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Abstract

This study aimed to investigate extensively the full phase formation mechanism from the lowest
temperature to form the phases to the optimum temperature to crystallize akermanite. The effects of
various milling speeds and sintering temperatures on physico-mechanical properties of akermanite
prepared using high-energy planetary milling method were also investigated. The minimum
formation temperature of akermanite phase (above 800°C) was determined by X-Ray diffraction
(XRD) and differential thermal analysis. XRD analysis revealed akermanite had formed through
gradual phase development with the increase in temperature. Below 700°C, akermanite was
structurally unstable while multiple transient compounds (low clinoenstatite, wollastonite,
monticellite, and diopside) coexisted, as indicated by low peak intensities. Single phase akermanite
was obtained by heat-treating at 1100°C. Physical studies suggested the densest akermanite ceramic
feature, with tensile strength range of 25.26 + 1.41 MPa-32.10 + 2.13 MPa and Vickers
microhardness range of 1.39 + 0.04 GPa—4.94 + 0.26 GPa could be obtained at 1250°C.

Keywords: Akermanite, High-energy planetary milling, Milling speed, Phase formation mechanism,
Sintering temperature

Introduction

Biomedical implants for successful bone repair demand high mechanical strength and
fracture toughness with good biological properties. Reviewing the literature on in vitro and
in vivo tests’ outcomes [1,2], the formation of hydroxyapatite on implant surface stands as a
stringent marker for biological response. Thus, phosphate bioceramics such as
hydroxyapatite and tricalcium phosphate-based materials have been widely investigated in
the field of bone regeneration due to their good bioactivity, biocompatibility and
osteointegration [3]. In the last decade, researchers have identified another important group
of bioceramics based on the CaO-MgO-SiO. system [4]. Among the materials in this
system, akermanite (Ca2MgSi>O-), an alkaline-based melilite-type biosilicate has garnered
considerable interest in biomedical applications. This was attributed to the dual
angiogenesis/osteogenesis stimulation, controllable biodegradability, cytocompatibility, as
well as bone-like apatite formation capability [5]. Studies on cell proliferation of mouse
fibroblast L929 cell line showed that alkaline metal ions Ca, Mg and Si released from
akermanite degradation notably stimulated the cell proliferation [6]. Additionally,
akermanite possessed superior mechanical properties to those of stoichiometric
hydroxyapatite (HA), beta-tricalcium phosphate (B-TCP) and bioglass [7].
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Several known approaches in synthesizing calcium silicate bioceramics have been
reported including sol-gel, chemical precipitation, hydrothermal, and solid-state reaction
methods [4]. High-energy mechanical activation is one of the solid-state reaction methods
that had been utilized as a processing technique due to its simplicity of experiment, low
production cost and rapid synthesis of the product. This technique can produce powders and
composites with reduced particle size, thus could enhance the thermodynamic and kinetic
reactions between the starting materials [8].

Shamoradi et al. published a study of monticellite-akermanite nanocomposite
phase formation by fabricating through mechanical activation [9]. The starting reactants
(talc, magnesium carbonate and calcium carbonate) were milled at different ball-milling
times 10 min, 2 h, 5 h, 10 h and 20 h. Then, the resultant specimens were sintered at 1200°C
for 1 h. Even though the pre-determined composite was successfully prepared, one issue is
still needed to be considered in their phase formation analysis. They reported the Gibbs free
energy (AG) values at 1200°C for all phase formation reactions, including the decomposition
reactions of carbonates during milling which generally happens between 600 and 800°C
[10]. Their attempt on calculation raises questions regarding actual phase formation energy
of reaction. To avoid such confusion, the Gibbs energy for each reaction is reported at
specific heat treatment temperature starting from the low temperature in the current study.

To the authors' best knowledge, no single study exists as yet to study the complete
akermanite phase formation from a very low temperature to a high temperature via high-
energy wet mechanical activation method using different milling speeds, although reviews
suggest researchers did investigate phase formation at different various temperatures [11].
The phase development of akermanite heat-treated from a low temperature of 250°C to high
temperatures was studied using differential thermal analysis and X-ray diffraction.
Comparative studies on morphological, physical, and mechanical characteristics were
carried out at different milling speeds and temperatures.

