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Abstract

The crystallization, microstructure, microhardness and theoretical machinability have been investigated by DTA, XRD, SEM and

Microhardness Indenter of resulting glass-ceramics. Two distinct crystallization exotherms in the DTA curve are observed and resolved.

The first peak corresponds to the initial formation of potassium fluorophlogopite and the second is due to the formation of barium

fluorophlogopite. The activation energy for precipitation of each crystalline phase has been evaluated, and the crystallization mechanism

has been studied. DTA analyses were conducted at different heating rates and the activation energy was determined graphically from

Kissinger and Ozawa equation. The average activation energy is calculated as 276 KJ/mol for the first and 366 KJ/mol for the second

crystallization peak. The Avrami exponent for first and second crystallization peak temperature determined by Augis and Bennett

method is found to be 3 and 3.9, respectively. The results indicate that the growth of mica is a two and three dimensional process,

controlled by the crystal-glass interface reaction. The Vicker’s hardness decreased steadily at intermediate heat treatment temperature

with the formation of barium and potassium fluorophlogopite phase, but the decrease in hardness is more rapid at higher temperature

with the development of an interconnected ‘house of cards’ microstructure.

& 2012 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

Machinable glass-ceramics, wherein two-dimensional
mica crystals are nucleated internally and crystallized from
fluorine containing glasses have been developed [1], which
can be machined to precise tolerances and surface finish
with conventional metal working tools. Beall [1] first
undertook the studies of the alkaline earth fluormica
glass-ceramics. Later on Hoda and Beall [2] investigated
different glass compositions containing barium, calcium,
and strontium close in composition to the respective
fluorophlogopite stoichiometry. Most of the compositions
were susceptible to crystallization during casting. Only a
few stoichiometric compositions were investigated and
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despite offering improved mechanical and dielectric
strength, no further studies exist in the literature where
compositional details are given. Henry and Hill [3,4], have
shown that reduction in alumina content reduces the glass
transition temperature, first crystallization peak tempera-
ture and promotes bulk crystal nucleation. The glasses
with high alumina contents gave rise to feathery micro-
structures that did not coarsen readily to give blocky
crystals of high aspect ratio and therefore could not
produce the classic ‘house of cards’ microstructure. Hard-
ness and machinability were found to be highly dependent
on the formation of an interconnected ‘house of cards’
microstructure.
Greene et al. [5] investigated the (1�Z) BaO: Z K2O:

(6–X) MgO: X MgF2:(3–Q) Al2O3: Q B2O3: 8SiO2 system
(where Z¼0, 0.25, 0.5, 0.75 and 1.0, X¼2, 2.5 and 3.0 and
Q¼0, 0.5 and 1) and observed that the substitution of
roup S.r.l.
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barium by potassium results in increase in molar volume
and co-efficient of thermal expansion and decrease in
fractional glass compactness, microhardness and glass
transition temperature values.

In the earlier work [6], authors had studied the kinetics
as well as the crystal growth with respect to fluorine
content in the barium fluorophlogopite glass-ceramics
based on the system BaO � 4MgO �Al2O3 � 6SiO2 � 2MgF2,
where it was indicated that the crystallization of the glass
was largely homogenous and fluorine promotes initial
crystallization.

Authors [7] had studied the kinetics as well as crystal-
lization behavior, microstructure and mechanical proper-
ties of the system Bax �K1�2x �Mg3 �Al � Si3 �O10 �F2

(x¼0.0, 0.3 and 0.5), where it was indicated that machin-
ability and strength can be customized by judicious
substitution of potassium by barium and also by the
duration of heat treatment schedule.

It can be noted from above work that there is further scope
of study for the improvement of machinability and hardness.
In order to achieve the improvement of above properties, the
present work has been undertaken wherein we have studied
the crystallization, microstructure and mechanical behavior
of Ba0.1 �K0.8 �Mg3 �Al � Si3 �O10 �F2 glass.

