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In the present study, Apatite-Wollastonite-Diopside glass-ceramic composites were prepared by the
pressureless sintering process at the temperature range of 1100-1160 °C. The weight percentage of

phlogopite was varied between 10% and 50%. In addition, the bending strengths were increased from
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100 to 170 Mpa by increasing the content of phlogopite up to 20 wt%. Furthermore, the sintering
conditions were studied via characterizing the linear shrinkages and the relative densities of sintered
samples. The relative density of composites increased through increasing the content of phlogopite up
to 83% at 1050 °C in C55 sample (with 50:50 weight percent). The XRD results showed that the
forsterite as well as the phlogopite phase caused the maximum hardness of 16 GPa in C28 sample .

1. INTRODUCTION

Glass-ceramic apatite—wollastonite (A-W) [1] is a
bioactive ceramic which can promote bone regeneration
and provide strong interfacial bonding between the
implant and host tissue in areas such as iliac crest and
spine [2-4]. The presence of crystalline apatite (Cajo
(POs) (0, F2) and wollastonite (CaO-SiO;) in a MgO-
Ca0O-SiO; glassy matrix lead to that the A—W glass-
ceramic possesses greater tensile strength than both
bioglass® and sintered hydroxyapatite (HA) [5-8] as
well as human cortical bone [9]. These phases can be
maintained for a longer period in the body environment,
making it a highly desirable implant material [10, 11].
Despite having desirable mechanical strength, high
elastic modulus, the ceramic materials are prone to low
fracture toughness. Considering their utilities, several
research works therefore have been carried out to
improve the fracture toughness of these glass ceramics.

Texturing has been conducted by extrusion of apatite
glass-ceramics [12] in order to enhance the fracture
toughness. Some other researchers, however, have
proposed applying ZrO; as a reinforcement into the A-
W glass-ceramics [13]. They reported the numbers of
480 MPa and 2.6MPa.m1/2 for bending strength and
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fracture toughness, respectively, in the case of glass-
ceramics containing 50% zirconia. for, Cooper [14] has
investigated the potential of using phlogopite glass as a
fiber/ceramic—matrix composite. According to his
research, phologopite interface was sufficiently weak to
provide debonding and crack deflection. The fiber
reinforced ceramic matrix composite exhibited non-
catastrophic fracture behavior during the fiber extensive
pullout. Therefore, it is expected that the fine mica
particles, precipitated at the inter granular region, would
heighten the fracture toughness or the machinability of
the composites [15].0n the other hand, it has been
proved that some glasses, which may be produced by
mixing powders of different glasses, meet the properties
changing of the original glasses [16].

The present work is another attempt to improve the
properties of A-W glass-ceramics by means of their
mixing with phlogopite glass composition.

2. EXPERIMENTAL PROCEDURE

2.1. Glass melting

Apatite-wollastonite (A-W) [1] and phlogopite (Ph)
glasses [21] were prepared by applying several
reagents-grade MgCO; (Merck ArtNo. 5828, Germany),
K>COj; (Merck Art No. 7734, Germany), MgF,, (Merck
Art No 7783, 6-40, Germany) Ho[PO4] 3, ALOs and SiO»
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sand, while the batches were calcinated at 900°C for 24
hrs. During the initial experiments indicated in Tables 1
and 2, the nominal and analytical compositions of
different glasses were studied. The A-W and Ph glass
compositions were melted at 1450°C and 1550 °C,
respectively, which were kept in an electric furnace for
2 hrs using Pt crucibles. In order to obtain frits, these
melts were poured into the cold water.

TABLE 1. Nominal/analyzed composition of AW glass(wt.%)

0, [ POs | ca0 ] F Mg0

32 [ 342163 [ 14 [ 47 ] 449 [ 020 [ 05 [ 354 46

TABLE 2. Nominal/analyzed composition of ph glass (wt. %)

Si0: | ALO; | B:Os | KO | F MgO

40 [ 402 [ 14 [ 146 | 12 ] 124 [ 6] 657 | 14 [ 780 [ 18 | 179

2.2. Particle size distribution

In the next step, dry frits were grounded using an agate
mill and sieved with a 60-pm mesh. The particle size
distribution of glass powders was determined using
laser scattering with a Mastersizer S instrument
[Malvern Instruments]. Figure 1 shows the PSA analysis
of the two frites. The results of Dsg and specific surface
area are presented in Table 3. It is worthy to mention
that these two glasses were mixed together to make a
composite. Moreover, all melted glasses displayed a
broad amorphous XRD profile.
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Figure 1. Particle size distribution of (a) A-W frits and (b) ph frits

TABLE 3. Specific surface area and density of obtained frits

Samples | Density (g/cm®) | Specific surface area
Ph 2.55 0.23
A/W 291 0.20

2.3. Preparation of composites

Mixtures were prepared by combining matrix (A-W)
and Ph glasses with different ratios (5 to 50 wt. %) in
acetone solution. Then it was shacked in a tubule mixer
for 1 hand dried in an oven at 60°C. Table 4 shows the
four specimens of the composites through 1:9, 2:8, 3:7
and 5:5 weight ratio denoted by C19, C28, C37 and
C55, respectively. All of these specimens as small green
plates were treated isothermally at 1100°C, 1120°C,
1140°C and 1160°C, correspondingly, for almost 60
min. the optimum of heat treatment region was
measured by obtaining the minimum values of open
porosity and the maximum values of linear shrinkage in
order to acquire dense composites.