Experimental Procedures

Sample Preparation

Calcium oxide (reagent grade, Sigma-Aldrich, USA), magnesium oxide (99%, Alfa Aesar,
USA), and silicon dioxide (99%, Sigma-Aldrich, USA) were milled with a molar ratio of
2:1:2 in a zirconia jar containing zirconia balls in a planetary ball mill (PM 100, Retsch
GmbH, Germany). The ball-to-powder weight ratio of 10:1 was employed under air milling
atmosphere. Deionized water was used as suspension media. The milling was performed
using rotational speeds of 300, 400 and 500 rpm, and the milling time was fixed at 4 h. The
resultant slurry was then oven dried at 100°C for 24 h. The dried cake was then ground and
sieved using a 200 um sieve. The resultant powders were then pelletized in an evacuated
stainless steel die under 150 MPa pressure forming 13 mm diameter and 3 mm thickness
disc-shaped green bodies. The green pellets were then heat-treated at 250, 400, 600, 700,
800, 950, 1100, 1150, 1200, 1250 and 1300°C for 3 h in air atmosphere. The temperatures
chosen were based on DTA analysis as well as an attempt to optimize phase formation of
akermanite.

Material Characterizations

In an attempt to investigate phases formed in CaO-MgO-SiO; system, differential thermal
analysis (DTA) and X-ray diffraction (XRD) analyses were conducted. DTA (Setaram
Setsys Evolution, France) was performed on the as-milled powders by varying the
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temperature from ambient to 1200°C at a heating rate of 10°C/min in air atmosphere. XRD
(D2 Phaser, Bruker AXS Inc., USA) with monochromatic Cu-K, radiation (4 = 0.154 nm)
was used to determine the phases formed in the 26 range of 10° to 80° with a scan step of
0.05° and 1.25 sec counting time from very low temperature (250°C) to high temperature.
The crystallite size was estimated applying Scherrer’s Equation [12].

Morphological observation of the as-milled powders and the sintered akermanite
ceramics was performed using field emission scanning electron microscope (FESEM; Zeiss
Supra™ Gemini 35 VP, Germany).

Relative density of the sintered bodies was determined in accordance with
ASTMB962-17 [13] by applying Archimedes’ principles. Diametral tensile strength (DTS)
test was also conducted on the sintered pellets, and positioned vertically using a universal
testing machine (Instron 3369, Illinois Tool Works Inc., UK) with a loading rate of 0.5
mm/min, in accordance with ASTM D3967-95a [14].

Vickers microhardness (Hv) was performed on polished sintered pellets in
accordance with ASTM E384-99 procedure [15] using a digital Vickers microhardness tester
(FV-810, Future-Tech Corp., Japan) with a diamond pyramid indenter, at 5 kilograms-force
(kg.f) load for dwelling time of 10 secs at room temperature. Fracture toughness (Kic) was
estimated by taking the average of all crack lengths produced for each indentation as stated
by Avans and Charles [16].

F
Kic = 0.0824 —- (1)

where, F is the applied load (N), and C is radial crack length (m) measured from the center
point of the indented area.

Assessment of specific surface area of as-milled powders was conducted by N
adsorption (ASAP™ 2020 Plus, Micromeritics Instrument Corp., USA) adopting Brunauer—
Emmett-Teller (BET) method [12].

Results and Discussion

Thermal Analysis

A complete phase formation mechanism was studied from thermal analysis of the as-milled
powders. According to the DTA analysis, as-milled powders were heat-treated at various
temperatures and subsequently XRD analysis was conducted to determine the formation
mechanism of different phases.

The DTA curve (Figure 1) of as-milled powder heat-treated to 1200°C exhibits
three endothermic peaks and one exothermic peak. The first endothermic peak between 250
and 400°C is associated to enstatite formation [17], whereas the second peak between 400
and 600°C can be ascribed as the development of diopside phase. The third endothermic
peak (600 to 800°C) is believed to be formation of merwinite. The narrow exothermic peak
between 800 and 950°C is assumed to be the phase formation of crystalline akermanite
structure. This analysis will be confirmed with XRD, whereby pellets were prepared
separately, and subsequently heat-treated at the temperatures selected (250, 400, 600, 700,
800, 950, 1100, 1150, 1200, 1250, 1300°C) in accordance to the DTA curve.
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Figure 1. DTA curve of as-milled powder heat-treated at different temperatures