2. Experimental

2.1. Glass synthesis and ceramisation

Analytical grade chemicals in powder form were used
as starting materials in this study. The powders were from
Merck Specialties Private Limited, India. The weight
percentage chemical composition of the glass is BaO
3.59, K2O 8.82, MgO 18.87, Al2O3 11.93, SiO2 42.20,
MgF2 14.59. An overall 2.00 weight percentage of B2O3,
was added purposefully to reduce the viscosity and thereof
to increase the rate of diffusion of different ionic species in
glass, which may result in the natural tendency towards
directional growth of crystals [8]. The glass batches were
properly mixed in an attrition mill thereafter melted in a
platinum crucible for 4 to 5 h in an electrically heated
furnace operating at 1450–1500 1C with occasional stirring
with a glass rod (quartz) in order to achieve the homo-
geneity of the molten glass. After the melting operation is
over, the molten mass was poured into a preheated cast
iron mold to make rectangular slabs of dimension
50 mm� 25 mm� 10 mm. Immediately after casting, the
prepared rectangular slabs of glass samples were released
from the mold and were quickly introduced into an
annealing furnace operating at 650 1C and soaked for 1 h
followed by natural cooling to room temperature.

After annealing, the block was cut into pieces to about
1–2 mm thickness with the help of a precision low speed
cutting machine (Buehler). These cut samples were fired at
680 1C for 2 h for nucleation. This nucleation temperature
was determined by Differential Thermal Analysis (DTA)
study. Samples after nucleation were then heated to
various crystallization temperatures (800, 900, 1000, 1100
and 1150 1C) at a rate of 2 1C/min and the samples were
kept at the crystallization temperatures for 5 h.

2.2. Characterization techniques

2.2.1. Differential thermal analysis (DTA)

The DTA measurements were performed using Shimadzu
DT40 thermal analyzer with a-alumina powder as a ref-
erence material. In this work, non-isothermal experiments of
finely powdered samples (�200 mm) of about 17 mg placed
in a platinum crucible were carried out at different heating
rates (5, 10, 15 and 20 1C/min.) from ambient temperature to
1000 1C. Analytical models developed independently by
Kissinger and Ozawa were used to analyze the DTA data
and to determine the activation energy for crystallization.
Avrami exponent was calculated by Augis and Bennett’s
equation.

2.2.2. X-ray powder diffraction (XRD)

X-ray powder diffraction experiment was carried out for
the samples heat treated according to the schedule as
described above. The ceramised glass samples were ground
to �75 mm. XRD experiments were performed by an
X-ray powder diffractometer (PW 1830, Panalytical) using
Ni filtered Cu-ka X-radiation with scanning speed of
21(2y)/ min. The diffraction pattern was recorded within
Bragg’s angle ranges 51o2yo701. The phases were
identified by JCPDS numbers (ICDD-PDF2 data base).

2.2.3. Scanning electron microscopy (SEM)

Different samples heated at the crystallization tempera-
tures according to the schedule mentioned before were
studied to investigate the development of microstructure with
back scattered electron imaging (BEI) mode in a Hitachi,
S3400N, Japan, scanning electron microscope. Before micro-
structural study, surface of all the samples were polished by
following standard procedures and finally with diamond
paste. The polished samples for scanning electron microscopy
were prepared by etching for 1/2 min with an aqueous
solution of 5% NaOH and 1% EDTA at about 80 1C.

2.2.4. Vicker’s hardness

For this study, glass ceramic samples were mounted on
resin and after curing, the samples were finely polished.
The indenter was pressed onto the polished surface of the
material at a load of 500 g with a dwelling time of 15 s.The
size of the impression was measured using LEITZ micro-
hardness indenter. The machine used was carver press. The
Vicker’s number (HV) is calculated using the following
formula [9]:

HV ¼ 1:854
P

D2
ð1Þ

where, P¼applied Load (measured in kilogram-force) and;
D¼ length of the diagonal of the indentation (measured in
millimeter).



Fig. 1. Differential thermal analysis plots of glass samples of varying

heating rate: (1) 5 1C/min, (2) 10 1C/min, (3) 15 1C/min, (4) 20 1C/min.
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The hardness value was measured for samples of
different batches heat treated at different temperatures.

To convert the Kg/mm2 to GPa the following relation
was used

HV ðGPaÞ ¼
9:81

1000
�HV ðKg=mm2Þ ð2Þ

2.2.5. Machinability

Machinabilty is an important tool to characterize machin-
able glass-ceramics. As such it is very much essential to
measure or calculate the machinabilty or the machinabilty
parameter of such materials. The following equation indi-
cates the relationship between hardness (Hv) and machin-
ability parameter (m) [10].

m¼ 0:643�0:122HV ð3Þ

2.2.6. Fracture toughness

The fracture toughness of a material is determined from
the stress intensity factor at which the crack will propagate
and lead to fracture. It can be calculated from the size
of the crack developed during Vicker’s hardness testing by
using the following formula [11,12].

