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Abstract:

Densification of calcium hydroxyapatite fine powders doped with different concentrations of Mg (2, 4 and 6

mol % Mg, MgHA) was successfully achieved for the first time in a nearly fully dense state using the



hydrothermal hot pressing (HHP) technique at low temperatures. Consolidation of MgHA powders was
studied under different temperatures (150-240 °C), reaction times (1-6 h), and powder particle size (20 nm—
1.5 pm). X-Ray diffraction analyses indicated that the particle densification under HHP conditions proceeded
without any variation in the crystalline structure and regardless of the Mg content. The results from this work
showed that an increase in temperature accelerates the reaction between MgHA particles and water (solvent)
mixed during the hydrothermal treatment. Particle packing associated with bulk densification was achieved
through a massive dissolution-recrystallisation mechanism, which induced the formation of small particles
that rapidly crystallised on the surface of the partially dissolved original MgHA particles. The optimum
conditions to obtain pellets with a high apparent density of 3.0758 + 0.001 g/cm’ and tensile strength value of
12.6 £ 0.6 MPa were 10 wt% of water at a temperature of 240 °C with a 6 h reaction time and 6 mol % of Mg
(MgHA3). The use of the HHP technique coupled with the fine particle size and reactivity of the MgHA
precursor powders with water allowed us to produce disks that were compacted to a nearly full dense state

with a low content of open porosity of 2.0 %.
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1. Introduction

Bioceramic materials based on hydroxyapatite (HA) are important for the development of human tissue
implants because their chemical compositions (A;o(BO4)s(X),) are comparable to those of bone and soft
human tissues as well as because the have high biocompatibility, bioactivity and osteoconductivity [1,2]. The
incorporation of ions at various concentrations in the hexagonal structure (i.e., A, B or X sites) of HA

determines its crystallinity and non-stoichiometry. Ionic substitutions (e.g., Mg>*, Zn**, Sr**, Si** and Mn®*) in



the HA structure have been reported to improve the biological performance of calcium phosphate phases,
thereby enhancing osseointegration, mechanical strength and implantation efficiency [3,4]. Furthermore,
changes in the chemical composition of HA influence its physical, chemical and physiological properties,
which consequently have an effect on biomineralisation processes, bioactivity enhancement, and ion delivery
for treating bone diseases [3,4]. Mg is present in the human body at concentrations between 1 and 6 mol %,
and half of this amount is found in hard tissues. This element plays an important role in hard tissue
metabolism, influencing osteoblast and osteoclast activity, and as a result, controlling the growth of bone [5-
11]. In vivo studies have demonstrated that the presence of Mg in HA improves cell behaviour, adhesion with
synthetic hard tissues, proliferation, and metabolic activation [12]. For these reasons, Mg is an interesting

element to study regarding its possible ionic substitutions into the HA structure [3,13-15].

Densification of HA ceramic powders has been widely investigated for the production of highly dense or
porous specimens. Various factors influence the densification process of powder materials during the
sintering stage. One of the most important factors is the particle packing of the green pellet, which depends on
the particle morphology and size [16,17]. Previous studies have investigated the preparation of highly packed
structures to obtain dense and controlled porous HA monolithic specimens for different potential applications
using the hydrothermal hot pressing (HHP) technique. Dense specimens with high mechanical strength can be
obtained under continuous loading at low temperatures (150300 °C), which is achieved according to
interactions between the particles and water (used as the solvent medium) [18-25]. Over the last two decades,
several researchers have studied the densification of pure HA powders under HHP conditions. Some studies
have focused on the selection of the solvent medium and its concentration to obtain in-sifu crystallisation of
elongated submicron-sized HA crystals using mixtures of Ca(OH), with either dibasic calcium phosphate
dihydrate (DCPD) [19] or octacalcium phosphate (OCP) [26] as precursors. Few studies have reported that
after reacting these compounds with water and ammonia solutions, HA crystals grow perpendicularly in the
direction of the applied loading pressure, producing a dense lamellar microstructure with high tensile strength
[19,27]. Recently, the chemical reactivity of pure and calcium deficient submicron-sized HA powders with

water under HHP conditions was examined using 10 to 20 wt% of water, temperatures between 100 and 200



°C, and loading pressures between 15 and 60 MPa for reaction intervals between 12 and 24 h [20].
Densification of these powders was achieved by a coupled process involving the partial dissolution of the HA
powder and simultaneous crystallisation of the dissolved species in water [20]. This process caused sufficient
particle packing to produce compact structures with relative apparent densities of over 90 %. An alternative
processing route to obtain denser HA monolithic specimens has recently been proposed. This method involves
HA powder densification at low temperatures (200 °C) by HHP and a subsequent sintering treatment
conducted at high temperature [22]. Hence, hydrothermal hot-pressing has proved to be effective for
producing dense pellets by accelerating the sintering kinetics and therefore constitutes an emerging new

processing route for the production of high-density bioceramic materials [22].

In recent years, many efforts have been made to improve the densification of HA particles [18-25,27].
However, a literature survey suggests that the compaction process of calcium hydroxyapatite powders
partially doped with Mg has not been carried out using the hydrothermal hot-pressing technique at relatively
low temperatures. Therefore, the present study is the first attempt to produce compaction with MgHA fine
powders to the nearly full dense state under HHP conditions using water as the solvent medium. Preliminary
attempts were conducted to provide details on the reactivity of the MgHA powders with water to optimise the
experimental HHP conditions (water content, temperature and reaction time), to achieved sufficient particle
packing and obtain compacts with relative apparent density values higher than 85 %. Additionally, the effect
of the particle size and content of Mg on the HHP densification stage of the MgHA particles was evaluated by
the Archimedes principle, using a helium gas pycnometer, while the MgHA pellets densification pathway was
investigated by Hg intrusion porosimetry. The powder packing promoted by the reactivity of MgHA particles
with water was correlated with the mechanical properties of the hydrothermal hot pressed (HHP’ed) dense

specimens. The disk tensile strength was evaluated using the Brazilian test.