TABLE 4. The composition of different composites

Composite Ph glass (wt. %) A/W glass (wt. %)
C19 10% 90%
C28 20% 80%
C37 30% 70%
C55 50% 50%

2.4. Mechanical properties analysis

Hardness was determined by means of samples polished
down to a 1 pm finish using diamond-paste. A Vickers
indent load of 1 kg.f was then applied to the polished
surface through Micromet 3 micro-hardness testers

(Buehler LTD, Lake Bluff, IL, USA) with a 30 sec.
dwell time. It can be calculated according to the Eq. (1):

) ()

Where a=2 and a is the half diagonal of the indent [17].
Ten samples from each type of composite were
selected to perform a three-point bend testing. The
specimens were shaped and then polished using 8§ um
silicon carbide papers to reach a sample with
3 mm*x4mmx40mm size To apply a load over a 30 mm
span, at the mid-point of the surface, Instron testing
machine was utilized. All tests were fulfilled at ambient
temperature using a cross-head speed of 0.5 mm/min
and. The values for bending strength and Young's
modulus at failure point were calculated based on the
equations (2) and (3), respectively [17]:
/ th2
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Where 6=3PL/2bh? and &~6 h 8/ L. P denotes the load
at the elastic limit (N), Pr is the load at fracture point
(N), L is the sample length (mm), 3 is the displacement
of crosshead (mm), b is the sample breadth (mm) and h
is the sample height (mm).In a same mechanical test,
fracture toughness was determined for glass-ceramics
through indentation strength. The indentation toughness
equation was developed by Chantikul ez. al. [17] shown
in the following:

E )8 % 4
Ke=¢, o 5pP “

Where K. is the toughness, E is the elastic modulus, P is
the indentation load, H is the hardness, or is the applied
stress at fracture point and {, is an empirical constant
(0.59+0.12).

3. RESULTS AND DISCUSSION

In order to evaluate the sintering process, the linear
shrinkages of the composites were measured via
applying a 10 °C/min heating rate At that time, green
samples were treated isothermally at 1100 °C, 1120 °C,

1140 °C and 1160 °C for 60 minutes. Figure 2 shows the
linear shrinkage of composites versus temperature.
Table 5 also depicts the relative densities and sintering
temperatures of the composites.

The results also indicated that the maximum
densification of composites was in the temperature
range of 1140-1180 °C, which were evidently very close
to their melting temperatures. The given interval
sintering temperature was positioned certainly higher
than the sintering temperatures that have been found for
A-W (Apatite-Wollastonite) and (Phlogopite) individual
glasses before[1,2].

The delay in densification may be due to the
crystallization or reaction between the components of
the two glasses [13]. On the other hand, if the effective
crystalline phases in the composites vary based on the
temperature, one will be might expect additional
changes in the sintering trend compared to a single
(constant) composition. Otherwise, the low relative
density of the heat-treated composites at the sintering
temperature may be attributed to the effect of secondary
porosity, which is more pronounced in the higher
temperature heat treatment [13]. Figure 3 shows the
evolution of the phases over the sintered samples. The
sintered composites exhibit similar crystalline phases,
which should be essentially apatite, wollastonite,
diopside and forsterite.
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Figure 2. Linear shrinkage of the composites

TABLE 5. Maximum sintering melting temperature and
relative densities of the composites

A-W Ph

Samples C19 C28 C37 Cs5 glass  glass

Sintering
temperature °C 1180 1160 1140 1050 1080 1060

Melting
temperature °C 1200 1180 1150 1070

Relative density
g/em’ 75%  87%  79%  83% 95% 79%

In addition, the XRD patterns showed an almost
complete disappearance of the phlogopite phase (this
phase has been realized in the previous study [21]). It is
assumed that the diopside phase is formed in all sintered
composites because of the dissolved phlogopite.

Diopsidic pyroxene as a major phase is formed due to
the wide limits of isomorphous substitutions in the
pyroxene formula. There is a possibility for contribution
of CaAlSiOs Molecules in the building of pyroxene



structure with aluminum ions that occupy fourth and
sixth coordination positions to form complex aluminous
pyroxene solid solutions under the non-equilibrium
conditions.