KIC ¼ 0:025
P

C1:5
ð4Þ

where, C is the average crack length in mm; P is the
applied load (measured in kilogram-force).

2.2.7. Modulus of rupture

Rectangular bar specimens, ground and polished with
3 mm, 1 mm and 0.5 mm diamond paste were broken in
three-point bending tests (span length, 15 to 20 mm) at a
crosshead speed of 0.5 mm/min using Instron 4411 flexural
testing machine. The flexural strength represents the high-
est stress experienced within the material at its moment of
rupture [13,14]. It is measured in terms of stress.

The MOR of a rectangular sample under a load in a
three-point bending setup is

s ¼
3FL

2bd2
ð5Þ

where, F is the load (force) at the fracture point; L is the
length of the support span; b is width; d is thickness.

3. Result and discussion

3.1. Kinetics of crystallization

DTA curves for glass samples at a heating rate of 5, 10,
15 and 20 1C/min are shown in Fig. 1. Two well-defined
crystallization peaks are visible in all the DTA thermo-
grams. When the glass sample was heated at 10 1C/min,
the 1st peak appeared at 762 1C and the 2nd peak
appeared at 858 1C [6,15]. Moreover, it is clear from these
curves that the two distinct crystallization peak tempera-
tures shifted towards right with increasing heating rate.
The nucleation and crystallization temperatures were
determined from DTA analysis of the glass sample.
The isothermal kinetics of glass crystallization is studied

on the basis of the Jonhson–Mehl–Avrami (JMA) equa-
tion [16–21].

x ¼ 1�exp ½�ðktÞn� ð6Þ

where x is the volume fraction crystallized at a given
temperature during time t; k is the reaction rate constant
and n is the Avrami exponent, which is a dimensionless factor
depending on the nucleation process and growth morphology.
Based on Jonshon–Mehl–Avrami equation, non-isothermal

crystallization kinetics of glass can be described by the
Kissinger and Ozawa equation [22–25].
Kissinger equation:

ln
T2

p

b
¼

E

RTp

þC ð7Þ

Ozawa equation:

lnb ¼ �
E

RTp

þC ð8Þ

where Tp is the crystallization peak temperature in a DTA
curve, b is the heating rate, E is the activation energy of
crystal growth, R is the universal gas constant and C is
constant.
Using Kissinger Eq. (7), ln (Tp

2/b) was plotted against
1/Tp and the slope of the plot is equal to E/R (Fig. 2a and b),
from which E can be calculated. Similarly using Ozawa
Eq. (8), ln b was plotted against 1/Tp and the slope of the
plot is equal to E/R (Fig. 2c and d), from which E can be
calculated. The values of activation energy are given in
Table 1.
From Augis–Bennett equation [26], the value of Avrami

exponent (n) can be estimated using the value of activation
energy

n¼
2:5

DT
�

RT2
p

E
ð9Þ



Fig. 2. (a) Kissinger plot of ln (TP
2 /b) against 1/Tp at 1st crystallization peak temperature (Tp

1). (b) Kissinger plot of ln (TP
2 /b) against 1/Tp at 2nd

crystallization peak temperature (Tp
2). (c) Ozawa plot of lnb against 1/Tp at 1st crystallization peak temperature (Tp

1). (d) Ozawa plot of lnb against 1/Tp at

2nd crystallization peak temperature (Tp
2).

Table 1

Values of activation energy (Kissinger equation [EK]þOzawa equation [EO]) and Avrami exponent.

Heating rate (b)
(K/min)

1st crystallization temperature (Tp
1) (K) 2nd crystallization temperature (Tp

2) (K)

Tp
1 Activation energy

(KJ/mol)

oE4
(KJ/mol)

Avrami

exponent (n)

on4 Tp
2 Activation energy

(KJ/mol)

oE4
(KJ/mol)

Avrami

exponent (n)

on4

Kissinger

(Ek)

Ozawa

(Eo)

Kissinger

(Ek)

Ozawa

(Eo)

5 1022 273.1 277.9 275.5 2.70 2.89

E3.00

1118 357.5 374.1 365.8 3.60 3.88E4.00

10 1035 2.82 1131 3.85

15 1043 2.90 1141 3.95

20 1048 3.12 1144 4.10
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where, n is the Avrami exponent or crystallization index and
DT is the full width of the exothermic peak at half-maximum
intensity. The values of Avrami exponent are given in Table 1.
The crystallization index (n) depends upon the actual nuclea-
tion and growth mechanism. According to JMA theory,
crystallization index (n) depends on the crystallization manner,



Fig. 3. XRD patterns for glass samples.