2. Experimental

2.1 Preparation of MgHA precursor powders



Preparation of precursor powders corresponding to MgHA solid solutions of Ca,(,Mg,(PO4)¢OH,, with an
x content of 2, 4 and 6 mol % Mg, were synthesised by hydrothermal microwave-assisted treatments. Initially,
precursor gels were coprecipitated by mixing stoichiometric contents of calcium nitrate, magnesium nitrate
and diammonium hydrogen phosphate (Ca(NOs),-4H,0, Mg(NOs),-6H,0, (NH4),HPO,, Sigma-Aldrich,
99 % purity) to maintain a molar Ca+Mg/P ratio of 1.67. In a different set of experiments, a precursor gel
containing 6 mol % of Mg was prepared using sodium tripolyphosphate as the phosphate source, while 2-
propanol was used as a pH controlling medium [28]. A volume of 50 ml of each colloidal suspension was
transferred to a double-walled Teflon high pressure vessel and placed in a microwave instrument (MARS-5X,
CEM Corp, USA) that was operated at a power of 1200 W. MgHA particle crystallisation was carried out at
150 °C for 1 h under autogenous pressure. The reaction products obtained were washed and freeze-dried (-47
°C, 3 MPa) using a Labconco Freeze Dryer. X-Ray powder diffraction (XRD) analyses indicated that all of
the prepared powders could be indexed with the hexagonal crystalline structure of HA (JCPDS card No. 09-
0432). However, a slight displacement of the diffraction peaks was observed for MgHA powders, which is
consistent with the gradual incorporation of Mg into the hexagonal structure of HA (Fig. 1a). Similarly, slight
differences in the MgHA powder particle sizes were observed as a function of the Mg content. Other powder
features, such as the surface area and chemical composition of the precursor, are summarised in Table 1. The
original morphology of the MgHA particles was determined by transmission electron microscopy (TEM)

observations and the images are shown in Figs. 1(b-d).

2.2 Densification of MgHA powders under HHP conditions

A MgHA powder sample of 3.5 g was carefully kneaded in a mortar with various quantities of deionised
water (10-20 wt%). The moistened powder was then placed in a cylindrical autoclave chamber (20 mm in
diameter), which is used in conventional HHP, which is described in ref. [29]. The HHP autoclave was
subsequently loaded at a constant pressure of 60 MPa, and this pressure was continuously applied during the

heating, compaction time and cooling-down stages. All of the HHP treatments were carried out at a constant



heating rate of 10 °C/min up to the desired temperature, which varied between 150 and 240 °C. Powder
densification was conducted for several reaction times from 1 to 6 h. After the hydrothermal treatment, the
vessel was rapidly cooled to room temperature using an electric fan, and the compact disk (approximately 5
mm thick and 20 mm diameter) was then carefully removed to avoid damage or fracturing. All of the pellets

were polished and dried at 80 °C overnight in an oven.

2.3 Characterisation

X-Ray diffraction analyses were conducted to identify the crystalline phases in the compacted pellets.
Diffraction patterns were collected from 10 to 80° 20 at a scanning speed of 4 °/min and 0.02° step in 26/0
scanning mode using a X-ray diffractometer (Rigaku Ultima IV, Japan) equipped with Cu K, radiation (o =
1.54056 A) at 40 kV and 20 mA. The microstructure of the compacts disks was observed using scanning
electron microscopy (JEOL 6500 FE-SEM, Japan) on fractured specimen surfaces after the mechanical
testing. The variation on the vibrational intensity of the OH™ and PO,” functional groups during the MgHA
powder HHP densification stage was evaluated by Fourier transform infrared spectroscopy (FT-IR, JASCO
4000, Japan) analyses. The chemical composition of the pellets was determined by chemical analysis using
inductively coupled plasma atomic emission spectrometry (ICP-AES, Shimadzu Multi-type ICP Emission

Spectrometer ICP-9000, Japan).

The tensile strength of all of the pellets was measured by the Brazilian test, which is commonly used for
brittle materials [30,31]. In this test, the disk-shaped pellet was placed between jaws with a curvature radius
of 10 cm. Then, diametral compression was applied using a universal testing machine (Autograph AG-IS
Shimadzu 50 KN, Japan). The test was conducted at a constant crosshead speed of 0.5 mm/min until fracture
of the specimen occurred in parallel with the loading diametral plane. The tensile strength was calculated

using Eq. 1, where Pris the maximum load, d is the diameter of the pellet and ¢ is the thickness of the sample.
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The apparent density was determined by means of the Archimedes method by placing the sample in
boiling water for 12 h [32]. For comparison purposes, the apparent density of all MgHA compacts was carried
out using a helium pycnometer (Multipycnometer Quantachrome, USA). Prior to the density measurements,
calibration of the pycnometer was carried out using a standard stainless steel sphere with a volume of 56.5592
cm’, which was located inside the measuring cell (volume 135 cm®). The MgHA compacts were previously
weighed, and their volume was measured four times at a helium pressure of 0.117 MPa and the average
apparent density value was calculated for each sample. Furthermore, the pore volume and pore size
distribution were determined by mercury intrusion porosimetry (MIP) analyses using a Micromeritics
AutoPore IV 9500, Japan. Moreover, three green pellets were prepared using 1.0 g of the fine particle size
MgHA powders containing 2 and 6 mol % Mg. The disks obtained at a uniaxial pressing of 60 MPa without
water were then characterised by mercury intrusion porosimetry to determine the pore size and distribution

inside the pellets before the HHP treatment.

