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bstract

he machinability of fluor-mica glass-ceramics is an attractive characteristic of these materials. However, the poor mechanical strength and hardness
as limited their applications.

In this research, to overcome this problem, a glass frit in the system CaO–SiO2–P2O5–MgO was gradually added to a mica-based frit. After
intering of compacted mixtures, simultaneous crystallization of diopside and mica occurred that led to improved mechanical properties. The
interability of various samples was investigated and their microstructure and crystallinity were evaluated by electron microscopy (SEM) and

-ray diffraction (XRD). The presence of plate-like crystals of mica, spherical particles of apatite and fibrous inclusions of diopside was the
icrostructural specification of the optimum composition.
The four-point bending strength and the Vickers microhardness of samples were also determined.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Mica glass-ceramics with their unique machinable property
ave become an interesting subject for many researchers. The
achinability of these glass-ceramics is related to an interlock-

ng microstructure and the cleavage of plate-like mica makes
hem suitable for machining with high precision by ordinary
ools.1

As the main weak point of mica glass-ceramics is their
oor mechanical properties, various works have been done to
mprove this issue. Grossman showed that the strength of sam-
les changes with the variation of mica crystals diameter.2 By
sing a hot press, Cheng has produced directional growth of
ica crystals and has determined its effect on the strength.3

aik claimed the existence of compression stress around the

ica crystals which caused greater sample strength.4 Uno inves-

igated the precipitation of a barium fluor-mica phase on the
trength and fracture toughness.5 Addition of a second crys-
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alline phase to the glass matrix has been the other approach
dopted for this purpose.6

It is known that addition of a second rigid and strong phase
an improve the mechanical properties of a material by sev-
ral mechanisms. However, this can lead to demolishing of
he machinability of the specimen. It seems that if the rein-
orcement phase itself has suitability for machining, it will be
ossible to improve both mechanical properties and machinabil-
ty. According to previous experiences,7 while diopside-based
lass-ceramics have desirable mechanical strength they can also
e machined to some extent. Therefore, with respect to the
bove-mentioned properties, the influence of a glassy powder
rom the system CaO–SiO2–MgO–P2O5, when added gradually
o a mica-based glass-ceramic frit8 has been investigated.

. Experimental procedures

.1. Glass preparation
Glasses were prepared by fusing reagent grade chemicals.
he chemical compositions of the two glasses are given in
able 1. The frits GM and GD were agents for its formation of
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Table 1
Chemical analysis of glasses (by weight)

Glass SiO2 CaO Al2O3 MgO K2O F B2O3 P2O5 Fe2O3
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M 40.13 – 16.24 19.11 8.00 9.55 2.23 4.45 –
D 29.12 45.35 – 4.30 – – – 16.23 5.00

uor-mica and diopside crystalline phases during sintering pro-
edure, respectively. Homogenized raw materials of GM and GD
ere melted in a platinum crucible at 1400 and 1430 ◦C, respec-

ively in an electric kiln for 30 min. Molten glasses were then
uenched in cold distilled water. The gained frits were ground
n an electric hard porcelain mortar for 2 h. Mean particle size of
he resulting powders was measured using a laser particle size
nalyzer (Fritsch, Analysette 22).

.2. Mixing of two frits

The weight percent of prepared compositions from mixing
f the two frits GM and GD were tabulated in Table 2. The
lass powders were mixed with 2.5 wt.% PVA and cold pressed
nto 55 mm × 10 mm × 5 mm bars at a pressure of 50 MPa using

laboratory uniaxial hydraulic press. The sinterability of the
ixed glasses was investigated by sintering for 240 min in

n electric furnace from the glasses softening points up to
000–1180 ◦C, at a heating rate of 10 ◦C min−1.

.3. Methods of analysis

Microstructure and crystallinity were inspected using scan-
ing electron microscopy (Philips XL30) and X-ray diffraction
quipment (Philips, X’Pert). Silicon powder was used as the
tandard for quantitative measurements. A Vickers microhard-
ess tester with a diamond pyramid indenter (Buehler) was used
o measure microhardness. The load was 500 g and the loading
ime was 30 s.
Four-point bending strength was measured using an Instron
niversal testing machine (model 5500 R). Five polished rect-
ngular specimens (50 mm × 10 mm × 5 mm) were tested from
ach series of samples.

m
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a

able 2
omposition of prepared glasses from mixing of two frits

Sample

M M9D1 M8D2 M7D3 M6D4

M (%) 100 90 80 70 60
D (%) 0 10 20 30 40

able 3
intering temperature, linear shrinkage and relative density of prepared glass-cerami

