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Effect of NaF on crystallization kinetics, microstructure, and
mechanical properties of mica glass ceramics were investigated
by the differential thermal analysis (DTA), X-ray diffractometry
(XRD), scanning electron microscopy (SEM), and microhardness
tests. Non-isothermal DTA experiments showed that the crystal-
lization activation energies of base glasses are changed in the
range of 235–246 KJ/mol, while the crystallization activation en-
ergies of samples with addition of NaF are changed in the range
of 263–367 KJ/mol. The increase of crystallization temperature is
helpful for the increase of aspect ratio, and the microstructure of
the glass ceramics becomes interconnected, which contributes the
improvement of the machinability of the glass ceramics. Micro-
hardness (Hv), cutting energy (µ1), and machinability parameter
(m) can be used for estimating the machinability of mica glass ce-
ramics. Transparency in the studied glass samples is assumed to
occur due to the presence of crystallites with nano size.

Keywords crystallization kinetics, glass ceramics, machinability,
phlogopite, transparency

INTRODUCTION
Mica glass ceramics are widely used as mechanical, electri-

cal, and biomedical materials due to their unique machinability
and good electrical properties. Unfortunately, the relatively poor
mechanical performance limits their applications as structural
material. Therefore, improving their mechanical properties has
attracted a lot of interests.[1–4]

On the other hand, glass ceramics show transparency when
the crystals are small enough, low enough in birefringence, or
well matched in refractive index with the residual glass.[5] Such
transparent glass ceramics have been developed and partially
used in many application fields.
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S. Taruta and Ichinose[6] investigated glass ceramics contain-
ing lithium mica. They found that the parent glasses having
the spinodal phase separation were transparent but colored light
blue. The heated specimens showed higher transmittance of vis-
ible ray and became colorless because very fine mica crystals
with size of about 20 nm were precipitated in one continuous
glass phase of the spinodal phase separation, which made the
phase separation structure become finer.

S. Taruta and Suzuki[7] studied the effect of MgF2 on the crys-
tallization of mica and microstructure development in the system
Li(1+x) Mg3 AlSi3(1+x)O10+6.5x F2(x = 0.5 and 1.0). They found
the addition of MgF2 led to the crystallization of a large quan-
tity of mica at lower temperatures. The separated mica crystals,
with a size of <50 nm, formed an interlocking microstructure
in the glass ceramic. The conductivity of the transparent glass
ceramic became higher as the mica formed a tighter interlocking
structure.

Tian et al.[8] studied the effect of fluorine content on the
crystallization of fluorosilicic mica glass and found that only
KMg3.25 Si3.625 O10 F2 crystallizes in the glass. They concluded
that fluorine addition not only improves activation energy of
crystal growth by enhancing the degree of irregularity of the
interface between glass and crystal, but also increases the fre-
quency factor by lowering the viscosity of glass.

The purpose of this present work was to study the effect
of variation of NaF content on crystallization kinetics and mi-
crostructure and transparency of the prepared glass ceramic.

EXPERIMENTAL

Preparation of Glass Ceramics
Four specimens containing 0, 2, 4, and 6 wt% NaF were pre-

pared and thereupon named as L0,L0NaF2,L0NaF4, and L0NaF6,
respectively. The chemical composition of base glass (L0) is
37.96 SiO2-15.36 Al2O3-6.32B2O3-18.1 MgO-7.56 K2O-9F-5.6
TiO2 (wt%). Standard reagent graded SiO2, Al2O3, MgCO3,
Li2CO3, MgF2, K2CO3,TiO2, H3BO3, and NaF were used in
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CRYSTALLIZATION AND MACHINABILITY 959

FIG. 1. DTA Patterns of glass samples.

the preparation of the glasses. The mixtures melted in alu-
mina crucibles at 1450◦C in an electric kiln for 2 h. The
glass melt was poured in preheated steal moulds and resulted
bulks were annealed at 500◦C to eliminate stress. Heat treat-
ment of the glass blocks was done in a tube electrical furnace
at the peak crystallization temperatures with a heating rate of
10◦C/min.