3. Results and Discussion

3.1 Structural aspects of MgHA pellets prepared under hydrothermal hot pressing conditions

HHP densification of MgHA fine powders containing 2, 4, and 6 mol % Mg, was conducted at a low
temperature using only water. The purpose of the experiments was to evaluate the feasibility of solidifying
MgHA compacts according to the chemical reaction between the MgHA particles and water under HHP
conditions. The relevant experimental conditions, together with the chemical and physical properties of the
compacted MgHA pellets, are summarised in Table 2. The results indicate that the densification temperature
was the most important parameter for the rapid densification of MgHA powders, contrary not the reaction
time or water content, which both had no effect. Controlling the temperature led to highly dense MgHA

pellets with an apparent density up to 3.0758 + 0.001 g/cm’, near the theoretical density value of the HA



(3.156 g/cm®). This dense specimen was obtained at 240 °C after 6 h using a water content of 10 wt%. In all
runs after the compaction treatment, the chemical composition of the specimen relative to the Mg content did
not vary markedly, as confirmed by the X-ray diffraction patterns (Fig. 2) and wet chemical analyses (Table

2).

XRD analyses were conducted to study the structural phase changes of the raw MgHA compounds and the
formation of reaction by-products. Typical XRD patterns of MgHA pellets containing different Mg contents
(2, 4 and 6 mol % Mg), which were prepared under HHP conditions at 200 °C for 6 h using a water content of
10 wt% and a constant loading pressure of 60 MPa, are shown in Fig. 2. In general, the diffraction patterns of
all of the compacted pellets were indexed with the pattern of the pure HA crystalline phase, which has a
hexagonal structure (space group P6;/m, JCPDS card No. 09-0432). In all of the cases studied, XRD analyses
confirmed that no remarkable structural differences occurred during the hydrothermal densification stage
because the MgHA pellets had poor crystallinity, which was consistent with the results for all of the raw
MgHA particles used (Figs. 2a-c). Additionally, the formation of calcium phosphate secondary phases, i.e.,
monetite (CaHPO,), did not take place during the HHP densification stage; this was confirmed by the powder
XRD patterns, which did not reveal the presence of monetite at a 20 angle of 30.1°. A similar behaviour was
also observed for the MgHA4 (6 mol % Mg) powders that were prepared with NasP;0, although these
powders have a larger particle size (1.5 um) and higher crystallinity in comparison to those prepared using the
(NHy),HPO, precursor (Fig. 1a). From the structural analyses, water used as the solvent did not significantly

alter the structure of MgHA powders compacted under HHP conditions.

The FT-IR spectra of MgHA3 pellets (6 mol % Mg) compacted for 6 h using 10 wt% of water at different
temperatures are shown in Fig. 3. In general, all of the vibrational bands found in the spectra correspond to
the main functional groups of PO,” and were assigned to the symmetric stretching mode of P-O (v; at 966 cm’
", bending modes of O-P-O (v, at 471 cm™ and v, at 565 and 602 cm™), and the antisymmetric stretching
mode of P-O (v; at 1041 and 1093 cm™). The peaks related to the vibrational modes for the OH™ group were

determined at 3570 cm’! (vs, stretching) and 636 cm’! (vz, librational) [33]. However, a broad band in the



wavenumber range of 3200-3600 cm™, corresponding to water molecules, formed during the HHP
densification treatment. These water molecules were adsorbed on the surface of the packed MgHA particles
inside the pellet [34]. No particular differences in the content of water adsorbed at different reaction
temperatures was determined by the FT-IR analyses, indicating that the nominal water (10 wt%) kneaded with
the MgHA powder reacted completely and a layer of solvated water molecules was produced on the surface of
the packed particles under HHP conditions. The presence of water molecules did not cause significant

structural variations, as is supported by the XRD analyses (Fig. 2).

3.2 Low-temperature densification of MgHA powders by HHP

MgHA powder densification was evaluated by measuring the apparent density of the MgHA compacts
using a gas helium pycnometer. These data together with the open porosity calculated on all of the pellets are
included in Table 2. Fig. 4 shows the variation of apparent density of all of the pellets produced from MgHA
powders obtained by the hydrothermal microwave-assisted process. In addition, the effect of the particle size
as well as the nominal composition of Mg (2—6 mol %) of the powder are also included in Fig. 4, as both
parameters might affect the hydrothermal reaction between water and the particles, which dominates the
particle packing process under continuous compaction. The experimental parameters, such as the temperature,
time of reaction, and water content, were all evaluated according to the densification behaviour of the MgHA
powder precursors. All of the HHP treatments were conducted at the selected standard loading pressure of 60

MPa.

In general, these results indicate that the water content used to moisten the MgHA powder precursor had
no effect on the densification process (Fig. 4a). In all cases, the apparent density of the pellets remained
constant, with no significant increments after the HHP treatment was carried out with three different amounts
of water under the selected standard conditions of 200 °C for 6 h. In agreement with these results, a water

content of 10 wt% was sufficient to react fully with the particles and achieve a high densification for the



