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A B S T R A C T

The aim of the current research is to investigate the low-temperature sintering of a nano-crystalline lithium-mica
glass-ceramic. Sol-gel technique was used to prepare the glass-ceramics by application of
LiMg3AlSi3(1+x)O10+6xF2 with various x values (0.25, 0.5, 0.75, and 1) and different amounts of MgF2 as the
sintering aid. Use of appropriate amounts of additive and stoichiometric deviation (x) decreased the sintering
temperature to 750 °C. Results also revealed that the highest relative density was achieved by applying the
optimal amount of additive (4 wt%) with x=1. The densification activation energy for the glass-ceramic con-
taining 4 wt% MgF2 was calculated as 214.33 ± 17 kJmol−1; it was lower than the sample containing 5 wt%
additive; hence it was confirmed as optimal content. Consequently, considering densification and phase analysis,
true optimum amounts of MgF2 were determined as 4, 4, 3 and 1wt% for the glass-ceramics synthesized with
x=1, 0.75, 0.5 and 0.25, respectively.

1. Introduction

Recently, a novel mica glass-ceramic was successfully prepared in
which the separated micas are lithium-mica type with lithium ion in-
terlayer cation [1,2]. The potential applications of lithium- mica glass-
ceramics have gone beyond their use as machinable ceramics and op-
tical materials; indeed, they are practically applied as lithium ion
conductors, heat resistances and electrical insulators in numerous fields
[1–5].

The lithium-mica glass-ceramic was first developed by employing
the conventional melt-quenching technique using
Li(1+x)Mg3AlSi3(1+x)O10+6.5xF2 composition [1,2]. Although more re-
cent studies have developed new processes using a melt-quenching
technique (i.e. precisely controllable fabrication of optical fiber lasers)
[6,7], however, forming the glass-ceramic bodies by the melt casting
technique is not applicable particularly when it has a complex form. At
such conditions, powder-based forming techniques such as pressing,
extrusion and sintering the shaped body are recommended. On the
other hand, it has been found that the melt-quenching method suffers
from some disadvantages such as improper homogeneity, lower purity
and higher stoichiometric losses; therefore, sol-gel approach has been
strongly recommended [8–14]. Improved homogeneity is vital for the
mica glass-ceramics due to presence of the interlocked and randomly-
oriented mica crystals with uniform microstructure which provides

machinability and good strength of the glass-ceramic. Furthermore,
previous works [15–19] were widely focused on sol-gel synthesis of
lithium-mica glass-ceramics and optimization of their processes.

Study of the low temperature sintering of the sol-gel lithium-mica
glass-ceramic is of crucial importance. As demonstrated before [15],
lithium-mica has an unstable phase and transforms to undesirable
phases at higher temperatures (> 750 °C). Thus, decreasing the sin-
tering temperature during its production is essential. The viscous flow
mechanism is the major approach for densification of glass-ceramics
during sintering process. Additionally, some practical techniques in-
cluding use of materials with finer particle size, chemical process or
doping of sintering aid additive can be employed as minor approaches
to reduce the sintering temperature [20–23]. The latter technique can
be used as an auxiliary mechanism to efficiently improve the glass-
ceramics densification. In this method, the glass structure is modified to
reduce the viscosity. In the meantime, the simple handling process,
lower cost and shorter time are among the advantages of this approach.

In the present research, low temperature sintering of sol-gel derived
lithium-mica glass-ceramic was investigated through use of
LiMg3AlSi3(1+x)O10+6xF2 by MgF2 addition; since some published re-
searches [15,18,19,24] have reported significant improving influence
of MgF2 on the characteristics of mica glass-ceramics. The effects of
sintering aid content and stoichiometric deviation from mica compo-
sition (x) on the sintering behavior, structural phase analysis and
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densification kinetics were also addressed. Differential scanning ca-
lorimetry, scanning electron microscopy, x-ray diffraction, three-point
bending strength and Archimedean technique were used for char-
acterization of the as-synthesized specimens.

