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ARTICLE INFO ABSTRACT

Boria (B,03)-added forsterite (Mg»SiO,) ceramics were synthesized and their properties were characterized.
The addition of B,O3 was aimed to produce high density forsterite ceramics at a low sintering temperature. The
raw materials were purified silica sand and commercial magnesia powders. Fosterite powder was produced from
a solid reaction between the raw powders at 1100 °C prior to addition of B,O3, uniaxial pressing and sintering at
1200 °C. The amount of added B,Os varied between 0%, 4%, and 8% by weight. Elemental analysis was
performed by X-ray fluorescence (XRF) spectroscopy on the purified silica powder, whereas phase analyses were
obtained from X-ray diffraction (XRD) data. Characterization of the ceramics included diameter shrinkage,
density-porosity, thermal expansion, Vickers hardness, and dielectric constant. The results showed that the
silica powder contained 98.7 at% Si with minor impurities, including 0.5 at% Ti, but the only identified
crystalline phase was quartz. Further phase analysis of the ceramics showed that the addition of B,O3 reduced
the amount of formed forsterite and increased the amount of cristobalite, proto- and clino-enstatite (MgSiO3) as
well as suanite (MgyB2Os). The highest forsterite content was found in B,Os-free ceramics, approximately
88.1 wt%. Moreover, the addition of B»Oj3 also reduced the diameter of the sample by more than 21%, resulting
in a very dense ceramic with an apparent porosity of only 0.3%. The Vickers hardness significantly increased
from 0.3 GPa for the B>Os-free ceramic to 10.9 GPa for the 4% B»O3; sample. The dielectric constant of the
B,03-added forsterite ceramics was improved by approximately 2—6 times that of the B,O3-free ceramic, which
was primarily attributed to the loss of porosity in the samples.
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Most studies used commercial raw materials, such as periclase (MgO),
magnesium carbonate (MgCO3), talc, magnesium nitrate hexahydrate,

1. Introduction

Forsterite is a member of the Mg-Si-O ceramic systems with a
chemical formula of Mg,SiO4. It is naturally discovered as an olivine
mineral, but synthetic forms are now easily prepared. The latter exhibit
physical properties that meet several criteria of functional and tech-
nological materials. The effectiveness of forsterite as a candidate for
dental tissue [1] or millimeter-wave communication [2] engineering
has been extensively studied. The wide range of applications is due to
its specific properties, including a high fracture toughness value of up
to 4.5-4.9 MPa m'/?, a microhardness of approximately 7 GPa [3,4], a
bending strength of approximately 200 MPa [5], and a Q.f value of up
to 270,000 GHz as well as a relatively low dielectric constant of
approximately 6.8 [2,4].

Synthetic forsterite has been fabricated in micrometric and nano-
metric powder forms [6,7] as well as in the form of ceramics [3,8,9].
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colloidal silica (SiO,), silica powder or gel, and silicone resin [10—14].
Several syntheses of forsterite powder used natural or low-grade
materials, such as rice husk ash [15], fumed silica [16] or silica sand
[17] as the silica source. A small amount of forsterite was also found in
a porcelain ceramic when natural talc was used [18]. To produce
forsterite ceramics, forsterite powders are subjected to sintering,
which, may require a temperature of more than 1400 °C [19]. From
other studies, one possible way to produce ceramics at lower tempera-
tures is through a glass-ceramic process. For example, the use of 1 wt%
B,03 as a sintering agent can reduce 8% of the porosity of a Li»ZnTizOg
ceramic at a sintering temperature of 875 °C [20].

In general, high-density ceramics are required for most applica-
tions. Tan dkk. [3] reported that processing periclase and talc powders
in a solid-state reaction with a sintering temperature of 1200 °C
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produced a forsterite ceramic with relatively low density, i.e., approxi-
mately 70%. Meanwhile, a combination of B,O; and nepheline
(NaAlSiO,4) significantly reduced the porosity of forsterite ceramics
[15] that were sintered at 1000 °C. However, the relative density of the
forsterite ceramics in this study was not reported. Nevertheless, the use
of B,Oj3 has potential for producing high-density forsterite ceramics at
a lower sintering temperature which hence revives the ceramic
processing energy.

In this paper, we report the synthesis of very high-density forsterite
ceramics using periclase powder and purified silica sand as the silica
source with the addition of 4 wt% and 8 wt% B,0s3. The B,Os-added
ceramics exhibited ultra-low porosity, which is responsible for their
unique physical characteristics. We describe here the phase composi-
tion, density and porosity, Vickers hardness, thermal expansion
coefficient and dielectric properties of the ceramics.