Sample

M M9D1 M8D2 M7D3 M6

intering temperature (◦C) 1120 1120 1120 1120 11
inear shrinkage (%) 22.3 18 18 17
elative density (%) 98 96 95 95
eramic Society 28 (2008) 1569–1573

. Results and discussion

According to the Frenkel equation,9 the particle size of glass
owder is a major and effective factor on the sintering rate of
ompacted glassy powder. On the other hand, it has been claimed
hat there is a threshold for glass particle size (7 �m): for larger
lass particles, the amount of shrinkage is strongly decreased.10

herefore, the particle size distributions of both milled glasses
ere measured and targeted at this amount. The optimum sin-

ering temperature of samples was determined by considering
he linear shrinkage and relative density (Table 3). It can be
een that while the optimum sintering temperature of GD by
tself is the lowest, its addition gradually to GM led to increase
f the sintering temperature for glass mixtures. As we know
ne of the reasons for sintering temperature raise, could be the
hange in amount of powder compaction during the addition
f frit GD to GM. However, the results of experiment do not
onfirm the above-mentioned phenomenon. Whereas the total
orosity of compacted powder of GM, GM5D5 and GD were
elatively the same (26, 26 and 27%, respectively). It seems
he increase of sintering temperature is related to crystallization
ehavior.

Figs. 1 and 2 show the XRD patterns of the sintered sam-
les. As can be observed fluor-phlogopite and forsterite; apatite
nd diopside are the main crystalline phases precipitated dur-
ng sintering in the M and D series, respectively. It can be
een that addition of GD to GM, led gradually to reduction
f fluor-phlogopite, ultimately to zero in the sintered M4D6.
luoroapatite appeared in the M8D2 specimen and gradually

ncreased with GD. In an equal weight percent of the two glasses,
.e. in the M5D5, fluoroapatite, forsterite, fluor-phlogopite and
iopside were the main four crystalline phases which can be
bserved. When the amounts of GD predominate, only fluo-
oapatite and diopside were crystallized, their amounts were
ncreased with increasing GD.

As it pointed out above, fluoroapatite was crystallized in the

ixed glasses. It means that its constituents supplied from the

wo glasses, i.e. F− ion from GM and Ca2+ and P5+ ions from
D. Therefore, it can be concluded that mutual diffusion of the

bove-mentioned constituents at the glass–glass interface and/or

M5D5 M4D6 M3D7 M2D8 M1D9 D

50 40 30 20 10 0
50 60 70 80 90 100

cs

D4 M5D5 M4D6 M3D7 M2D8 M1D9 D

40 1140 1140 1150 1180 1180 1000
14.7 17.8 18.15 18 18 18.7 16
93 94 94 95 94 94 98
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Fig. 1. XRD patterns of prepared glass-ceramics from M to M5D5.

nifying of the two glasses by viscous flow has been responsible
or precipitation of fluoroapatite.
In order to investigate the crystallization behavior, the sample
f M5D5 was examined. Fig. 3 shows the crystallization behav-
or of this sample during increasing of temperature. According
o experimental results, fluoroapatite and chondrodite were crys-

Fig. 2. XRD patterns of prepared glass-ceramics from D to M5D5.
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ig. 3. XRD patterns of M5D5 glass-ceramic vs. the increase of temperature.

allized at 800 ◦C. Increasing the firing temperature up to 900 ◦C
ed to formation of new phases: norbergite, forsterite, and fluor-
hlogopite. Diopside was appeared at 1000 ◦C, while norbergite
nd chondrodite phases were disappeared. Finally at sinter-
ng temperature (1140 ◦C) only fluor-phlogopite, diopside and
orsterite can be observed.

In general, the increasing of crystallized phase causes
ecrease of sintering. So, the crystallization of the glass
efore sintering causes reduce sintering rate.11 Fig. 4
hows the trend of total intensity of all crystalline phases
fluor-phlogopite + fluoroapatite + forsterite + diopside) precipi-
ated during sintering to silicon intensity with GD. According to
he above result, it seems that increasing of GD in the mixture
eads to enhancement of crystalline phase amounts. This occur-
ence will prohibit free flowing of the glass phase and so require
ncrease in the sintering temperature of the specimens with GD.

