing treatment at 2°C/min up to 1000°C allows the
transformation of o phase in Mg-doped TCP sintered pellets; conversely, the transformation can
not be activated in pure TCP. In addition, Mg?* presence proportionally decreases the onset
temperature of the reconversion in agreement with previous observation regarding the magnesium
kinetic contribution on the spontaneous a — 3 transformation upon cooling.

On the basis of the obtained results, one can point out a lower efficiency of the isothermal
annealing on pure TCP considered in the present work in comparison to previous activities [19]
[15]; this can be explained considering that the reconstructive transformation f—aTCP, based on
nucleation and growth processes [31] [221, is strongly affected by the reactive surface area, i.e. by
the particles size: as a matter of fact Monma ez a/. [19] [15] performed the analyses on finely ground
powders while coarser powders were used here. Correspondingly, upon continuous heating, a—
B reconversion should be much faster in TCP powders than in sintered bulk components. In the
latter situation, the transition can anyway take place if it is kinetically promoted by the presence
of Mg?*, whereas for undoped TCP it is too slow to occur within a reasonable time. Nevertheless,
from a technological point of view, this secondary heat treatment (i.e., annealing) is more useful
if applied on bulk components after sintering where the presence of retained o phase is an
undesired side effect. On the other hand, for powder-like TCP, it is easier to control the crystalline

phase composition, directly avoiding the $—« transition.

CONCLUSIONS
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In the present work, the thermal behaviour of Mg-doped tricalcium phosphate was
investigated, with specific attention to the B 2 o phase transitions.

Magnesium strongly increases the  polymorph stability, postponing the transformation
temperature into o phase. Therefore, during the sintering process of Mg-TCP powders, this allows
to reach a higher densification.

In the presence of magnesium, - o transition is spontaneously reversible upon cooling.
This indicates that Mg?* promotes the kinetic of a— B reconversion upon cooling or, at least,
proportionally slows down the kinetic of the - a transition upon heating, increasing the time
necessary to reach the equilibrium.

Regarding the possibility to reconvert the possible retained a phase in the TCP sintered
components by a secondary heat treatment (i.e. annealing), it has been demonstrated that their
limited surface area, much lower in comparison to grinded powders, make the process more
difficult and non-functional for undoped TCP. Nevertheless, also in this case magnesium promotes
the o — [ reconversion kinetically and thermodynamically, allowing the transition and decreasing

the starting process temperature down to 680°C (2 mol% of Mg?").
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