MgHA3 and MgHA4 powders, which contained 6 mol % Mg in comparison with the fine MgHA particles,
which had a low content of Mg (2 mol % MgHA1 and 4 mol % MgHA2). A water content above 15 wt%
caused moisture leakage from the pellet during the heating and compaction stages. The leaked moisture
migrated to the inner piston reservoir volume and was then condensed during the cooling stage of the HHP
treatment [29]. This excess water content did not react with the MgHA particles and therefore had a limited
contribution to the densification process of the powders. Thus, the apparent density of the MgHA3 and
MgHA4 compacts remained almost constant when a water contents above 15 wt% was used for the
densification process (Fig. 4a). Furthermore, the variation of the apparent density of the pellets produced over
various intervals during the reaction under HHP standard conditions (200 °C with 10 wt% of water) is shown
in Fig. 4b. These results indicate that increasing the reaction time over 1 h led to a continuous enhancement of
the densification of the MgHA3 (20 nm particle size) and MgHA4 (1.5 um particle size) powders regardless
of the particle size, and this process gradually proceeded to the longest selected reaction time of 6 h.
Nevertheless, the apparent density values of the MgHA4 pellets were somewhat lower (< 2.9844 + 0.018
g/cm’) than the apparent density values achieved at higher temperatures (3.0425 + 0.024 g/cm’, 240 °C, Table
2). By contrast, powders containing 2 (MgHA1, A) and 4 (MgHA2, B) mol % Mg with fine particle sizes
(39 and 32 nm) did not exhibit a systematic increase in their apparent density by increasing the reaction time
to 6 h. These particles are chemically more stable than particles containing 6 mol % Mg. These powders
exhibited only a slight reactivity with water under HHP conditions that reached average apparent density
values of 2.9564 and 2.9544 g/cm3 . Therefore, based on our results, a large content of Mg (6 mol %)
significantly improves the particle reactivity with water under HHP conditions enhancing the MgHA particle
packing to high apparent densities. Moreover, the difference in the apparent density values between the
MgHA3 and MgHAA4 pellets compacted with different water contents and for several reaction intervals is
attributed to the precursor particle size. Although the micron-sized (1.5 pm average size) MgHA4 particles
underwent a marked densification from the green pellet stage, these particles exhibited only a slightly increase
in their apparent density and reached a maximum value of 3.0140 + 0.020 g/cm’ when they were compacted

with 20 wt% water at 200 °C for 6 h.
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Alternatively, the results indicate that all of the precursor MgHA powders were rapidly densified,
irrespective of the reaction temperature under the HHP conditions investigated (6 h, 10 wt% of water, see Fig.
4c). The maximum value of the apparent density (3.0758 + 0.001 g/cm®) achieved at 240 °C was determined
for the MgHA3 powder (6 mol % Mg) which had the smallest particle size of 20 nm. Furthermore, marginal
decreases in the apparent density to values of 2.9815 * 0.004 g/cm’ and 2.9651 + 0.042 g/cm’ were obtained,
when the pellets were densified using MgHA?2 (4 mol % Mg, mean particle size of 32 nm) and MgHA1 (2
mol % Mg, mean particle size of 39 nm), respectively. Although the powder densification process might be
affected by the nominal particle size of the MgHA powder precursors, the results indicated that the nominal
particle size did not hinder the densification process during the HHP treatment as high apparent density values
over 2.9637 +0.035 g/cm’ were obtained by 1.5 um precursors (MgHA4, 6 mol % Mg), even at temperatures
over 150 °C. In addition, all of the MgHA pellets obtained at the lowest temperature (150 °C), which were
prepared using MgHA powder precursors with a particle size below 40 nm, had apparent densities of up to
3.0339 +0.009 g/cm’. Moreover, at 150 °C, MgHA4 particles with an average size of 1.5 um, remarkably
reacted with water, but the pellet produced had a low particle cohesion because it was broken down during the

apparent density measurement in boiling water.

Overall, the factors that strongly influence the densification of MgHA powders are the reaction
temperature, Mg content and particle size, rather than the reaction time and water content. The increase in the
apparent density of the MgHA pellet with temperature is likely due to an increase in the speed of the
dissolution-recrystallisation reaction mechanism, and, it is also greatly improved by the larger surface area of
the MgHA precursors, which is associated with their particle size, making them more reactive in water under
hydrothermal conditions. This inference is supported by the submicron-sized MgHA4 particles, which had the
lowest surface area, rapidly reacting at relatively low temperatures (240 °C) to produce pellets with a high

apparent density (3.0425 + 0.024 g/cm’).

3.3 Packing mechanism of MgHA powders under HHP conditions

11



The mechanism associated with particle densification during the HHP process was investigated via
systematic mercury intrusion porosimetry measurements. The densification results illustrate that the reaction
temperature is the most important parameter for enhancing the reaction kinetics between MgHA particles with
water during HHP powder consolidation. Hence, the particle packing mechanism associated with bulk MgHA
powder densification has been investigated with the aim of determining the effects of the reaction

temperature, particle size and Mg concentration.

Fig. 5 shows representative cumulative mercury intrusion curves as a function of the pore size, and these
results also include the curve corresponding to the green pellets prepared MgHA1 (Fig. 5a), MgHA3 (Fig. 5b)
and MgHA4 powders (Fig. 5c) [35]. These curves provide evidence of the total content of mercury intruded
into the open porosity remaining on the HHP specimens. In general, the MgHA1 and MgHA3 cumulative
curves analysed showed a similar behaviour, although, the MgHA1 green pellet has a broad range of pore
sizes, which vary between 0.006 — 0.8 um. This sample contains a large amount of porosity with sizes below
0.052 pum. Pores with a size below 0.006 pm in diameter were detected by mercury intrusion analysis (as
shown in Fig. 5a). The total mercury volume intruded into the green pellet was 0.3423 mL/g, and this value
corresponds to the total open porosity of the green pellet. The volume of mercury intrusion was reduced a
52.0 % when the pellets underwent the HHP treatment even at the lowest treatment temperature of 150 °C.
The reduction in the open porosity observed in the pellet produced at low temperature (150 °C) is likely
initiated by the reaction of the MgHA particles with water under the hydrothermal conditions. The maximum
reduction of 57.0 %, which corresponds to open porosity closure, was obtained at reaction temperatures above
200 °C. By contrast, the MgHA3 green pellet containing 6 mol % of Mg had a lower value of mercury
intrusion of 0.2522 mL/g than that determined for the MgHA1 pellet (2 mol % Mg, Fig. 5b). The low value is
achieved by efficient packing of the precursor powder, which promoted by its fine particle size (average size
20 nm, Table 1), causing a reduction in the maximum pore size detected in this sample (0.5 um) and HHP’ed
pellets produced at different temperatures (0.06 pum, Fig. 5b). After conducting the HHP treatment at 150 °C,

the open porosity was reduced by up to 31.0 % and the reduction of porosity produced by the HHP at 240 °C

12



was 35.0 %. The difference between the degree of porosity closure is associated with the particle packing of

the green pellets, which depends on the nominal particle size of the precursor powder.