2. Experimental procedure

The lithium-mica glass-ceramics were synthesized using reagent-
grade tetraethyl orthosilicate (TEOS; purity ≥99%), aluminum iso-
propoxide (AIP; purity ≥98%), lithium nitrate (purity ≥98%), mag-
nesium nitrate hexahydrate (purity ≥99%) and ammonium fluoride
(purity ≥98%). MgF2 powder of high purity (99.99%) was also used as
sintering aid. Ethyl alcohol (purity ≥99.9%) and toluene (purity
≥99.9%) were employed as chemical solvents while nitric acid (purity
≥65%) was used to control the pH. All the mentioned reagents were
supplied from Merck Company (Merck KGaA, Darmstadt, Germany).

The chemicals were measured according to the composition of
LiMg3AlSi3(1+x)O10+6xF2 (x= 0.25, 0.5, 0.75 and 1). First, the calcu-
lated amount of Mg(NO3)2.6H2O and LiNO3 was dissolved in ethyl al-
cohol at pH value of 3–4 (solution A). Specified quantity of AIP was
then dissolved in toluene under stirring and named as solution B. The
solution C was also provided from specified amount of NH4F and dis-
tilled water whose pH was set at 1–2. Solution A was stirred for 1 h,
then, solution B was added to it drop wise under continuous stirring.
30 min later, when the mixed solution became transparent, the pre-
hydrolyzed TEOS (for about 30min; with the molar ratio of TEOS:
distilled water: HNO3 of 1:4:0.05) was added to it (solution A+B) and
stirred for 10min. Finally, the solution C was added drop wise to the
above solution and the resulting homogeneous transparent solution was
then stirred for about 4 h (the pH of the system ranged in 2–3). The
prepared sol was poured into a glass beaker covered with aluminum foil
and kept at room temperature until reaching to a gel. The wet gel was
then transferred to an oven set at 300 °C for 12 h to evaporate the re-
maining solvents and burn out the residual organic compositions.

A specified content of dried gel along with 0, 1, 2, 3, 4 and 5wt%
MgF2 (sintering aid) was ball-milled with ethanol for 6 h. The acquired
mixture was again transferred to an oven and heated at 110 °C for 48 h.

The dried glass-ceramic powders were sieved through # 200 mesh
and uniaxially pressed under a pressure of 400MPa for holding time of
5min to provide a pellet with diameter and thickness of 32 ± 0.5mm
and 3 ± 0.5mm, respectively. The green compacted products were
heat treated at 700 °C for 4 h to crystallize the mica phase and then
sintered at ~ 750 °C in a box furnace with the heating rate of 10 °C/min
for different periods of time (0.5, 1, 2, 3 and 4 h).

A geometrically approach was employed to determine the green
density of the pellets. Bulk density of the fired glass-ceramics was
measured by Archimedes method using distilled water. The densifica-
tion behavior (defined as the ratio of measured bulk densities to the
theoretical densities) was also evaluated by assessing relative density of
the glass-ceramics. Meanwhile, the theoretical density of the glass-
ceramics was measured using helium pycnometer (Micromeritics,
AccuPyc II 1340 Norcross, USA).

The sintered glass-ceramics were ground flat using a diamond
grinding wheel followed by polishing with finer diamond pastes. The
flexural strength was measured using a three-point bending method
(ASTM C158–02) by means of Instron Universal Testing Machine (1196,
UK) at a bending span and cross-head speed of 20mm and 0.5 mm/min,
respectively. The dimension of specimens was 25 ± 1mm (length) ×
2 ± 0.1mm (width) × 2.5 ± 0.2mm (height).

Thermal analyses were conducted to determine the crystallization
temperature of glass-ceramics. Differential scanning calorimetry (DSC,
Netzsch 409C, Germany) was used with putting 30mg of sample in the
alumina crucible at heating rate of 10 °C/min under an Ar atmosphere
with a gas flow rate of 50mLmin−1 in temperature range of
25–1000 °C.

The Morphology and microstructure of the sintered glass-ceramics

were investigated by employing TESCAN FE-SEM MIRAII scanning
electron microscope (SEM). For this purpose, the cross-section of glass-
ceramics was highly polished by diamond slurry.