Table 2

List of JCPDS files used to identify the main crystal phase formations

observed.

Crystal phase JCPDS reference

file

Barium fluorophlogopite

(Ba0.5 �Mg3 �Al � Si3 �O10 �F2)-BF

16-344n

Potassium fluorophlogopite

(K �Mg3 �Al �Si3 �O10 �F2)-KF

01-076-0816

Alpha-hexacelsian (Ba0.808 (Al1.71 � Si229) �O8)-H 01-088-1050

Enstatite (MgSiO3)-E 00-002-0546

nRef. [2]

Fig. 4. XRD patterns for glass samples at different crystallization

temperatures. (B-Barium fluorophlogopite, K-Potassium fluorophlogopite,

H-Alpha-hexacelsian and E-Enstatite).
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nffi2 means that the surface crystallization dominates overall
crystallization, nffi3 means that the two dimensional crystal-
lization or volumetric crystallization, nffi4 means that the
three dimensional crystallization for bulk materials [27–30].

3.2. X-ray diffraction

The synthesized glass samples are characterized by XRD
and the samples are found to be amorphous, which was
confirmed by a broad spectrum obtained in XRD pattern
(Fig. 3). In order to understand the nucleation and crystal-
lization kinetics these glasses were crystallized at different
temperatures (800, 900, 1000, 1100 and 1150 1C) for a dura-
tion of 5 h keeping the nucleation temperature (680 1C) and
time 2 h for all samples. It is needless to mention that the
nucleation temperatures were calculated for the batch from
DTA thermogram at a heating rate of 10 1C/min.

The JCPDS reference files used to identify the various
crystal phases are presented in Table 2. The appearance of
K-fluorophlogopite and Ba-fluorophlogopite are observed in
all heat treated samples (Fig. 4). At 800 1C, several peaks
of K-fluorophlogopite appeared as major phase and
Ba-fluorophlogopite and alpha-hexacelsian appeared as minor
phase. At 900 1C, additional peaks of Ba-fluorophlogopite and
K-fluorophlogopite appeared. At 1000 1C, further additional
peaks of K-fluorophlogopite appeared and the appearance
of enstatite as a new phase in the material is also confirmed.
At 1100 1C, there is no change in the intensity of peaks
except the appearance of new peaks of K-fluorophlogopite.
Also, there is no change in the intensity of the peaks at
1150 1C whereas the sharpness of the peaks increases. With
increasing heat treatment temperature, the number of peaks
of K-fluorophlogopite is increased but the number of peaks
of Ba-fluorophlogopite remains same. This may be an
indication of the Ba-fluorophlogopite formation at lower
temperature in this composition.

3.3. Microstructure analysis

Samples heated at 800 1C for 5 h, exhibit very fine
submicron microstructures and consist of some blocky
crystal (Fig. 5a). But when the samples were heated at
900 1C for 5 h, they exhibited a large number of slightly
bigger blocky crystals (Fig. 5b) compared to that at
800 1C. These crystals are dense and appeared white in
the back scattered electron micrographs with more or less



Fig. 5. SEM photographs of polished and etched surface of samples nucleated at 680 1C for 2 h and ceramised for 5 hr at (a) 800 1C, (b) 900 1C,

(c) 1000 1C, (d) 1100 1C and (e) 1150 1C.
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low aspect ratio in highly siliceous residual glass with
acicular morphology.

Samples heated at 1000 1C for 5 h exhibited the appear-
ance of lath like crystals with acicular morphology (Fig. 5c).

Samples heated at 1100 1C for 5 h exhibited the appear-
ance of large sized crystals with acicular morphology
(Fig. 5d). But the sample heated at 1150 1C for 5 h, exhibits
the development of large sized crystals with acicular mor-
phology and forms ‘‘house of cards’’ structures (Fig. 5e).

The appearance of blocky crystals might be due to the
formation of mica booklets and in many cases have an aspect
ratio (length/diameter) of o1. As the temperature further
increased, the number of crystal per unit volume decreased
and aspect ratio of the crystal increased (Fig. 5a and b). It
might be due to the dissolution of crystals with an aspect
ratio of o1 and reprecipitation of constituents onto those
crystal of higher aspect ratio. This energetically unfavorable
configuration might therefore be the driving force towards
attaining the long crystal observed after heat treatment for
5 h at 1000 1C, 1100 1C and 1150 1C (Fig. 5c, d and e), which
has been discussed by Chyung et al. [31].