Characterization of Obtained Glass
The glasses produced were characterized by differential ther-

mal analysis (DTA) using DSC-1500 Rheometric Scientific
USA. The reference sample for all compositions was α-Al2O3.
The crystalline phases formed were detected by X-ray diffrac-
tion (Philips PW 1800 X-ray diffractometer). Silicon powder
was used as the standard material for semiquantitative measure-
ments. The microstructure of polished and etched specimens
(immersion in 10 wt% HF solution for 20–60 s) were observed
by scanning electron microscopy Philips XL Series (XL30).
The machinability was qualitatively evaluated using a bench-
drilling machine. The drill made of conventional steel was used
and the rotational frequency was 250 rpm. Crystallized samples
were ground and polished. Vickers hardness was performed on
Struers, duramin microhardness tester with a pyramid-shaped
diamond indenter (a load of 200 g for 30 s). Cutting energy (µ1)
at quasistatic state was given by the following[9]:

µ1 = H2.25
V [1]

TABLE 1
Results obtained from DTA curves of the analyzed samples

Sample Tg(◦C) TP(◦C) �T = TP− Tg(◦C)

L0 634 775 141
L0NaF2 650 808 158
L0NaF4 613 711 98
L0NaF6 600 685 85

FIG. 2. Separation of overlapped crystallized peaks for (a) L0 and (b)L0NaF6

(α = 10 K/min).

Machinability parameter m can be used to evaluate the effects
of heat treatments as a function of temperature, time, and HV.[9]

Following equation indicates the relationship between hardness
(HV) and machinability parameter (m)[9]:

m = 0.643 − 0.122 HV [2]

RESULTS AND DISCUSSION

Thermal Stability
Figure 1 shows DTA curves of glass samples at the heat-

ing rate of 10◦C.min−1. The glass transition temperature Tg,
crystallization temperature Tp, and the thermal stability index
�T = TP − Tg are listed in Table 1. The bigger difference
�T indicates the more stable for glasses and lower tendency of
crystallization.
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960 M. GHASEMZADEH ET AL.

FIG. 3. Crystallized fraction as a function of temperature at different heating
rates for L0NaF6.

As seen in Table 1, the addition of 6%wt NaF caused a
34◦C decrease on Tg of base glass and a 90◦C decrease on Tp.
Consequently the thermal stability index �T decreases by 56◦C,
indicating an improvement on the crystallization of the glass.

Figure 2 shows the overlapping of the crystallization curves
for the DTA scan at α = 10◦C min−1. Figure 3 shows the
fraction, x, crystallized at a given temperature T and is given by
x = AT/A, where A is the total area of the exothermic between

y = -2.8306x + 15.25

-11.7

-11.6

-11.5

-11.4

-11.3

-11.2

-11.1

-11

-10.9

-10.8

9.2 9.25 9.3 9.35 9.4 9.45 9.5

ln
(α

/T
p2 )

1/Tp*10-4(K-1)

y = -31.711x + 21.269

-11.5

-11.4

-11.3

-11.2

-11.1

-11

-10.9

-10.8

-10.7

1.005 1.01 1.015 1.02 1.025 1.03 1.035

ln
(α

/T
p2 )

1/Tp*10-

(a)

(b)

FIG. 4. The Kissinger plots of the (a) L0 and (b) L0NaF6 (color figure available
online).
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FIG. 5. The Matusita-Sakka plots of (a) L0 and (b) L0NaF6 (color figure
available online).
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CRYSTALLIZATION AND MACHINABILITY 961

FIG. 7. XRD patterns of (a) L0 speciment heated at 775◦C and 830◦C for 2 h
and (b) L0NaF6 speciments heate at 685◦C, 834◦C, and 946◦C.

the temperature (Ti) where crystallization just begins and the
temperature (Tf) where the crystallization is completed, and AT

is the area between Ti and Tf.[10] The graphical representation
of the volume fraction crystallized for the exothermic curve
shows the typical sigmoid curve as a function of temperature
for different heating rates.