Phase structures of the sintered glass-ceramics were analyzed by X-
ray diffraction (XRD, Philips X'Pert MPD, Netherland) using Co Kα ra-
diation (λ=1.78897°A) with 2 Theta scan range of 5–80° and step size
of 0.02°S−

1
(operated at 40 kV and 30mA). The crystalline phase vo-

lume fraction of the specimens (IC) was roughly examined by de-
termining the ratio of the crystalline area (AC) of the sample's XRD
peaks to that of the total area (AT= crystalline + amorphous) of the
same XRD pattern according to the following formula [25]:

⎜ ⎟= ⎛
⎝

⎞
⎠

×I A
A

100C
C

T (1)

3. Results and discussion

Fig. 1 illustrates the dependence of relative density of the glass-
ceramics (sintered at 750 °C) on sintering time at the presence of dif-
ferent MgF2 contents (prepared through stoichiometric deviation of
x= 0.5). Densification of the glass-ceramics exhibited an initial rapid
increase by enhancement of the sintering time due to completion of
diffusion kinetics. It then increased slowly until a constant relative
density. Moreover, increase of the MgF2 content resulted in higher re-
lative density which can be attributed to MgF2 dissolution into the glass
lattice so that non-bridging F sites may depolymerize the glass network.
Furthermore, modification of the residual glass structure decreased the
viscosity of glass-ceramic [26–30]. Generally, fluorine is a network
modifying substance in such a way that two fluorine atoms replace one
oxygen atom between abutting tetrahedral without any bond between
the fluorine atoms. This phenomenon leads to glass depolymerization
[26–30] giving rise to decrease of viscosity through densification pro-
cess. Any increase in additive content will cause a significant decrease
in viscosity of the glass-ceramic through sintering process which is an
essential concept in the glass-ceramic densification. Although increase
of MgF2 content led to a glass-ceramic with lower viscosity, increase of
the additive content beyond 4% (wt) decreased the relative density
since nucleation effect of MgF2 provided the lithium-mica with more
crystallization opportunities.

As demonstrated in previous work [16], MgF2 particles serve as
nucleation center for mica crystallites; hence, the crystallization tem-
perature of the glass-ceramics shifts to lower temperatures. Fig. 2 il-
lustrates the DSC diagram of glass-ceramics synthesized with x=1
using different amounts of MgF2. The diagram exhibited an apparent
exothermic peak which can be related to the crystallization process. It

Fig. 1. Sintering time dependence of the relative density of sintered glass-
ceramics with stoichiometric deviation of x= 0.5 at 750 °C for various additive
contents (uncertainty amounts of all data were estimated 1%).
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was found that crystallization of lithium-mica (JCPDS 025–1388) and
other secondary phases i.e. lithium aluminum silicate (JCPDS
040–0073) and forsterite (JCPDS 034–0189) occurred at the same
temperature (simultaneous crystallization) [15,16]. It was also con-
cluded that as favored the crystallization conditions in the glass-
ceramic, secondary phases will be intensified and lithium-mica gradu-
ally attenuated; therefore, the system's crystallinity is too low to be
effective in intensifying lithium-mica phase [18,19]. Taking into ac-
count the nucleation effect of MgF2, exothermic peak shifted to lower
temperatures by increase of additive content [16]. ΔT=57 °C was re-
sulted for the transition of exothermic peaks between lower and higher
additive amounts so that it confirms the rare crystallization at 700 °C
and formation of more amorphous phase [18,19]. In the other words,
increase of the exothermic peak temperature (ΔT) along with reduction
of the additive content enhanced the crystallization energy at 700 °C. At
such conditions, crystallization process retarded giving rise to sub-
stantial increase of amorphous phase [18,19]. Thus, decrease of ad-
ditive content reduced the crystallinity of the glass-ceramic and crys-
tallization of the glass-ceramic was achieved before sintering process, as
the crystallization temperature (700 °C) is lower than the sintering
temperature (750 °C). Generally speaking, reduction in crystallinity will
decrease the viscosity of glass and viscous flow of the residual glass
phase is in favor of sintering process [31–33].