Phase Analysis

Figure 2 depicts the XRD patterns of as-milled and heat-treated powders produced using
high-energy planetary mill at 300, 400 and 500 rpm for 4 h under the same preparation
condition. The XRD profiles of as-milled powders were observed with sharp features,
revealing crystalline structured phase. The crystallite sizes were calculated to be in the
range 45.5 to 43.3 nm when the milling speed was increased from 300 to 500 rpm.
Referring to Figure 2 (al, a2), the as-milled powders (500 rpm milling speed) showed the
formation of new transient phases of low clinoenstatite (MgSiOs; ICSD card no. 98-011-
0759), wollastonite (CaSiOs; ICSD card no. 98-001-7684), and monticellite (CaMgSiOyg;
ICSD card no. 98-004-5808), besides unreacted lime (CaO; ICSD card no. 98-003-4917),
periclase (MgO; ICSD card no. 98-011-0579), and low quartz (SiO2; ICSD card no. 98-
001-2528). The formations of wollastonite and monticellite at low temperature upon
milling have never been reported elsewhere in the literature. Our findings also highlighted
that akermanite phase could not be formed by intense high-speed milling, suggesting heat
treatment is required.

CaO and MgO would react with SiO2 to form low clinoenstatite (MgSiOs3) and
wollastonite (CaSiO3z) at 200°C and 300°C, respectively [17,18]. In the synthesis of
akermanite, the formation of MgSiO3z and CaSiO3z was possible as the temperature in the
planetary mill can reach to a temperature range of 200-600°C [19]. Such high temperatures
during milling had received relatively little attention so far. The temperature increment and
intense mechanical deformation enhanced the diffusivity of reactants and accelerated
reaction kinetics, triggering the phase formation behavior of MgSiO3z and CaSiOsz [20]. In
mineralogy studies, Christie had emphasized the formations of wollastonite and monticellite
at minimum temperature 200°C during the low temperature breakdown of the akermanite
system under various water pressures [21].
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Figure 2. XRD spectra in the range 10° — 80°: (al, a2) 500 rpm, (b) 400 rpm, (c) 300 rpm,
and (e : akermanite, V : diopside, ¢ : merwinite, @ : low quartz, [0 : monticellite, + :
wollastonite, O : lime, ¢ : periclase, * : low clinoenstatite)

Additionally, heat treatment at a low temperature of 250°C confirmed the same
phase as as-milled, i.e., low clinoenstatite, wollastonite and monticellite. Hence, the first
stage in the akermanite formation process at low temperature can be reported as follows,
with AG values determined.

Ca0 + Si0, — CaSi0,, AGasoec = — 89.80 ki molt KT (2)
MgO + Si0, - MgSiO;, AGgsoec = —33.64 kJ molt K (3)
MgSiO; + CaO - CaMgSi0,, AGzspoc =—72.20 kI molt Kt (4)

Gibbs free energy (AG) helps researchers predict the thermodynamic behaviors of
chemical changes. In our work, the Gibbs energies for all possible reactions at specified
temperature were estimated by adapting the Gibbs’ relation [22]. If AG value is negative, the
reaction is spontaneous (product-favored). If AG is positive, the reaction is non-spontaneous
(reactant-favored) and if AG is zero, the system is in equilibrium. As seen, all the above
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reactions and subsequent reactions showed negative AG values indicating high tendency to
favor the spontaneous formation of desired products from the thermodynamics standpoint.

Upon further heat treatment to a temperature of 400°C, monticellite and periclase
peak intensities decreased as the new phase diopside (CaMgSi2Os; ICSD card no. 98-011-
0180) started developing with low intensity. Therefore, in the next stage the formation of
diopside can be expressed as follows:

CaMgSio, + Si0, — CaMgSi,0,,  AGaooec = — 33.94 ki molt K (5)

Reaction (5) was also similarly reported by Rietmeijer et al. through laboratory
condensation experiments of refractory Ca-SiO2-H2-O2 [23]. Further heating to 600°C led to
the weakening and elimination of lime, low quartz, low clinoenstatite, wollastonite, and
monticellite peaks, while the intensity of the diopside peaks increased. New phase of
merwinite (CasMgSi2Os; ICSD card no. 98-004-8556) with low intensity could also be
identified. The formation of merwinite along with the reduction of wollastonite, monticellite
as well as periclase occurred through the following reaction.

4CaSi0; + 2Mg0 — CaMgSi,04 + CazMgSi,0g, AGeooec = —84.79 ki molt K (6)

Yoder outlined the coexistence of diopside and merwinite at minimum temperature
of 750°C under CO> pressure in his geological studies on melilite-bearing rocks [24]; in our
study, in contrast the formation began at 600°C and this is made possible because of the fine
powder interaction after milling. Further heating to 700°C resulted in more pronounced
merwinite and diopside. By 800°C, the new phase akermanite (Ca2MgSi>O7; ICSD card no.
98-002-2319) had begun to form. Heat treatment to 950°C gave rise to the progressive
development of akermanite phase. This phenomenon suggests that heat treatment is a key
process in forming akermanite phase owing to the improvement of powder reactivity.