Moreover, the MgHA4 green pellet mercury intrusion cumulative curve showed a slight variation in
comparison with the MgHA1 and MgHA3 green pellets (Fig. 5c). Few pores that were 10 um in size were
detected in this pellet, and the total mercury intrusion volume was 0.4549 mL/g. The curve exhibited two
intrusion steps. The first step occurred over the pore range of 9.4 to 119 nm, while the second was visible over
the pore size interval of 2.9 to 11 nm. These results indicated that a greater number of large pores was
produced during the compaction of the green pellets prepared with micron particle sized MgHA4 powders in
comparison to green pellets produced using powders with finer particle sizes (MgHA1 and MgHA3). When
the MgHA4 powders underwent the HHP process, a reduction of the pore size was obtained. The maximum
residual pore size was 200 nm. Likewise, the increase in the reaction temperature at 240 °C led to a
remarkable reduction of the content of open porosity. In agreement with the mercury intrusion values
measured, a decrease in porosity of 64.0 and 67.0 % was eliminated in pellets that were treated at 200 and 240
°C, respectively. These results provide clear evidence that the remarkable reduction of porosity is likely
enhanced by the reactivity of the MgHA powders with water under HHP conditions and this behaviour is

irrespective of the initial MgHA particle size.

Based on the present results, we can be argue that the chemical composition and particle size of the
precursor powders are factors that enhance open porosity closure, which is likely achieved via particle
packing initiated under HHP conditions. Hence, the evolution of the pore size distribution (PSD), which
provides evidence of particle packing, was analysed against the increase in the treatment temperature and is
shown in Fig. 6. For comparison proposes, the PSD of the green pellets was also included. In general, some
differences in the PSD curves were observed by mercury intrusion analyses conducted at a high intrusion
pressure (414 MPa) [36]. The MgHA3 (6 mol % Mg, mean particle size of 20 nm) green pellet showed a
broad bimodal PSD with mean 16 and 33.1 nm pore sizes. The bimodal PSD prevailed on pellets subject to

the HHP process at 150 and 200 °C, but the pore size was further reduced as a result of the increase in the
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particle packing at these temperatures. The further reaction between particles under HHP conditions above
200 °C promoted formation of a homogeneous residual PSD with a mean residual pore diameter of 11.3 nm
(Fig. 6a). Likewise, a multimodal PSD curve was determined for the MgHA4 (1.5 pm particle size) green
pellet, which had large pore size interval (3.1 and 316 nm). This distribution was broader than the distribution
for the MgHAS3 green pellet. The HHP consolidation of large particles produced a monomodal PSD with a
mean pore diameter of 40 and 44.5 nm for pellets obtained at 200 and 240 °C, respectively. Homogenisation
of the remaining PSD occurred faster than the homogenisation observed for the MgHA3 compacts, because
the dissolution of the MgHA4 particles rapidly proceeded on the larger open porous network, allowing the
recrystallisation of the new particles at nearly the same location. Thus, the HHP compaction process produces
marked microstructural variations in the particulate phase and residual open porosity [25,29]. These results
agree with the apparent density variation of the MgHA pellets (Fig. 4c) and therefore led us to conclude that

HHP highly densified pellets have no close porosity.

Two different approaches were conducted to densify HA powders by the HHP technique. The first
approach involved the in-situ formation of HA particles obtained by the chemical reaction between the
precursor reactants and water [18-25]. The second approach consisted of the densification of chemically
coprecipitated HA powders with water under hydrothermal hot pressing conditions. In both cases, the
dissolution-precipitation mechanism is associated with the formation and densification of HA compacts
[18,20], but the correlation between the particle size and chemical reactivity of the MgHA precursor with
water has not yet been evaluated. This correlation may have a strong influence on enhancing the kinetics of
the dissolution-recrystallisation mechanism associated with the packing process of the precursor MgHA
powders, causing a remarkable densification at a relatively low temperature (200 °C). Based on the results
mentioned above, we surmise that consolidation of MgHA powder by the HHP technology is enhanced by a
one-step packing mechanism (Fig. 7), which is achieved as explained based on our results. Initially, the
moistened MgHA precursor particles with small particle sizes loaded at 60 MPa, reached a relatively high
apparent density (between 84.0 and 92.0 %, Table 2) due to the water surrounding their surfaces acting as a

lubricant prior to the hydrothermal densification step. Subsequently, the adsorbed water rim reacted with the
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MgHA particles after reaching the temperature of the HHP treatment. The packing mechanism involves
localised dissolution of the MgHA particles [19] and simultaneous recrystallisation of smaller MgHA
particles, which possibly occurs at the same location. This localised recrystallisation likely occurs gradually
under intermediate and long reaction intervals due to hindered mass transfer induced by the constant pressure
applied to the pellet (Fig. 7). In consequence, the gradual reduction in particle size improves the particle
packing and limited crystal growth during the recrystallisation stage and also contributes to producing many
new MgHA particles with fine sizes, and leads to a particle arrangement caused by constant loading, which
closes the open porosity during the HHP process of the MgHA pellets. This inference is supported by our
mercury intrusion results (Figs. 5 and 6). The proposed packing mechanism associated with the HHP
technique that produced highly densified MgHA pellets is strongly affected by the densification reaction

temperature and content of Mg in the MgHA structure.