It appears that at lower additive contents (≤ 4wt%), the nucleation
behavior of MgF2 had a poor influence on the relative density compared
to its strong impact on viscosity reduction. In contrast, increase in the

viscosity (due to increase in crystallization tendency) served as a con-
trolling agent in decrease of densification at higher additive con-
centrations (> 4wt%). Therefore, the glass-ceramic containing op-
timum MgF2 content (4 wt%) showed the maximum relative density.

As observed, the soaking time of 2 h was considered as the optimum
sintering time for the sample with 4 wt% additive since densification
rate showed a slight variation and stopped due to grain growth phe-
nomenon. For the samples containing small amounts of additive,
however, this phenomenon (over sintering) shifted to the longer times
as reduction of the glass-ceramic viscosity was insignificant and viscous
flow densification will be completed at higher soaking times.

Fig. 3 shows the variation in the relative density of glass-ceramics
sintered at 750 °C for 2 h as a function of their stoichiometric deviation
(x). It can be observed that increase of stoichiometric deviation (x)
enhanced the relative density of the glass-ceramics in all additive
concentrations which can be assigned to substantial formation of the
amorphous phase due to increase of x value. Obviously, any increase in
the stoichiometric deviation (in LiMg3AlSi3(1+x)O10+6xF2 composition)
gave rise to formation of SiO2 component. As confirmed in the previous
work [18], increase of SiO2 component (x) could elevate the viscosity of
glass-ceramic during crystallization process in a way that it hardly
crystallized at its crystallization temperature (700 °C). Thus, a reduc-
tion occurred in the crystallinity of the glass-ceramic by increase of x
value.

As the glass-ceramic crystallized before sintering process, reduced
crystallinity will decrease the viscosity of the glass; therefore, viscous
flow of the residual glass will be improved during sintering progress
[31–33]. However, the viscous flow of residual glass phase is necessary
for glass-ceramic densification so that the glass-ceramic will be

Fig. 2. DSC diagram of lithium-mica glass-ceramics synthesized with different
additive contents and x= 1.

Fig. 3. Stoichiometric deviation (x) dependence of the relative density of glass-
ceramics containing different amounts of additive sintered at 750 °C for 2 h
(uncertainty amounts of all data were estimated 1%).

Fig. 4. (a) Densification behavior of the additive-free lithium-mica glass-cera-
mics sintered at temperatures ranging from 731.5 to 769 °C (uncertainty

amounts of all data were estimated 4%) and (b) ln ⎡⎣ ⎤⎦T d DF
dt

( ) versus 1/T for

extracted densification factor based on Fig. 4(a) at DF ranging from 0.4 to 0.5.
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compulsorily densified at lower x values; owing to its widespread
crystallization.

As Fig. 3 suggests, at a constant x value, relative density increased
by elevating the MgF2 content (up to 4 wt%). This trend can be at-
tributed to dissolution of MgF2 into the glass network which may
modify the glass structure and decrease the viscosity of glass-ceramic
[26–30]. Meanwhile, any increase in additive content dramatically
decreased the viscosity of glass-ceramic and therefore a viscous flow
may be progressed during sintering process. Incorporation of MgF2 in
the glass-ceramic composition may promote the nucleation effect, since
crystallization temperature of the glass-ceramic shifted to the lower
temperatures by increase of the additive content (Fig. 2). Densification
completion can be indicated from the competition between the visc-
osity reduction and nucleation effect of the applied additive. For ad-
ditive concentrations over 4 wt%, contribution of nucleation phenom-
enon is the dominant mechanism compared to the viscosity reduction;
whereas, the effect of MgF2 presence in reduction of the viscosity was
more profound in the glass-ceramics containing< 4wt% additive. Ac-
cordingly, the highest relative density (98.8%) was recorded for the
sample containing the optimal amount of MgF2 (4 wt%) through stoi-
chiometric deviation of x= 1.