2. Methods

The source of silica was purified natural silica sand that was taken
from Tanah Laut, South Kalimantan. Purification included screening
and washing, milling, magnetic separation, and immersion in 2 M
hydrochloric acid as well as drying at room temperature to obtain a
white silica powder. The other raw material was MgO powder (Merck),
which contained some fraction of magnesium hydroxide (Mg(OH),).
The powder was heated at 400 °C for 30 min to remove residual water.
The purified silica powder and the treated MgO powder were mixed at a
molar ratio of 1:2 and calcined at 1100 °C for 3 h to produce a powder
with forsterite as the dominating phase. The powder was ground to a
finer forsterite powder and mixed with B,O3 powder at 4% and 8% by
weight as a sintering agent and with polyvinyl alcohol powder at 3% by
weight as a binder prior to sintering at 1200 °C for 4 h. A specimen
with no added B»>O3 was also prepared as a control sample.

X-ray fluorescence (XRF) spectroscopy was used to determine the
purity of the silica samples. Phase analyses were applied to the
laboratory X-ray diffraction (XRD) data, which were collected using
an Empyrean PANalytical XRD. The XRD used a Cu target and was
operated at 40 kV and 30 mA with a 26-range between 10 and 65°26
and a 0.017°20 step-size. The phase composition analysis of the XRD
data was conducted using Rietica software [21].

Characterization of the ceramics included diameter shrinkage,
porosity and density, Vickers hardness, thermal expansion and di-
electric constant. The porosity and density of the ceramics were
determined using the Archimedes method following the Australian
Standard No. 1774.5-2014. The Vickers hardness test was performed
on the polished ceramic surface at 2 kgf for the B,O3-added samples
and at 0.2 kgf for the B>O3-free sample. The linear thermal expansion
coefficient of the ceramic samples was determined using a Mettler-
Toledo® Thermomechanical Analyzer. A transmission phase-shift
method was employed with an Advantest R3770 vector network
analyzer connected to an A-INFOMW WG P/N 90WCAN rectangular
waveguide to acquire the dielectric properties of the ceramics at a
microwave frequency of 8-12 GHz. SEM micrographs were also
collected on the surfaces of the sintered ceramics using an FEI
Inspect-S50.

3. Results and discussion
3.1. Phase analysis

Table 1 presents the XRF data for the silica sand and its purified
powder. The purification process increased the Si content by eliminat-
ing other “inorganic” elements, i.e., Cr, Ti, Fe, and K. The main residual
element was Ti, which constituted as much as 0.5% of the purified silica
powder. The XRD pattern of the powder (Fig. 1a) revealed that the
powder contained only quartz (PDF# 46-1045). A highly crystalline
quartz powder was observed based on the strong peaks of this phase.
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Table 1
XRF “inorganic” elemental content of the silica sand and its purified powder.

Sample Elemental content (at%)

Si Cr Ti Fe K Others
Sand 94.7 0.9 1.6 0.8 0.5 1.5
Purified 98.7 0.3 0.5 0.3 0.1 0.1
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Fig. 1. XRD patterns (CuKa radiation) of the (a) silica powder after purification and (b)
forsterite powder prior to the forsterite ceramic sintering. Label: Q — quartz (SiO»), C —
cristobalite (SiO,), P — periclase (MgO), F — forsterite (Mg»SiOs).

This result proves that a relatively high purity quartz powder was
achieved from the simple process of washing, magnetic separation,
milling and 2 M HCI soaking of the silica sand.

The XRD pattern of the calcined silica-magnesia mixture at 1100 °C
is presented in Fig. 1b. Calcination resulted in a powder containing
forsterite (Mg»AlSiO,4, PDF# 34-0189), quartz, cristobalite (SiO,, PDF#
82-1232), and periclase (PDF# 45-0946). Forsterite is formed through
the reaction

®

In some cases, the solid reaction to form forsterite is completed
above 1400 °C [19]. A Rietveld phase calculation using the ‘ZMV’
method embedded in the Rietica program [21] gave the relative weight
fractions of the phases in the powder, which are listed in Table 2. W
values for all phases were extracted after the fittings since the fitting
figure-of-merits were acceptable, e.g., the goodness-of-fit was less than
4% and the fluctuation in the difference plots between the calculated

2MgO+Si0, — Mg,Si0,

Table 2
Rietveld relative weight fraction of the phases in the calcined powder and sintered
ceramics.