3.4 Microstructural aspects and mechanical strength of MgHA compacts

Microstructural analyses of MgHA3 and MgHA4 conducted on the surface of green pellets and those of
densified samples carried out after mechanical strength testing are included in Fig. 8. A large number of
agglomerates (average size of 1.5 pm) of the MgHA3 particles were revealed in the green pellets, together
with large porous with a mean size of 1.0 um (Fig. 8a). However, the green pellet prepared with the MgHA4
particles (1.5 um average size) show a remarkable amount of open porosity with different size varying in the
range of 0.05 — 0.5 pm, as seen in Fig. 8d. Moreover, the densified compacts were obtained using 10 wt%
water for 6 h at 200 and 240 °C. In general, the FE-SEM micrographs show that a particle size reduction
occurred after compression. In particular, for the MgHA4 compact subjected to the HHP treatment at 200 °C
(Fig. 8e), which consisted of elongated particles of approximately 0.4 um in size and a reduced number of
small rod-shaped particles with an average size of 0.075 um. A similar packing behaviour was observed for
the MgHA3 pellets, although particles agglomerates with a mean size of 0.1 um were also observed (Figs. 8b

and 8c). The compacted pellets MgHA3 and MgHA4 produced at 240 °C exhibited a well-packed
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microstructure composed of very fine particles with average sizes of 0.05 and 0.08 um, respectively; in
comparison with their original particle size in the green pellet, and therefore the porosity was not visible in the
FE-SEM micrographs (Fig 8c and 8f). The marked reduction in particle size that resulted from the packing
process occurred regardless of the Mg content of the precursors and took place as a consequence of the
dissolution-recrystallisation mechanism. The microstructural features observed on both green and HHP’ed
pellets are in good agreement with the porosity distribution results (Figs. 5 and 6), and overall, they support
the packing mechanism proposed for producing MgHA highly densified pellets at low temperatures (< 240

°C) by the HHP process.

The variation of the mechanical strength, as determined by diametral compression, is only discussed as a
function of the reaction temperature because this was the relevant parameter that produced highly densified
MgHA pellets. The results of the tensile strength of MgHA1, MgHA3 and MgHAA4 pellets prepared in this
study are shown in Fig. 9. The error bars included for each average value provide statistical analysis,
indicating the systematic variation of the mechanical strength for the three MgHA specimens compacted, and
all of the values are within error propagation and no overlapping of the tensile strength values is visible in
Fig. 9. This phenomenon indicates the confidence in the mechanical measurement conducted for the MgHA
pellets subjected to the HHP process in the present work. Although, the tensile strength results might be
analogous to the apparent density results (Fig. 4c), it can be argued that the tensile strength depends on the
packing process that occurs during the HHP process. The highly compacted MgHA3 pellets exhibited the
highest values of tensile strength (12.2 + 0.6 MPa) and a slight linear increase in the mechanical strength
occurred increasing the reaction temperature. By contrast, a notorious increase in the strength was observed to
occur above 200 °C for the samples MgHA1 and MgHA4 (Fig. 9). The maximum values of tensile strength
achieved for these samples were 10.6 £ 0.9 MPa and 3.7 £ 1.7 MPa, respectively. Moreover, a marked
threefold difference of the strength between the MgHA3 (12.6 £+ 0.6 MPa) and MgHA4 pellets containing 6
mol % Mg was observed, even though the MgHA4 pellets reached high apparent densities (3.0471 g/cm’).
The decrease of the strength of the MgHA pellets is likely attributed to the incipient particle bonding

produced during the microstructural rearrangement of the recrystallised fine new particles. The maximum
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tensile strength values for the MgHAS3 precursors (6 mol % Mg, nominal average size of 20 nm) are
consistent with those reported for the densification of HA pellets under HHP conditions reported in the
literature [25,27]. Based on these results, we suggest that the tensile strength attained for MgHA powders
resulted from the cohesion and packing of particles during the dissolution-recrystallisation mechanism under
HHP densification conditions. Particles with a nanometre-order size rapidly achieved a homogeneous
arrangement of the new recrystallised particles with a reduction in porosity, which improved the tensile

strength of the MgHA powders.

The present densification technique coupled with a post-high temperature sintering stage might be used to
rapidly prepare monolithic MgHA bioceramics, because the high apparent relative density and low porosity
content are likely to reduce the atomic diffusion distance between MgHA particles in the pellets, even at
relative mild sintering temperatures (800-900 °C). The present hypothesis is experimentally supported by the
results reported at the beginning of the current decade by one of the present authors [22]. Who firstly
proposed the processing technology for accelerating the solid-state sintering stage of calcium hydroxyapatite
powders, which involves a preliminary particle consolidation step conducted under constant loading and
assisted by a hydrothermal reaction at very low temperatures (150 — 200 °C). Typically, the compacts with a
bulk density of 61.0 % obtained at standard HHP conditions at 200 °C with a loading pressure of 60 MPa for
2 h and 10 wt% water content. The specimens were rapidly sintered to bulk density values of up to 95.0 % at
temperatures over 1200 °C for the short time of 2 h [22]. The coalescence of pores that produce the close
porosity coupled with the grain growth slightly decelerates the increase of both the bulk and apparent density
over the temperature range of 800 — 1000 °C. In general, the vast research work conducted last two decades
on the HAp low-temperature powder densification. It has been based on the hydrothermal reaction kinetics
principals and mechanisms [37-39], which were determined for various inorganic [40-44] and organic [45]
powders at temperatures in the range of 100 — 300 °C that reacted with water and alkaline medium under HHP
conditions. Likewise, a new technology for sintering ceramic materials named as hydrothermal-assisted cold
sintering process has recently been proposed, which involves hydrothermal reaction fundamentals in a broad

variety of aqueous solutions [46]. Also, this technique has been extended to the study of the hydrothermal
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sintering of various inorganic materials that dissolves congruently in an alkaline medium including BaTiO3,
among others [46]. Hence, the present study of densification for MgHA compacts prepared under HHP
conditions is being undertaken to determine their sintering behaviour at high temperatures, to prepare MgHA

monolithic bioceramics with a controlled microstructure and strength similar to that of cortical bone.