In order to consider the densification kinetics and use a thermo-
dynamic approach to confirm the optimum amount of additive, densi-
fication factor (DF) which is a function of sintering time was calculated
using the following equation [34]:

=
−
−

DF
D D
D D

t g

th g (2)

In which Dt, Dg and Dth are the density of sintered body at time of t,

green density and theoretical density, respectively. The densification
behavior of several lithium-mica glass-ceramics containing 0, 4 and
5wt% additive (MgF2) was calculated at sintering temperatures ranging
from 731.5 to 769 °C to evaluate the densification activation energy.
Variation of the densification factor was plotted as a function of sin-
tering time in Fig. 4(a) for additive-free glass-ceramics (synthesized
with x=1) sintered at different temperatures. The results showed that
densification factors of the glass-ceramics increased by enhancement of
the sintering time which could be assigned to faster diffusion kinetics.
However, rapid growth of DF values could be observed at the shorter
times whereas incremental trend of DF slowly reached to a constant
value in prolonged sintering times. In addition, for a constant sintering
time, increase of the sintering temperature provided higher densifica-
tion factor which could be due to porosity removal at elevated tem-
peratures.

Considering DF variations versus sintering time, kinetic analysis of
densification was evaluated based on the model proposed by Kingery
et al. [35,36]:

⎡
⎣

⎤
⎦

= ⎛
⎝

− ⎞
⎠

T d DF
dt

K Q
RT

( ) exp0
(3)

where, DF, K0, Q, R and T are densification factor, pre-exponential term,
densification activation energy, gas constant and absolute temperature,
respectively. The above equation can be rewritten as:

⎡
⎣⎢

⎛
⎝

⎞
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⎤
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= −T d DF
dt

K Q
RT

ln ( ) ln 0
(4)

The densification activation energy (Q) can be calculated by plot-

ting ⎡
⎣

⎤
⎦( )Tln d DF

dt
( ) versus 1/T so that Q can be estimated by the slope of

Fig. 5. (a) Densification behavior of lithium-mica glass-ceramics containing
4 wt% additive sintered at temperatures ranging from 731.5 to 769 °C (un-

certainty amounts of all data were estimated 4%) and (b) ln ⎡⎣ ⎤⎦T d DF
dt

( ) versus 1/T

for extracted densification factor based on Fig. 5(a) at DF=0.7.

Fig. 6. (a) Densification behavior for the lithium-mica glass-ceramics con-
taining 5 wt% additive sintered at temperatures ranging from 731.5 to 769 °C

(uncertainty amounts of all data were estimated 4%) and (b) ln ⎡⎣ ⎤⎦T d DF
dt

( ) versus

1/T for extracted densification factor based on Fig. 6(a) at DF=0.7.
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the straight line.

Fig. 4(b) shows the Arrhenius plots of ⎡
⎣

⎤
⎦( )Tln d DF

dt
( ) versus 1/T

based on the densification data extracted from Fig. 4(a) at DF values
ranging from 0.4 to 0.5. Least squares fit method was employed for
regression analysis and determination of the slope of straight line. The
aforementioned densification activation energy for additive-free li-
thium-mica glass-ceramics (synthesized with x=1) was determined as

356.08 ± 28 kJmol−1.
The densification activation energy of the glass-ceramics containing

4 and 5wt% MgF2 were also calculated as 214.33 ± 17 and
242.85 ± 19 kJmol−1 according to Fig. 5 and Fig. 6, respectively.
Clearly, the sample containing 4 wt% MgF2 exhibited lower activation
energy compared to the additive-free one. This highlights the sintering
aid behavior of MgF2 as it provided a thermodynamically favorable

Fig. 7. SEM micrographs of the glass-ceramics sintered at 750 °C for 2 h using.
LiMg3AlSi3(1+x)O10+6xF2 composition with x=1containing: (a) 0 wt% MgF2; (b) 5 wt% MgF2 and (c) 4 wt% MgF2.

Fig. 8. XRD patterns of the glass-ceramics synthesized with
LiMg3AlSi3(1+x)O10+6xF2 (x= 1) and various MgF2 contents, sintered at 750 °C
for 2 h.