A previous study mentioned that akermanite powder sintered at 1100°C through
sol-gel process would contain merwinite and diopside phases as impurities [25]. However,
in this study, the increase in temperature to 1100°C eliminated the merwinite and diopside
phases, and the diffraction peaks were in good agreement with those of akermanite phase. It
can be reported that merwinite and diopside reacted with each other to form akermanite
phase. Hence, our finding highlighted that the temperature above 800°C is required to initiate
the formation of akermanite phase in accordance to equation (7).

CaMygSi,0s + CasMgSi,05 — 2CayMgSi,0,,  AGsooec =—18.06 kI molt Kt (7)

The AG value obtained for the formation of akermanite was smaller than that of
literature data [22]. This is because the smaller AG values of complex starting compounds
(diopside and merwinite) produced the smaller estimated result of product (akermanite).
Knowing that equilibrium lines where AG = 0, the smaller AG of product, the closer to
equilibrium, thus the earlier pure phase formation of akermanite.

At temperatures of 1150, 1200, 1250 and 1300°C, the XRD patterns showed
similar peaks as those at 1100°C, indicating the phase stability of pure akermanite above
1100°C. We found lower sintering temperature (1100°C) was needed for pure akermanite
fabrication than those prepared by previous researchers [6,26]. The rationalization for this is
that high-energy planetary ball-milling had activated more rapidly the surfaces of milled
powders forming finer particle size which facilitated the chemical reactions during sintering.
Akermanite phase stability between 1100 and 1300°C could also be identified similarly for
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milling speeds of 300 and 400 rpm and the corresponding XRD spectra are presented in Figure
2 (b, ¢). The phase analyses for the different speeds of 300, 400 and 500 rpm will be used to
relate to the mechanical studies in the present work. The prominent feature of phase stability
of akermanite during sintering over a wide range of temperatures can also be very valuable for
other applications with demanding mechanical and thermal requirements as well as
luminescence properties activated by doping some rare earth ions (Eu**, Mn?*, Dy*", etc.) [26].

Recently, Tavangarian and co-workers studied phase formation for
Ca0-MgO-SiO2 system using carbonate-based ingredients (calcium carbonate, magnesium
carbonate and silicate) through dry planetary ball-milling for 1 min, 5 h, 10 h, 20 h and 50 h
[11]. Subsequent heat treatments were then employed from 700 to 1200°C. No phase
formation at low temperatures were investigated in their work. Their results showed mixed
of binary compounds (enstatite, wollastonite and larnite) and ternary compounds (merwinite
and akermanite) had dominated until 1200°C with 5 h milling. To form single phase, the
milling time was further increased to longer times of 10 h, 20 h and 50 h. Although pure
akermanite phase was achieved at 900°C after 20 h and 50 h milling, the process was deemed
to suffer from techno-economical points due to the prolonged milling time and potentially
increased contaminant levels. Furthermore, non-uniformity of mixing resulting from dry
milling could occur. Therefore, adopting the high-energy high-impact planetary ball-milling
would enable the development of final products with use of less energy and reduce time of
production, as well as improve properties of the materials.

Morphological and Physical Evaluations

The manipulation of microstructure is key to control densification and thus, the mechanical
properties of materials to be engaged as strength-sufficient bone repair substitutes for clinical
purposes. In the present study, to optimise these properties, two parameters were varied:
milling speed and sintering temperature.

Figure 3 (a-c) shows the micrographs of powders that were milled at 300, 400 and
500 rpm for 4 h. As observed, the powder morphologies showed increase in degree of
agglomeration with milling speed. This phenomenon is reasonably assumed that the smaller
the particles, the higher surface energy, thus the greater cohesion between particles and easier
for particles to agglomerate [27]. This is consistent with the resultant BET specific surface
area increment from 77.79 to 88.51 and 108.68 m?%g in terms of increasing milling speed.