Powder Ceramic

0% B,O3 4% B,03 8% B,O3
Forsterite (Mg»SiO4) 60.9+1.3 88.1+1.8 76.5+1.5 53.4+1.6
Quartz (SiO») 16.1+0.5 5.5+0.8 - -
Cristobalite (SiO») 3.0£0.3 6.4+1.2 85+1.0 21.2+2.3
Periclase (MgO) 19.9+0.7 — - —
Protoenstantite (MgSiO3) - — 2.3+0.2 4.0+0.3
Clinoenstatite (MgSiO3) - - 5.1+0.3 89104
Suanit (Mg,B,05) - - 6.3+0.4 12.1+0.5
Rutile (TiO») - - 1.3+0.2 0.4+0.1
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Fig. 2. XRD patterns (CuKa radiation) of the forsterite ceramics without and with
addition of B,Os. Label: F — forsterite (Mg»,SiO,), C — cristobalite (Si0,), Q — quartz
(Si05), P — protoenstatite (MgSiOs), K — clinoenstatite (MgSiOs), S — suanite (Mg,B,05),
R - ruile (TiO»).

and the observed patterns was insignificant [22]. The forsterite content
(60.9 wt%) indicates that the reaction after calcination at 1100 °C was
not complete. The raw materials (SiO, and MgO) were still present in
the powder. The main quartz peak at 20~26.5° dominated the pattern,
but its Rietveld relative weight fraction was only 16.1%. However, in
our case, a higher calcination temperature was not recommended
because it could form large particles that would create difficulties in
preparing the ceramics. Note that the forsterite powder contained no
phases from minor inorganic elements.

Sintering the pressed B,Os3-containing forsterite powders at
1200 °C produced ceramics whose XRD patterns are depicted in
Fig. 2. In general, the phase compositions of the ceramics were
different from and more complex than the original powder. Quartz
became significantly less dominant and periclase (strongest peak at 26
~43.1°) diminished. Forsterite became more dominant, indicating that
the reaction in Eq. (1) was more complete. The reaction was driven by
the greater thermal energy provided by increasing the sintering
temperature. Meanwhile, the B,Oz-added samples exhibited new
phases, i.e., protoenstatite (PDF# 3-523), clinoenstatite (MgSiOs,
PDF# 35-610) and suanite (Mg,B,05, PDF# 15-537). Enstatite-group
(MgSiOs-group) phases are often observed during the synthesis of
forsterite [12,14]. The formation of this 1:1 M ratio MgO-SiO,
compound is attributed to the inhomogeneous mixing of the “flowing”
constituent substances. Meanwhile, the presence of the liquid-phase
suanite can be assigned to a stoichiometric reaction between MgO and
B,03. Suanite is responsible for the remarkable densification and
hardness improvement of the ceramics, which will be discussed later.

In this work, TiO, (rutile) is present in the ceramic samples
containing B,O3 but absent in the sample without B,Os3. In our study,
the addition of B,O3 appears to have caused the crystallization of TiO,.
The latter phase was not observed in the forsterite powder, but a
relatively low level of Ti was observed in the raw materials by XRF
spectroscopy (see Table 1).

The phase compositions of the ceramics are also reported in
Table 2. The forsterite content decreased significantly from 88.1% in
the B,Os3-free ceramic to 53.4% in the 8%- B,O3 ceramic. Meanwhile,
the presence of B,O3 induced two phenomena: (1) the presence of as
much as 6% and 12% of suanite and (2) an increase in the amount of
enstatite from only 6% to approximately 25%. These phenomena can
explained as follows: upon sintering, B,O3; melts at approximately
480 °C [23]. It then “flows” through the pores of the compacted pellets
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Table 3
Rietveld-derived lattice parameters and unit cell volume of forsterite in the sintered
forsterite ceramics.

Parameters 0% 4% 8%

a (&) 4.6834 + 0.0003 4.6804 + 0.0003 4.6803 + 0.0005
b (&) 10.0584 + 0.0005 10.0626 = 0.0005 10.0650 + 0.0010
c(d) 5.8975 + 0.0003 5.9000 + 0.0003 5.9007 + 0.0006
Volume (A%) 277.82 +0.03 277.86 +0.03 277.98 + 0.05

before reacting with MgO to form Mg,B,Os5 at approximately 750 °C
[24]. The subsequent reaction depends on the MgO-SiO» composition,
i.e., either forming enstatite-group phases (1:1 MgO-SiO, composition
ratio) or forsterite (2:1 ratio). Therefore, the presence of more B,O3
causes the formation of more suanite, thereby reducing the amount of
MgO that can pair with SiO» to produce more cristobalite and enstatite,
and decreases the amount of forsterite that is formed. The amount of
rutile in the BoO3-added ceramics was less than 1.5 wt%, but the phase
was absent in the B,Os-free ceramic. Again, the presence of B,O3
appears to have induced the formation of rutile in the ceramics.
Interestingly, the presence of a low level of TiO, in the forsterite
ceramic system may reduce the sintering temperature by 100 °C [25].
It is therefore argued that TiO, favored the densification of our B,O3-
added ceramics.