Fig. 9. XRD patterns of the glass-ceramics synthesized with
LiMg3AlSi3(1+x)O10+6xF2 (x= 0.75) and various MgF2 contents, sintered at
750 °C for 2 h.
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condition to achieve the densification process. This can be attributed to
additive dissolution in glass structure and reduced viscosity as dis-
cussed in previous section. Moreover, densification activation energy of
the glass-ceramic prepared with 5 wt% MgF2 was higher than that of

the sample containing 4 wt% MgF2 which confirmed the difficulty of
porosity elimination in the glass-ceramic containing 5 wt% MgF2. As
mentioned earlier, nucleation behavior of MgF2 enhanced by increase
of additive content; hence, nucleation effect-induced crystallization was
anticipated to reduce the viscosity of the glass-ceramic containing 5 wt
% MgF2. This verifies 4 wt% MgF2 as the optimal content of sintering
aid.

Fig. 7 shows the SEM micrographs of the glass-ceramics sintered at
750 °C for 2 h with different amounts of sintering aid using LiM-
g3AlSi3(1+x)O10+6xF2 composition with x=1. The cross-section of the
glass-ceramics was highly polished so that the glassy phase could be
identified; this was possible without chemically etching in the back-
scattered contrast. The images revealed that densification of the sam-
ples having 0 and 5wt% MgF2 (Fig. 7(a) and Fig. 7(b)) was imperfect
since the residual glass had higher viscosity than what was required to
fully rearrange of the particles. Fig. 7(c) shows the sample in which
sintering aid content is at its optimum value (4 wt%). In such condition,
the glassy phase was able to fully penetrate the grains to form a thin
layer that separated the grains from each other; thus, this promoted
densification by controlling the challenge of viscous flow against nu-
cleation effect of MgF2. This sample possessed the highest relative
density of 98.8%.

Fig. 8 shows the XRD patterns of the glass-ceramics synthesized
through the composition LiMg3AlSi3(1+x)O10+6xF2 (x= 1) with dif-
ferent MgF2 contents sintered at 750 °C for 2 h. It can be observed that
crystallinity of glass-ceramics increased by increment of MgF2 content.
As demonstrated before [18], the viscosity of the glass-ceramic with
x=1was higher as it encompassed higher levels of SiO2. In such con-
dition, the crystallization temperature of the glass-ceramic showed a
shift to higher temperatures giving rise to a reduction in the system
crystallinity. On the other hand, the presence of MgF2 can directly
decline the viscosity of the glass-ceramic during crystallization process
and consequently, increase the system crystallinity. As shown in Fig. 8,
any increase in the amount of additive (x= 1) resulted in more pro-
found lithium-mica phase (JCPDS 025–1388) which can be assigned to
nucleation performance of the additive. The amorphous character of
the glass-ceramic prepared with x= 1 was too high; in a way that in-
crease of additive content up to 5 wt% could not further enhance the
crystallization of secondary phases. Therefore, the presence of additive
in the glass-ceramic with x=1, not only promoted the crystallization
process but also improved the mica peak intensity.

Fig. 9 depicts the diffractogram of the specimens fabricated with
LiMg3AlSi3(1+x)O10+6xF2 composition (x= 0.75) with different ad-
ditive contents after 2 h of sintering at 750 °C. On general, the glass-
ceramics prepared with x=0.75 had higher crystallinity compared to
those with x=1. Based on Fig. 3, more incorporation of additive can be
helpful in decreasing the crystallization temperature and encourages
the formation of secondary phases i.e. lithium aluminum silicate
(JCPDS 040–0073). Weak mica peaks could also emerge. It appears that
4 wt% is the optimal additive content to intensify mica phase for
x= 0.75.