Figure 3. Morphologies of as-milled powders at different milling speeds: (a) 300 rpm, (b)
400 rpm, and (c) 500 rpm (Magnification = 10,000X, Scale bar =1 um)

The surface morphologies of sintered pellets revealed irregular grain geometry

(Figure 4). Sintering temperature had greater influence on grain growth of Ca>MgSi>Oz
rather than milling speeds. The grains grew gradually from 1100 to 1200°C along with loose-
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packed grain boundaries and significantly high porosities. Despite this, the grain growth
increased to a significant level, thus clear, well-defined grain boundaries became pronounced
at 1250°C. Hence, the relative density was increased between 1100 and 1250°C as a function
of sintering temperatures, but later, a slight decrease at 1300°C (Figure 5). The optimum
densification of akermanite ceramics was achieved at 1250°C as this was attributed to some
regions where the grains tend to join together, developing into larger grains. One can observe
the mixed of larger grains surrounded by smaller ones, thus filling the spaces between the
grains and enhancing the density of sintered solid compacts. Such microstructure can possess
improved mechanical properties than those of other monolithic ceramics, as previously
described by Niihara [28]. It is noteworthy that akermanite specimens partially melt and
grains appeared to be elongated, while some trapped pores were also observed, which would
have adverse effect of reaching to 1300°C, and consequently, led to decrease in relative
density as shown in Figure 5.

The evidences in microstructural and physical studies suggested that, with the rise
in sintering temperature until the threshold temperature (1250°C), the changes in grain
growth behaviour and grain size arouse an appreciable positive effect on the overall
densification in specimens. In this study, much higher levels for densification (93.72—
96.83%) were successfully achieved with respect to those reported by Wu and Chang
(70.10%) [29]. Hence, tailoring of densification and subsequent improved mechanical
properties of the ceramics appeared to be controlled by nano-sized product and appropriate
sintering temperature without changing phase composition.

1100°C

1200°C

1300°C

Figure 4. A comparison of FESEM micrographs of outermost surfaces of ceramics
(Magnification = 10,000X, Scale bar = 1 pum)
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Mechanical Evaluations

Diametral tensile strength, Vickers microhardness and fracture toughness evaluations were
conducted to study the influence of sintering temperatures and milling speeds on the
mechanical properties of akermanite ceramics. Based on the microstructural and physical
results, mechanical tests were performed only on the dense ceramics sintered at 1200 and
1250°C, since higher strength and toughness of material was expected to achieve at these
two temperatures, while the akermanite partially melted at 1300°C.

Table 1 demonstrates a clear three- to four-fold increment in DTS values from 1200
to 1250°C, signifying sintering improved the mechanical properties of akermanite. The DTS
values achieved at 1200°C were 6.29 + 0.80 MPa, 8.38 £ 0.89 MPa, and 12.39 + 1.33 MPa
at 300, 400 and 500 rpm, respectively, demonstrating the effect of higher milling speed. The
DTS values significantly increased at 1250°C. The low DTS at 1200°C was attributed to its
higher residual porosity (Figure 4). DTS of ceramics is considered to be very sensitive to
some factors, viz., the presence of flaws (i.e., pore-like and crack-like flaws), grain size and
brittle nature of ceramics, based on strength-porosity-microstructure relationships as
analyzed by earlier researchers in detail [30]. This porosity dependence of the strength could
similarly be found in bone mineral with increasing age [31]. On the whole, all the akermanite
samples exhibited higher DTS values than that of HA (4-5 MPa) [32] and B-TCP (~4 MPa)
[33]. The highest strength (32.10 £ 2.13 MPa) was achieved by milling at 500 rpm and
sintered at 1250°C whilst for that of cancellous bone was 1.5-38 MPa [34]. No other authors
have reported such high DTS for dense akermanite ceramics so far, and the high DTS value
achieved was attributed to the relatively high density.

Table 1. DTS Values of Sintered Materials (Mean + SD, n = 5)
DTS + SD (MPa)

Temperature (°C)

300 rpm 400 rpm 500 rpm
1200 6.29 £ 0.80 8.38 £ 0.89 12.39+£1.22
1250 25.26 £ 1.41 27.84 £2.27 32.10+2.13
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Hardness (Hv) and fracture toughness (Kic) are also important parameters required
for the prediction of mechanical performance of bone implants for their potential biomedical
applications. The limited strength and fracture toughness have so far hindered the use of
bioceramics for stress and load-bearing applications and the enhancement remains a clinical
challenge.

To evaluate Kic precisely, the continuous radial cracks emanating from the four
vertices and two diagonals of indentation were determined from enlarged FESEM
micrographs of gold-coated indented areas, as recommended by Ponton and Rawlings [35].
Typical indented surfaces are presented in Figure 6 (a, b). The measurements were
undertaken in the crack-free areas to lessen the influence of thermal cracks on the results.