Crystallization Kinetics
For the evaluation of activation energy for crystallization

(ECK) by using the variation of Tp with the heating rate, α

Kissinger[11] developed a method for nonisothermal analysis of
devitrification as follows:

ln
(
α/T2

p

) = (−Eck/RTp
) + cons tan t [3]

FIG. 8. Microstructure of (a) L0 after heat treatment at 1100◦C for 2 h and
(b) L0NaF6 after heat treatment at 1100◦C for 2 h.

ln(α/Tp
2) VS 1/TP should be straight line, from the slope of

which Eck can be determined.
From the experimental data a plot of ln(α/Tp

2) VS, 1/TP has
been drawn at each heating rate, and also the straight regression
line shown in Figure 4 for each sample. From the slope of this
experimental straight line (Eq. 3) it is possible to deduce the
value of the activation energy,

Eck = 235 KJ/mol

for L0 and Eck = 235 KJ/mol for L0NaF6 glasses.
Matusita and Sakka[12] stated Kissinger’s method is valid

only when crystal growth occurs on a fixed number of nu-
clei. Incorrect values for the activation energy are obtained
if a majority of the nuclei are formed during the DTA mea-
surement, due to the number of nuclei continuously varying
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962 M. GHASEMZADEH ET AL.

FIG. 9. UV-vis transmission curves of (a) L0 samples (thickness of 1 mm) and (b) L0NaF6 samples (thickness of 1 mm).

with α. They have proposed a modified from of the Kissinger
equation:

ln
(
αn/T2

P

) = (−mEC/RTp
) + constant [4]

Where Ec is the correct activation energy for crystallization
and m is the dimensionality of growth, which can take values
ranging from 1 to 3 (m = 1, 2, and 3) for one-, two- and three-
dimensional growth, respectively. m = n – 1 when nucleation
occurs during DTA and the number of nuclei in the glass is

inversely proportional to α. In addition, when surface crystal-
lization predominates, m = n = 1 and Eq. (4) essentially reduces
to the Kissinger equation Eck and equals Ec.

The Avrami exponent n can be evaluated by the modified
Ozawa[13] equation using a multiple scan analysis technique:
first the volume fraction x at same temperature from a number
of crystallization exotherms under different heating rates is cal-
culated by the ratio of partial area to the total area crystallization
exotherm. After plotting ln[–ln(1 – x)] VS. lnα, and if the data
can be fitted to the linear function, then the slope of the function
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CRYSTALLIZATION AND MACHINABILITY 963

FIG. 10. Microstructure of (a) L0NaF6 after heat treatment at 641◦C for 2 h and (b) L0NaF6 after heat treatment at 834◦C for 2 h (color figure available online).

is –n, that is,

dln[− ln(1 − x)]/dlnα = − n [5]

By substituting the appropriate values of n, m and R (R =
8. 3144 J/mol) in the Matusita-Sakka equation (Eq. 4), Ec

calculated from Figure 5. For L0, Ec is equal to 246 KJ/mol
and for L0NaF6 is equal to 367 KJ/mol. The values of n
are found 3.3 and 1.7 for L0 and L0NaF6, respectively. The
Avrami exponent n calculated from Figure 6. These values in-
dicate that bulk and surface crystallizations are dominant in the
L0 and L0NaF6, respectively. The m value for the L0 should
be equal to n – 1 (i.e., 2.3). For the L0NaF6 n = m = 1.7
and the primary crystallization started from the surface of the
sample.