Fig. 10 and Fig. 11 show the XRD patterns of the glass-ceramics
synthesized with x=0.5 and x=0.25 at different MgF2 contents after
2 h of sintering at 750 °C, respectively. Formation of high intensity
peaks could be assigned to formation of undesirable phases which can
be easily observed in the glass-ceramics at low x values (0.25 and 0.5).
Presence of sintering aid additive can increase the system crystallinity
(owing to its nucleation role); so, the level of MgF2 should be decreased
to prevent from further crystallization. This can intensify the secondary
phases and attenuate mica intensity. Therefore, the maximum amount
of additives giving rise to higher intensity of lithium mica peak was
determined as 3 and 1wt% for the glass-ceramics prepared with x= 0.5
and 0.25, respectively.

Although the apparent optimum additive content leading to a glass-
ceramic with higher relative density was 4 wt%, based on structural
phase analysis, the true optimum amounts of additive were however

Fig. 10. XRD patterns of the glass-ceramics synthesized with
LiMg3AlSi3(1+x)O10+6xF2 (x= 0.5) and various MgF2 contents, sintered at
750 °C for 2 h.

Fig. 11. XRD patterns of the glass-ceramics synthesized with
LiMg3AlSi3(1+x)O10+6xF2 (x= 0.25) and various MgF2 contents, sintered at
750 °C for 2 h.

Fig. 12. Variations of the flexural strength and crystalline phase volume of the
glass-ceramics by stoichiometric deviation (x) for specimen containing 4wt%
sintering aid (uncertainty amounts of all data were estimated 3 and 4%, re-
spectively).
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determined as 5, 4, 3 and 1wt% for the samples prepared with x=1,
0.75, 0.5 and 0.25, respectively. Regarding the intersection of the op-
timum amount ranges, the true optimum content of the sintering aid
was determined as 4, 4, 3 and 1wt% for the glass-ceramics synthesized
with x=1, 0.75, 0.5 and 0.25, respectively.

As shown above, the apparent optimal concentration of additive was
4 wt% as it resulted in the lowest activation energy. However, ac-
cording to the XRD patterns in Fig. 11, the transformation and forma-
tion of new phases were accompanied by the energy gain and loss.
Therefore, the difference in activation energy of two samples may be
considered as crystallization energy required for developing the new
phases. It can be supposed that 113.23 kJmol−1 is the approximated
required energy for crystallization of some minor phases i.e. Chon-
drodite (JCPDS 014–0010), Norbergite (JCPDS 011–0686) and SiO2

(JCPDS 082–0512) which was calculated from the activation energy of
the samples containing 0 and 5wt% MgF2.

Variations of the flexural strength and crystalline phase volume of
the glass-ceramics (sintered at 750 °C for 2 h) by their stoichiometric
deviation (x) are plotted in Fig. 12 for the case with 4 wt% sintering aid.
Although the flexural strength increased at higher x values, the crys-
talline phase volume showed a drastic decline. It is obvious that the
viscous flow mechanism was considerably activated by increase of x
value (reduction in crystallization volume) so that a poor crystallization
decreased the viscosity of glass and promoted the viscous flow of re-
sidual glass. At the same time, incorporation of an optimum additive
content (4 wt%) resulted in proper viscosity, which increased the den-
sification rate and removed the porosities; giving rise to an increase in
flexural strength.

4. Conclusion

The present study developed a lithium-mica glass-ceramic for sin-
tering at lower temperatures. Following conclusions can be made:

1. Application of a proper content of sintering aid (MgF2) in the glass-
ceramic resulted in a body with the relative density of 98.8%.

2. In order to achieve high relative density, the sintering temperature
was decreased to 750 °C by considering optimal amount of MgF2
(4 wt%) along with stoichiometric deviation of x= 1.

3. The true optimum amount of sintering aid depended on stoichio-
metric deviation. 4% (wt) additive content was assessed as true
optimal value for glass-ceramics with x=1 and 0.75; while, this
parameter was determined as 3 and 1wt% for glass-ceramics pre-
pared with x=0.5 and 0.25, respectively.

4. The densification activation energy for the glass-ceramics con-
taining 0, 4 and 5wt% of MgF2 were calculated as 356.08 ± 28,
214.33 ± 17 and 242.85 ± 19 kJmol−1, respectively; suggesting
4 wt% as the apparent optimal additive content.
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