3.4. Vicker’s hardness (Hv), machinability (m), fracture

toughness (KIC) and modulus of rupture (MOR)

It is observed that at 800 1C, the Vicker’s hardness value
reduces to a large extent on the formation of either
potassium or barium fluorophlogopite, or both of potas-
sium and barium fluorophlogopite phases compared to
that of original glass (Table 3).
When the temperature is progressively increased, the

Vicker’s hardness values gradually decrease upto 1100 1C.
The hardness values increase slightly when heated beyond
this temperature to 1150 1C (Fig. 6), but this increased value
is very low compared to the original glass (Table 3). The
large reduction in hardness value correlates with the



Table 3

Microstructural analysis of different heat-treated samples.

Heat

treatment

temperature

Vickers

hardness

(Hv) in

GPa

Fracture

toughness

(KIC)� 103 in

MPa m1/2

Machinability

parameter (m)

Modulus of

rupture

(MOR) in

MPa

Glass 7.19 18.2 �0.234 108.8

800 1C 4.31 12.5 0.117 205.8

900 1C 4.02 11.8 0.153 245.7

1000 1C 3.71 11.1 0.190 279.5

1100 1C 3.31 10.2 0.239 309.9

1150 1C 3.54 10.7 0.211 262.4

Fig. 6. Vicker’s hardness (Hv) and machinability (m) against different

heat treatment temperatures.

Fig. 7. Fracture toughness (KIC) and modulus of rupture (MOR) against

different heat treatment temperatures.
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formation of the interconnected ‘‘house of cards’’ micro-
structure [32–37]. At any particular temperature, the hard-
ness values increase with gradual increase in barium content.

The machinability parameter has been calculated from
Vicker’s hardness (Hv) values and is shown in Fig. 6. It is
clear from Fig. 6 and Table 3 that the higher the hardness
values, the lower the machinability parameter [38,39]. The
fracture toughness has been calculated from Vicker’s
hardness (Hv) values, and is shown in Fig. 7. It is clear
from Fig. 7 and Table 3 that higher the hardness values,
higher are the fracture toughness. At any particular
temperature, the fracture toughness increases with gradual
increase in barium content. Invariably in this batch,
crystallized at 1150 1C, the sudden increase in hardness
values may be due to the formation of other crystal phases
like enstatite and barium aluminum silicate etc.
At 800 1C, the modulus of rupture values increase to a

large extent on the formation of either potassium or
barium, or both of potassium and barium fluorophlogopite
phases compared to those of original glasses. When the
temperature is further increased, the modulus of rupture
values gradually increase upto 1100 1C. The modulus of
rupture values decrease slightly beyond this temperature at
1150 1C (Fig. 7), but the decrease is very low and is
sufficiently higher than that of the original glasses [40].
The modulus of rupture of the glass-ceramics heated at
1150 1C was lower than that at 1100 1C because the barium
fluorophlogopite and potassium fluorophlogopite crystals
grew large (�5 mm), thereby probably introducing large
sized critical flaws [41–45].
The hardness decreases with increasing aspect ratio of

the crystal and the crystallinity of mica with simultaneous
increase in the machinability. The glass-ceramics showing
negative values of ‘m’ cannot be considered to be machin-
able, because they need a large threshold cutting force to
initiate machining and are difficult to machine to intricate
shapes also. On the other hand, samples having positive
‘m’ can be machined precisely by decreasing cutting speed
with small cutting force [46,47]. Hardness, machinability
and fracture toughness were found to be highly dependent
on the formation of an interconnected ‘house of cards’
microstructures.
4. Conclusions
1.
 From XRD patterns, it can be concluded that at lower
temperatures Ba-fluorophlogopite and K-fluorophlogopite
are the major phases in the glass-ceramics. With increasing
heat treatment temperature, other crystal phases viz.
barium aluminum silicate (alpha-hexacelsian) and enstatite
are also formed.
2.
 Partial substitution of potassium by barium in
K �Mg3 �Al �Si3 �O10 �F2 system leads to the formation
of K-fluorophlogopite and Ba-fluorophlogopite crystal
phases simultaneously, and forms interconnected
‘‘house of cards’’ microstructure.
3.
 Hardness, machinability, fracture toughness and mod-
ulus of rupture were found to be highly dependent on
the formation of an inter-connected ‘‘house of cards’’
microstructure and aspect ratio of the formed crystals.

Machinability and strength can be customized by
judicious substitution of potassium by barium and also
by the time of crystallization.
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