XRD Analysis
Figure 7 shows the XRD patterns of the glass ceramics heat

treated at the crystallization peak temperatures. Major phases
of sample L0 are fluorophlogopite and potassium titanium sili-
cate and chondrodite. Except fluorophlogopite, chondrodite and
sodium aluminum silicate are observed in glass ceramic L0NaF6.
With increasing of temperature, the relative intensity of phases
have been increased.

Mechanical Properties
Table 2 shows machining properties of the samples reheated

at 1100◦C for 2 h. The lower the µ1 value, the better the
machinability. The higher machinability parameter (m) values
and lower cutting energy (µ1) values are also indicating a higher
machinable crystal microstructure. The L0 specimen heated at
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964 M. GHASEMZADEH ET AL.

TABLE 2
Properties of glass sample reheated at 1100◦C for 2 h

Reheating Hv

Sample temperature, ◦C (GPa) µ1/Jmm−3 m Imica(001)/ISi(111)

L0 1100 1.7 1.8 0.43 0.18
L0NaF6 1100 1.3 3.29 0.48 0.2

1100◦C and the L0NaF6 specimen heated at 1100◦C were eas-
ily machined because the mica crystals formed the interlocking
microstructure (Figure 8).

Optical Properties
Optical transmission properties were measured for glasses

and glass ceramics L0 and L0NaF6 of 1 mm thickness. Com-
pared with the L0 glass (Figure 9a), the transmission curved
of the heat-treated glass ceramic of L0 were all slightly shifted
toward longer wavelengths. The spectrum shows that both glass
and corresponding glass ceramics of L0 have a transmission
cutoff in the UV region at 330 nm. Fifty percent transmission
occurs at approximately 364 nm and >75% transmission occurs
for wavelengths longer than approximately 600 nm. Similar to
glass form, glass ceramics exhibit transparency in the visible
region. Their cutoffs at 330 nm remained unchanged form that
of the original glass. It is obvious that 50% transmission occurs
at approximately 400 nm and >75% transmission occurs for
wavelengths longer than approximately 980 nm. The addition
of NaF in L0NaF6 is observed to have effect on the transparency
of the heat-treated glass sample. From Figure 9b, 50% transmis-
sion occurs at approximately 362 nm and >75% transmission
occurs for wavelengths longer than approximately 420 nm. In
the form of glass ceramics 50% transmission occurs at approxi-
mately 376 nm and >75% transmission occurs for wavelengths
longer than approximately 543 nm.

Figure 10 shows the microstructure of L0NaF6 that heat
treated at the crystallization peak temperatures. SEM of op-
tically transparent L0NaF6 sample heat treated for 2 h at 641◦C
shows the quasispherical grains with nano size were precipitated
uniformly (Figure 10a). The size of crystal grain increased with
increasing temperature after being heat treated for 2 h at 834◦C
(Figure 10b).

A glass ceramic will lose its transparency when the ceram-
ming process is carried out because of the difference in the
refractive index between raw glass and precipitated crystals.[5]

The glass ceramic can remain translucent if fine grains are pre-
cipitated, but will turn opaque when large grain appear, and it
turns opaque due to the large grain-size effect.

CONCLUSIONS
1. The values of activation energy E estimated by Kissinger

method and Matusita and Sakka method are different, while
its change is similar. The activation energies for crystal
growth were found to be in the range of 235–245 KJ/mol
and 263–367 KJ/mol for base glasses and samples with ad-
dition of NaF.

2. The increase of crystallization temperature is helpful for the
increase of aspect ratio, which contributes for the machin-
ability of the glass ceramics. Microhardness (Hv), cutting
energy (µ1), and machinability parameter (m) can be used
for estimating the machinability of glass ceramics.

3. Transparency in studied glass samples is assumed to oc-
cur due to the presence of crystallites with nano size.
Transparency is lost after heat-treatment at the high tem-
perature, probably due to growth of the crystallites at this
temperature into larger crystallites results in increased scat-
tering of light.
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