4. Conclusions

Densification of MgHA precursor powders was successfully achieved to high apparent density values
varying between 2.9124 — 3.0758 g/cm” at low temperature under hydrothermal hot pressing conditions.
Compacted pellets were prepared using microwave-hydrothermally synthesised fine MgHA powders with
three different Mg contents (2, 4 and 6 mol % Mg). The HHP technique promoted remarkable particle
densification without thermal dehydration or decomposition of the small particle size powders. This process
involved the chemical reaction between MgHA particles and 10 wt% water at reasonably low temperatures
(150 °C) under hydrothermal conditions. The reaction was maintained for 6 h at a constant loading pressure of
60 MPa. The one-step mechanism of densification at low temperature involves continuous dissolution-
recrystallisation of the bulk particles that depends on the Mg content of the MgHA precursor powders and
temperature rather than on the particle size. Therefore, a higher content of Mg (6 mol %) in the HA structure
and a high reaction temperature (240 °C) enhance the densification of the hydrothermal microwave producing
MgHA powders. The low-temperature HHP technique allows a systematic microstructural rearrangement of
particles, favouring the formation of pellets with high relative apparent densities (> 95.0 %), even with a large
particle size (1.5 pum). The MgHA3 pellet, which had a maximum relative apparent density of 98.2 % had a
high tensile strength of 12.6 £ 0.5 MPa, which was achieved using standard experimental conditions (240 °C,
6 h, 10 wt% water) as result of high particle packing and partial particle cohesion. However, low particle
cohesion was markedly produced in pellets subjected to the HHP process prepared with the large sized
MgHA4 powder, which reached a maximum tensile strength of only 3.7 + 1.7 MPa at 240 °C for 6 h (apparent
density of 3.0425 g/cm’). The present low-temperature densification process in combination with high

temperature sintering is likely an alternative route for processing monolithic dense MgHA bioceramics for
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biomedical applications.
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Fig. 1. (a) XRD patterns of raw MgHA powders prepared under microwave-hydrothermal conditions at 150

°C for 1 h. TEM micrographs of (b) MgHA1, (c) MgHA3 and (d) MgHA4 (d) precursor powders.

Fig. 2. XRD patterns of MgHA pellets compacted under HHP conditions at 200 °C for 6 h with a mixing

water content of 10 wt%.

Fig. 3. FT-IR spectra of MgHA3 pellets after the densification for 6 h with a mixing water content of 10 wt%

at different temperatures.

Fig. 4. Variation of the apparent density of MgHA green pellets and pellets prepared under HHP conditions:
(a) at 200 °C for 6 h with different water contents, (b) at 200 °C with 10 wt% for various reaction times and

(c) with 10 wt% of water for 6 h at different temperatures. (nominal particle size: A 39 nm MgHA1, l 32
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nm MgHA2, @ 20 nm MgHAp and ¢ 1.5 pm MgHA4).

Fig. 5. Variation of cumulative mercury intrusion with the pore size of the green pellets and MgHA pellets
prepared under HHP conditions with 10 wt% of water for 6 h at different temperatures for (a) MgHAL, (b)

MgHA3, and (c) MgHA4 precursor powders.

Fig. 6. Differences of the pore size distribution of green pellets and (a) MgHA3, and (b) MgHA4 disks
subjected to the HHP process prepared at a constant loading pressure of 60 MPa for 6 h with a water content

of 10 wt% at different temperatures.

Fig. 7. Schematic representation of the densification mechanism for the low temperature HHP technique
involving a dissolution-recrystallisation step that promotes densification of the MgHA powder precursor and

homogenisation of the residual porosity.

Fig. 8. SEM micrographs of the fracture surface of the (a) MgHA3 and (d) MgHA4 green pellets. Also, those
of the samples densified under HHP conditions at a loading pressure of 60 MPa using 10 wt% water at 200

°C: (b) MgHA3, (e) MgHA4, and 240 °C (c) MgHA3, (f) MgHAA4.

Fig. 9. Variation of the tensile strength for MgHA pellets obtained under HHP conditions with 10 wt% of

water for 6 h at different temperatures.

Table 1 Physical characteristic of starting MgHA powders with different Mg concentration
produced by hydrothermal microwave-assisted treatments at 150 2C for 1 h using two
different phosphate compounds.
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Chemical Sample ID
and

physical
characteri
stics

MgHA1 MgHA2 MgHA3 MgHA4

Phosphoru
S precursor (NH4),HPO,4 NasP3019
reagent

Mg

nominal

compositio 2 4 6 6
n

(mol %)

Chemical Cag.30Mg0.20(POs)s  CagsoMgo41(POa)s Cag3sMgoe1(POa)s Caga1Mgo.s0(PO4)s

formula® (OH), (OH), (OH), (OH),
Crystallite 39 32 20 1505.58
size (nm )b

Ultimate

density 3.1389 3.1384 3.1298 3.1321
(g/em’ )

Crystallite 63.8 62.71 62.26 1400
size (nm )d

Superficial 63.58 70.43 83.27 20.28
area

(m?*/g)°

®The chemical formula of the MgHA was calculated from the contents of Ca, Mg and P
determined via ICP-AES and OH™ was calculated by charge balance.
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bCrystallite size measured by Rietveld refinement.