The effect of B,O3; addition on the structure of forsterite was
determined from the Rietveld-derived cell parameters (Table 3).
Forsterite exhibits an orthorhombic structure with a space group of
Pbnm [26]. During sintering of the B,Oz-added ceramics, the glassy
phase appears to have favored the expansion of the forsterite crystal in
the b and c directions and suppressed expansion in the a direction. For
example, compared to the B,Os-free ceramic, the a value in the 4%
B,0s-added ceramic decreased by -0.3% and the b and c values
increased by 0.4% and 0.3%, respectively. As a consequence of these
changes, the overall cell volume increased with the addition of B,Os.
The difference in the changes of these parameters can be ascribed to
the difference in the crystallographic elastic moduli. The elastic
modulus of forsterite in the a direction is larger than that in the b
and c directions [27], with crystallographic modulus value ratios E(b/
a) and E(c/a) of approximately 0.61 and 0.72, respectively. The
presence of the “flowing” phase eased the expansion of the low elastic
modulus axes (in this case the b and ¢ axes) and consequently stretched
the stronger one (a axis). Therefore, the addition of B,O3 changed the
structure of forsterite in the ceramics.

3.2. Characteristics of the ceramics

In this work, we also observed that the presence of BoO3 obviously
affected the physical properties of the forsterite ceramics (Table 4).
While the B,Os-free ceramic shrank by only 0.3%, the diameter of the
B,03-added ceramics decreased by more than 21%. Moreover, the
porosity and density of these two ceramics were also very different,
with densities of 1.27 and 3.09 g cm ™2 and porosities of nearly 40% and
0.3%, respectively. The densities of forsterite, quartz, cristobalite,
protoenstatite, clinoenstatite, suanite, and rutile are 3.06, 2.65, 2.32,
3.20, 3.11, 2.91 and 4.27, respectively [28]. The presence of the

Table 4
Shrinkage (S), apparent density (D), apparent porosity (P), Vickers hardness (H,,) and
linear thermal expansion coefficient (a) of the forsterite ceramics.

B,0; S (%) D(gem™) P (%) H,, (GPa) a (ppm/°C)
0% 0.3 1.27 39.6 0.3 18.4
4% 24.3 3.01 0.3 10.9 12.1
8% 21.3 3.09 0.7 85 10.4
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Fig. 3. SEM micrographs of the surface of the forsterite ceramic samples without B,O3
(a), with 4% (b) and 8% (c) B»0s3.

“glassy” suanite phase is believed to favor the densification of ceramics.
This densification behavior was confirmed by SEM micrographs of the
polished surfaces of the ceramics that are depicted in Fig. 3. The
surfaces of the 4% and 8% samples were significantly denser than the
B,03-free sample. The 8% sample exhibited “buldging” on the surface
(arrows), which explains the slight increase in its porosity (Table 4).
The Vickers hardness value increased drastically from 0.3GPa to
10.9 GPa (Table 4). The significant increase in the Vickers hardness is
due to the densification of the ceramic as a result of the introduction of
B,03. The hardness of a material containing a glassy or liquid phase
depends on the number of topological constraints between atoms or
crystalline phases in the network. The planes of atoms in the crystalline
phases experience slips that produce dislocations and thus permanent
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deformation. These planes can easily propagate from one part of the
material to another in soft materials. When a liquid phase such as
Mg>B,0s5 is located between crystalline grains, it will withstand the
propagation of the planes and permanent deformation, thereby creat-
ing a harder material. In our work, the deformation of the porous B>Os-
free sample was massive compared to the very dense B,Osz-containing
samples. The liquid phase Mg,B,Os appears to fill the porosity and
resist the propagation of deformation planes.