Figs. 5 and 6 show the SEM microstructure of M and M9D1

lass ceramics, respectively. Accordingly, while the microstruc-
ure of M specimen consisted of spherical fluor-phlogopite
rystalline phase dispersed in the glassy matrix, in the M9D1
t changes to plate-like shape. It has been said that the spherical-

ig. 4. The trend of total intensity of all crystalline phases to silicon intensity.
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Fig. 5. SEM microstructure of spherical mica in sample M.
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Fig. 6. SEM microstructure of plate-like mica in sample M9D1.

haped mica originated from a limitation in liquid–liquid phase
eparation, which causes fluor-phlogopite precipitates directly
rom a homogeneous glass phase and not from transient phases
ike norbergite and chondrodite.12 Holand and Vogel have
ttributed this morphology to substitution of Mg2+ by Al3+ in the
ctahedral positions of mica structure.13 As known previously,8

his factor had altered the morphology of mica crystals in the

lass M to spherical kind. Therefore, we can conclude that addi-
ion of glass GD to GM reduces the total amounts of Al ions in
he mixed composition, converting the shape to plate-like.

Fig. 7. Variations of bending strength vs. the increase of frit GD.
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Fig. 8. EDAX analysis of mica solid solution in sample M9D1.

Fig. 7 shows the variation of bending strength of glass ceram-
cs versus the frit GD. On the whole, with the exception of a
hallow concave-shaped region in the near-middle of the graph,
t can be observed an upward trend of strength with glass GD.
t seems that introduction of high amounts of CaO by GD into
he system is responsible for this behavior. Figs. 8 and 9 depict
he EDAX analysis of plate-like shaped mica in the M9D1 and
he overall changes in the relative intensity of two major and
ffective phases (fluor-phlogopite and diopside) as a function of
dded GD, in the sintered glass mixtures, respectively. Existence
f calcium in the crystalline particle (Fig. 8) indicates a partially
ubstitution of K+ by Ca2+ in the crystalline particle. Since the
oordination number of Ca2+ is lower than K+ in this structure,
nd as the bonding strength of the former with oxygen (32 kcal)
s greater than the latter with oxygen (12 kcal),14 the strength
f cleavage bonding in the solid solution would be higher than
o the previous potassium fluor-phlogopite. Therefore, accord-
ng to Fig. 9 the strengthening of specimen up to M8D2 should
e related to simultaneous increasing of mica amount and for-
ation of solid solution. Oppositely, the subsequent reduction

f strength up to M6D4 should be related to reduction of it.
fterwards, where the fibrous-shaped diopside (Fig. 10), with
ts higher elastic modulus, in the higher calcium containing mix-
ures (viz., M6D4) appears (Fig. 9), strengthening of sintered
pecimens occurs again.

ig. 9. Intensity of (a) mica crystals and (b) diopside crystals to intensity of
ilicon vs. the increase of frit GD.
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Fig. 10. Fibrous morphology of diopside phase in sample M1D9.
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13. Holand, W., Wang, P. and Naumann, K., Control of phase formation process
ig. 11. Variations of Vickers microhardness vs. the increase of frit GD.

Fig. 11 depicts the trend of microhardness variation with glass
D. As it was expected the microhardness of glass-ceramics

ncreases gradually with GD. The same reasons, which proposed
n the previous subject, can also be explained for this behavior.
t means that formation and increasing of potassium–calcium
uor-mica solid solution, instead of a less hard pure potassium
ne (in M–M8D2 interval); reduction of its amount (from M8D2
o M6D4), which substituted probably by a harder glassy phase;
nd ultimately coming into existence of diopside (from M6D4 to
D) are responsible for improvement of hardness with gradually

ddition of GD.

. Conclusions

The sintering temperature of mixed glass compositions is
nfluenced by the amounts of diopside-based glass quantity,

hich itself had the lowest sintering temperature. According

o our results, this came from the enhancement of crystalline
hase in the sintered specimens when diopside-based glass was
dded to the other one, gradually.

1

eramic Society 28 (2008) 1569–1573 1573

Fluoroapatite was a crystalline phase, which crystallized only
n the sintered glass mixtures. As the constituents of this phase
re supplied from the two glasses, it can be concluded that this
hase has been formed by mutual diffusion of glass constituents
nd/or by unifying of the two glasses by viscous flowing during
intering procedure.

Addition of the diopside-based glass to the mica-based one
ed to change of mica morphology from spherical to plate-
ike shape. Formation of the plate-like mica with addition
f diopside-based glass is due to encourage of liquid–liquid
hase separation and reduction of Al3+ in the crystalline
tructure, which is compatible with some of the previous
orks.
Mechanical strength and microhardness variation with the

iopside-based glass show an enhancement trend. According to
ur results, the changes of mica composition and incrementally
ormation of fibrous-shaped diopside were the main reasons for
hese behaviors.
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