There was a drastic difference in microhardness behavior between 1200 and
1250°C. The indentation depth and size on sample sintered at 1200°C was deeper and larger
than that at 1250°C. This temperature-dependent behavior for microhardness resembles
those of densification and degree of crystallization, and concurs well with our initial
microstructural analysis (Figure 4). Comparing the Hy results of test samples with previous
literature for cancellous bone (0.35 GPa) [36] and natural bone derived hydroxyapatite
(0.17-1.47 GPa) [37], generally, higher microhardness was attained in the current prepared
samples. Low hardness values (0.86 + 0.01 GPa) at 1200°C were correlated to the low
density (high porosity) of these materials. On the other hand, the compacts sintered at
1250°C possessed improved microhardness (4.94 + 0.26 GPa) than natural bone extracted
materials.

[ 1200°c

] 1200°C =
1250°C 1250°C

Vickers Microhardness (GPa)
Fracture toughness (MPa.m'"?)

Milling speed (rpm) Milling speed (rpm)

Figure 6. Vickers microhardness indentation marks on polished samples milled with 500
rpm: (a) 1200°C, (b) 1250°C, (c) Vickers microhardness, and (d) fracture toughness (****:
p < 0.05, one-way ANOVA multiple comparisons’ test)
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Likewise, fracture toughness of akermanite was increased relatively from 0.34 +
0.01 MPa.m¥2 t0 0.75 + 0.01 MPa.mY2 with milling speed at 1200°C which was higher than
that of the previous work (AK; 0.35 MPa.m?) [29]. At 1250°C, fracture toughness presented
an improvement from 0.78 + 0.01 MPa.m*2 to 1.62 + 0.02 MPa.m?, as compared to that of
past results (AK;~1.53 MPa.m'?) [38], wollastonite (CaSiOs:<1.0 MPa.m%?) [39], HA
(0.70-0.80 MPa.m?) [40], B-TCP (0.46 MPa.m*?) [41], bioglass®45S5 (0.70-1.10
MPa.m?) [42] and human cancellous bone (0.10—-0.80 MPa.m"?) [39]. The observed low
fracture toughness at 1200°C could be interpreted as being a result of weak grain boundaries
of akermanite at low temperature. More desirable fracture toughness of akermanite milled
with 500 rpm at 1250°C was achieved as close to the range of that for human cortical bone
(2-12 MPa.m*?) [39]. Thus, the high value of relative density was in turn a strong reason
for high fracture toughness.

It is worth to note that even though we could improve densification and DTS of
akermanite bioceramics in the present work, that improvement did not reflect significantly
in fracture toughness. One of the possible explanations is the large average grain size of
ceramics owning to rapid grain growth at 1250°C, accompanying improved densification.
Bower and Ortiz remarked that the apparent change in toughness of ceramics could be
affected by the variations in grain size, and it could be improved by designing their
microstructure appropriately to achieve refined grain size [43]. Moreover, Ponton and
Rawlings outlined that, in brittle polycrystalline materials, the microstructure strongly
influenced the indentation cracks such as crack termination at porosity and/or grain
boundaries normal to crack path [35]. To address this limitation, further development of
better strong and tough materials without losing bioactivity might be possible by substituting
metallic ions or compositing with other beneficial second reinforcing phase to impose an
effective limit on grain growth of akermanite by reducing the movement of grain boundaries
during sintering. The smaller the grains formed, the higher grain boundary surface area and
subsequently enhanced mechanical properties since grain boundaries behaved as
microstructural barriers to resist micro-crack propagation [44]. Mechanical strength of dense
bioceramics fabricated in current work could potentially meet the requirements for bone
repair materials.

Conclusions

Akermanite ceramics have been produced by high-energy planetary milling with subsequent
heat treatment at 1100°C for 3 h for 300, 400 and 500 rpm. In the present study, formation
of both binary phases (CaSiO3z, MgSiOz) and ternary phase (CaMgSiOs) was observed at
low temperatures while formation of ternary phases (CaMgSiOs, CasMgSi>Os) developed
progressively at high temperature until a pure akermanite was produced. The effects of heat
treatment temperatures of akermanite influenced the mechanism of phase formations.
Concisely, our findings highlight the appropriate sintering temperature and milling
parameters promote the ceramic sinterability, a useful strategy to develop a high-strength
Ca>MgSi»0O7 ceramic with densest characteristics (> 90%) at 1250°C with 500 rpm, which
will make akermanite a strong efficient candidate suitable for bone repair applications.
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