The linear thermal expansion coefficients (a) of the forsterite
ceramics between room temperature and 1000 °C are presented in
Table 4. We found an anomalous linear thermal expansion behavior of
the ceramics in terms of porosity. Typically, a decreases with increasing
porosity, but we observed the opposite trend in our samples. This
property is certainly influenced by the phase composition. Among the
phases present in the samples, quartz exhibited the highest q, i.e., 24.3,
followed by protoenstatite with a value of 16.7, while the others were in
the range 8—10. The combination of porosity and phase composition
affects the linear thermal expansion of the ceramic composites.
However, further investigation on the contribution of each component
is required to better understand the phenomenon.

Fig. 3 presents the dielectric properties of the ceramics. The B>O3-
free ceramic exhibited relatively frequency-independent dielectric
properties with an ¢’ value of approximately 5. This can be attributed
to the fact that the dielectric constants of forsterite, quartz, cristobalite,
proto- and clino-enstatite, and suanite are relatively low, i.e., in the
range 4-7, while TiO, (rutile) is approximately 100 [19,29-34].
Morever, the ceramic exhibited high porosity, which may lower €’ [35].

Fig. 3 also shows that €’ of the B,0O3-added forsterite ceramics is 2—
6 times greater than that of the B,O3-free ceramic depending on the
frequency. The dielectric constant rise in our complex ceramics can be
attributed to three phenomena. First, the presence of a liquid Mg>B>Os5
phase may change the dielectric constant value through the volatiliza-
tion of B,Os. This causes a higher polarization of Mg?* than B3* [29]
and hence a higher dielectric constant. However, the contribution of
such polarization is relatively small. Second, the presence of high
dielectric constant TiO, (rutile) has an effect on the dielectric proper-
ties of the B,O3-added ceramics. However, the rutile content is low, i.e.,
only approximately 1.2 and 0.4 wt% (Table 2). Although rutile exhibits
a higher dielectric constant than the other phases, its contribution is
also relatively low. Calculating the contribution of rutile using the rule
of mixture, we found that with 0.9 and 0.3 vol% rutile in the ceramics,
the increase in €’ does not exceed 3%. A similar minor improvement of
¢’ in forsterite ceramics by TiO, was reported [11]. The third origin is
the drastic reduction in porosity, which can be tremendous [35,36]. In
alumina ceramics [35], when the porosity decreased from 40% to 1%,
the microwave dielectric constant doubled. A similar multiplied di-
electric constant phenomenon was also observed in Mgs(VO,), cera-
mics [36]. There was also a report on the effect of density, which is
inversely proportional to porosity, on the dielectric constant of silicon
nitride ceramics [37], i.e., ¢ was 8 for a density of 3.2 g cm™ and 5.7
for a density of 2.4 gem™. A denser ceramic exhibits a higher grain
boundary density and hence a higher dielectric constant [38,39]. It is
then argued that the main cause of the vast increase in &’ in the B,O3-
added forsterite ceramics was the excellent densification of the
ceramics. Therefore, our forsterite porous and dense ceramics exhib-
ited low and medium-permitivity at the frequency range between 8 and
12 GHz which is appropriate for millimeter-wave communication
systems and base station for wireless Local Area Network and
Intelligent Transport System respectively [30]. In addition, we ob-
served here that the ceramics exhibited a strong dependence of the &’
value on frequency (Fig. 4).

4. Conclusion

Extremely dense forsterite-based ceramics were successfully fabri-
cated using purified natural silica sand as the silica source and



S. Pratapa et al.

40

35

8%

30

25

20

Real part of dielectric constant, &'

0 . 1 . 1 . 1 . 1 . I . I . 1 .
8.00E+09 8.50E+09 9.00E+09 9.50E+09 1.00E+10 1.05E+10 1.10E+10 1.15E+10 1.20E+10

Frequency, Hz

Fig. 4. Dielectric constant (real part) of the forsterite ceramic samples without B,03,
with 4% and 8% B,Os.

magnesium oxide powder with the addition of 4 and 8 wt% B,O3 as a
sintering agent. Sintering at 1200 °C resulted in relatively complex
ceramic composites consisting of forsterite, quartz, cristobalite, en-
statite, suanite and rutile. The densification process was thoroughly
explained in terms of phase composition and structure. The B,O3-
added forsterite ceramics exhibited only 1% porosity, which is respon-
sible for the improvement in the Vickers hardness as well as the
dielectric constant value. Investigation on the dielectric properties
showed that the B>Os-added forsterite ceramics possess a medium-
permitivity character which is appropriate for permanent and mobile
communication instruments. The ceramics exhibited anomalous linear
thermal expansion behavior, which requires further investigation.
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