By increasing the temperature, phlogopite crystals
probably dissolve and infiltrate MgO content into the
residual glass, which most likely facilitate the diopside
formation. On the other hand, the forsterite phases
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forme as a result of fluor volatilization and re-
dissolution of the phlogopite crystals [14]. However,
these were not identified in the C28 sample in
comparison with the other composites.

Moreover, the recognized weak peaks of melilite in the
C55 sample and the lower proportion of the crystalline
phases (according to the XRD patterns) indicate a more
amorphous phase in this case.
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Figure 3. XRD patterns of composites isothermally- heat-treated at the sintering

Similar to the previous research [15], the evaporation of
fluor from the phlogopite glass composition has an
important role in the reaction and sintering Process.
Figure 4 shows the gradual weight loss of the
composites at the appropriate sintering temperature.
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Figure 4. The weight loss of the composites in their sintering
temperatures

The observed weight losses are due to the evaporation
of H,0, CO, CO, fluor and boron [15]. According to
the weight loss results (Figure 4), it is apparent that
weight loss enhance markedly in the composites with
more Ph glass quantity using the optimum holding-time
at the sintering temperature. Furthermore, phlogopite
dissolution can be explained by Figure 4.

3.1 Mechanical properties analysis

Figure 5 shows the values of three-point bending
strength and Young’s modulus of the composites as a
function of phlogopite content after sintering process at
the optimum temperature.

Since the bending strength highly dependes on the
relative density and according to the high density of
C28 sample, it should be unsurprisingly mentioned to its
higher mechanical properties including bending strength
and Young’s modulus than the other composites.
Furthermore, low strength of the C55 sample can be
explained established upon its number of crystalline
phases, which are lower than the other samples.

Figure 6 shows the results of microhardness and fracture
toughness.
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Figure 5. Three-point bending strength and Young’s module
of the composites
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Figure 6. The results of microhardness and fracture toughness
of the composites

TABLE 6. The mechanical properties results of the composites

Bending Young’s Micro Fracture
Sample Strength Modules Hardness Toughness
(Mpa) (Gpa) (Mpa.m'?)
C19 81.95257 114.38 7.66 1.12
C28 107.02 170 2.65 1.2
C37 90.54813 166.41 5.81 1.15
Cs55 84.30151 120.36 12.84 0.88
C19 81.95257 114.38 7.66 1.12

Forsterite is known because of its optimum hardness (7
Mohs). Since forsterite was not detected in the C28
sample, its hardness is significantly lower than the other
composites. A strong correlation between the content of
forsterite and the hardness are shown in Table 6.

The microstructures of the C55 and C28 samples are
compared in figures 7 and 8. According to the EDS
analyses, the observed particles were diopside.

3.2 Microstructural characterization

For the heat-treated C55 sample at 1050 °C and a 1 hour
holding-time, a few isolated crystals were formed and a
slight melting of the sample was observed. The heat
treatment on the sample caused melting the crystalline
phases and led to an uneven rough surface texture.

Figure 9 depicts the precipitated higher volume fraction
of blocky crystals in the C28 sample.
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Figure 7. SEM micrograph of the C55 sample sintered at
1050°C for 1 hr

Figure 8. SEM micrograph of the C55 sample sintered at
1050°C for 1 hr

Figure 9. SEM micrograph of the C28 sample sintered at
1160°C for 1 hr

The microstructure of C28 sample would also elucidate
the high bending strength, as previously shown in
Figure 5. Additionally, Young’s modulus, fracture
toughness and subsequent bending strength of the C28
sample had the highest values at the lowest hardness.



This behavior indicates (Fig. 10) achieving to a highly
interconnected crystalline microstructure.

Figure 10. SEM micrograph of the C28 sample sintered at
1160°0C for 1 hr

According to the Figs. 8,10, the rod shape crystals of
diopsides were surrounded by the some amorphous like
phase in both composites, but the presence of the
amorphous phase was more clear in the case of C55
micrograph. In other words, the C55 sample contains
more amorphous phases (as mentioned earlier), which is
probably led to a low strength. Figure 8 also shows a
needle-like microstructure for the C55 compared to the
C28. It is possibly due to the lower sintering
temperature and lower viscosity, which both are
responsible for lower bending strength in the C55
sample.

4. CONCLUSION

The high relative density was difficultly obtained in
apatite-wollastonite-phlogopite  glass-ceramic. As a
result, the bending strength of the composites was
influenced by the porosity, which decreased the fracture
toughness (81 MPa for bending strength and 1.12
MPa.m'? for fracture toughness). Consequently, it can
be stated that the forsterite as well as the phlogopite
phase was led to increase the hardness of the
composites. The presence of more amorphous phase in
the C28 sample resulted in the blocky diopside grains,
which probably increased the bending strength to 107
MPa.
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