‘Ultimate density calculated using the lattice constant of the unit cell, chemical formula
weight and Avogadro number.

dCrystallite size measured from the TEM micrographs.

*The superficial area was determined using BET N, adsorption isotherms analysis.

Table 2. Summary of the HHP treatments of MgHA fine powders.

Wate Apparent Density Open

Precur
mg** r poros
Sample sor Tempera Ti .
Composi conte ity Chemical
ID averag ture me
i composition of
(MEHA - (™ (gem) (g3/c (%) MgHAp pellets®
p#) particl (eC) ) /73 m”) gHAP pellets
(mol %) (wt% [%] b
e size [%]
)
MgHA1 2 - 0.0 - - 2.913 7.18
-1 8 5+
39 nm 0.009 Cag,31Mgo.15(PO4)
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MgHA1-

MgHA1

MgHA1-

MgHA3-

MgHA3-

20 nm

MgHA3-

MgHA3-

150

200

240

150

200

240

0.0

10

10

10

10

10

10

3.0501[96
.89]

3.0689[97
.49]

3.0727[98
.45]

3.0943[98
.58]

3.1120[99
.14]

3.1234[99
.50]

2.912
4+
0.028
[93.00

2.956
4+
0.036
[94.10

2.965
1+
0.042
[94.46

2.953
7%
0.032
[94.37

3.003
9t
0.009
[95.97

3.062
2+
0.024
[97.84

3.075
8+
0.001
[98.28

6.96

4.66

4.19

5.62

3.71

2.93

1.73

Cag.42Mgo55(PO,)
s(OH),
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MgHA3-

MgHA3-

MgHA3-

MgHA3-

MgHA3-

MgHA4-

MgHA4-

1.5 um

200

200

200

200

200

150

0.0

10

10

10

15

20

10

3.0566[97
37

3.0730([97
.90]

3.0897[98
.43]

3.1203[99
.40]

3.1245[99
.54]

3.000
9+
0.004
[95.88

3.021
7%
0.027
[96.54

3.041
1t
0.018
[97.16

3.055
5%
0.014
[97.62

3.059
9+
0.009
[97.76

2.608
7%
0.092
[83.29

2.963
7%
0.035
[94.62

4.27

4.34

3.43

1.76

1.93

16.71

4.24

Cag.42Mgo.55(PO4)

s(OH),
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MgHA4-

MgHA4-

MgHA4-

MgHA4-

MgHA4-

MgHA4-

MgHA4-

200

240

200

200

200

200

200

10

10

10

10

10

15

20

2.9978[96
.05]

3.0858[98
.02]

2.8778[92
.21]

2.9397[94
.19]

2.9506[95
.54]

3.0008[96
.15]

3.0028[96
.21]

2.984
4+
0.018
[95.28

3.042
54+
0.024
[97.13

2.939
4+
0.045
[93.84

2.958
7%
0.043
[94.46

2.964
6t
0.037
[94.61

3.010
1+
0.010
[96.10

3.014
0
0.022
[96.22

411

2.71

4.71

4.14

4.14

3.16

3.04
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°Apparent density determined by means of the Archimedes” method using boiling water.
|[’Apparent density determined by He-pycnometry.

‘Open porosity computed from values of ultimate density and apparent density measured by Helium-
pycnometer.

“The chemical formula of the sample powders was calculated from the contents of Ca, Mg and P
determined via ICP-AES and OH- was calculated by charge balance.

a)

MgHA4

MgHA3

Intensity ( Arbitrary Units )
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20 nm
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MgHA3

MgHA2

Intensity ( Arbitrary Units )

33 34 35

32
20 Degrees ( CuKa

30 31

OHwv

Transmittance ( Arbitrary Units )

| | | | | 1 il 1 L L 1
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Wavenumber ( em” )
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Apparent density ( g/cm3)
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Cumulative Volume Intrusion ( mL/g )

Cumulative Volume Intrusion ( mL/g )

0.48

0.4

0.32

0.16

0.08

0.48

04

0.32

0.08

Green pellet, 0.3423 mL/g
150 °C, 0.1620 mL/g

240°C, 0.1502 mL/g

HHP'ed pellets
maximum pore
size (0.1 pm )

Green pellet
maximum pore
size (0.8 um )

0.01

0.1 1 10 100
Pore size (pm)

b)

——— Green pellet, 0.2522 mL/g

—150°C, 0.1734 mL/g

——240°C, 0.1635 mL/g

HHP'ed pellets
maximum pore
size (0.06 pm )

Green pellet
maximum pore
size ( 0.5um)

0.01

0.1 1 10 100
Pore size (pm )
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size (0,20 pm )
i Green pellet
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size ( 10 pm )

v
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0.l | 10 100
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0.01

= Green pellet

— 150 %

— 240 %

HHP'ed pellets
maximum pore
size { 0.06 pm )
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0.1 |

Pore Size (pm)
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Green pellet

b)
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HHP'ed pellets
maximum
pore size ( 0,92 pm )

=]
o
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Green pellet
maximum pore
size (1 pm)

e
[

Log Differential Intrusion ( mL/g )

=)

0.01 0.1 !
Pore Size (pm )
cst?i
Loading Pressure é ' Remaining original

particles

Loading Pressure
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NS NN s
AT

b ¢=§§ MgHA partially
= '9&&\

dissolved

High apparent relative density
MgHA compact disk

- MgHA particle size reduction.

- Recrystallised of new finer
MgHA particles.

- Dynamic particle arrangement.

- Variation in the mesoporosity
distribution.

Rim of dissolved Recrystallised
i i MgHA in water MgHA particles ¢
Y ¥
Compacted Particles bed Dissolution - Recrystallisation Compacted pellet after the
before the HHP treatment HHP treatment

Hydrothermal hot pressing densification
step
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