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Abstract

In this paper, effect of microstructural evolution on mechanical property of lepidolite based glass-ceramics of MgO-Al,03-SiO,—
Li,O-R,0-F(R =Na, K) system during the crystallization process has been studied. The results show that two distinct regions of
strength dependence on grain size are found. The critical values of the flake diameter and aspect ratio of lepidolite are 1.8 and
4.6um, respectively. The crystallization temperature (7c) of critical point locates at 1060 °C. When T¢<1060 °C, the bending
strength increases with heat-treatment temperature ascribing to the randomly oriented and interlocked lepidolite crystallites, which
cause crack divert or blunt to limit the further development of the flaw size and increase the surface energy of fracture. While 7>
1060 °C, the increased boundary shear stress arising from the mismatch of thermal coefficient between the lepidolite crystallite and

the residual glass phase results in the decrease of strength. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Mica-based glass-ceramics attract great interest since
they were first reported by Grossman' due to their
unique machinability resulting from the cleavage of
interlocking layers of mica crystallites dispersed in a
glassy matrix. The materials can be machined to precise
tolerence with conventional metal working tools, thus
solving a major parts-fabrication problem. The materials
do not sacrifice strength, hardness or porosity to achieve
this machinability, nor do they have to be fired after
machining. Therefore they can be used in a wide field of
applications, such as mechanical parts,? electrical insu-
lators,? vacuum equipment,* dental crowns and bones.>

Up to now, three types of mica glass-ceramics with tetra-
silicic mica (KMg,s Siy OoF»),>° fluorophlogopite
mica(KMg3Al Si; O9F,) ™! and barium(calcium) mica
[Ba(Ca)ysMgsAl Sis00F5]'>"1° as main crystal phase
respectively, have been intensively investigated. However,
lepidolite based glass-ceramics with lepidolite and its solid
solution [K(Na)Li(Mg,AlAl Si; O1F,] as main crystal
phase, have been rarely reported.'®!” In addition to offering
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easy machinability, lepidolite based glass-ceramics'” show
good chemical durability, high thermal shock damage
resistance and lower thermal coefficient (< 50x10~7 °C~1)
than other kinds of mica glass-ceramics (> 60x10~7 °C~1)
due to introduing Li,O into glass matrix.

Generally, mica based glass-ceramics exhibit insuffi-
cient mechanical strength, so do lepidolite based glass—
ceramics. The mechanical properties of glass-ceramics are
highly dependent on their crystalline phase assemblages
and microstructures. Many studies®!'!-!%15 showed that
the mechanical properties of mica glass-ceramics are
mainly influenced by mircostrutral varibles, such as
morphology of precipitated mica, crystalline size, aspect
ratio and crystallinity. In the present paper, the system
of K>O (Na,0)-MgO-Al,03-SiO,—Li,O-F was used as
a base glass composition, from which lepidolite glass-
ceramics were obtained after heat treatment. The novel
mechanical properties of lepidolite glass-ceramics have
been found and studied in connection with their micro-
structural evolution.

2. Experimental procedures

The composition of the base glass in weight percent was
Si0; 55%, AlL,O3 19%, MgO 9%, (Na,O+ K,0) 7%,

0955-2219/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.

PII: S0955-2219(01)00436-8



1382 P.-A. Fang, Z.-P. Wu [ Journal of the European Ceramic Society 22 (2002) 1381-1385

B— lepidolite

i A— B —spodumene
; @ — B -eucryptite
(O — unknown phase

A
I“ A!. ! m A

I n? T
I :yptLUﬂL&UU{&J:}LJL@
VTV B Y )
1 (VU S NV V| S S
oo i dvocddue A @

intesnsity

5 10 15 20 25 30 35 40 45 50 55 60

20/

Fig. 1. XRD analysis of specimens at four different temperatures; (a)
950 °C, (b) 1000 °C, (c) 1060 °C, (d) 1120 °C.

Li,O 3.9% and F 3%. To modify the microstructure
and crystallinity, the base glass was doped with 3.1 wt.%
ZrO, .The mixture was melted in a platinum crucible at
1480-1600 °C for 3 h, then the melt was poured onto an
iron plate and casted into glass specimens. The resultant
glass specimens annealed for 1 h near the glass transition
temperature (500 °C) were given typical nucleation and
crystallization treatments for 2 h at 650 °C and 8 h in
the range of 950-1120 °C, respectively.

The presence of crystalline phases of crystallized spe-
cimens was Iidentified by X-ray diffraction analysis
(XRD, D/Max-Radiffractomer, Rigaku, Japan) with
Cu K, radiation. The specimens for microstructural
observation were cut from the crystallized glass body.
The surface morphologies of specimens, polished and
chemically etched in HF acid (5 wt.%) at room tem-

Fig. 2. SEM morphology of samples at various heat-treatment temperature; (a) 950 °C, (b) 1000 °C, (c) 1060 °C, (d) 1080 °C; (e) 1100 °C, (f)

1120 °C, all specimens were etched by HF (5%) for 30 s.
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perature for 30 s, were examined with Scanning Electron
Microscope (SEM, EPMA-8705QHZ, Shimadzu, Japan).
To estimate the size and aspect ratio of crystals, a group of
15 crystals were selected in SEM photo of each specimen.
The length and the thickness of cross section of each
crystal were measured. The crystal size was calculated
by averaging the lengths over the group. Dividing the
length by the thickness of each crystal and averaging the
results over the group, the aspect ratio was obtained. The
error of measurment was estimated to be less than 5%.
The bending strength was measured for all the speci-
mens by an Instron (1195) Universal Testing Machine in
three-point bending in air with an internal spanning of
40mm and a crosshead speed of 0.5 mm/min at room
temperature. At least 8 pieces were tested for each data
point. The dimensions of tested pieces were 5x 5x 50 mm.

3. Results and discussion

Fig. 1 shows XRD patterns of the crystallized glasses.
After the crystallization stage in the range of 950-1120°C
for 8 h, two main crystalline phases, lepidolite (including
its solid solution) and B-spondumene respectively, were
detected in all specimens besides minor B-eucryptite and
some unknown phase. In the series of heat treatment
from 950 to 1120 °C, the X-ray diffraction lines become
progressively sharper and more distinct as the heat-
treatment temperature increased. They indicate that all
specimens have the same crystalline phase and crystal-
linity increases with the increasing heat-treatment tem-
perature.

Fig. 2 shows microstructural evolution of crystallized
specimens from 950 to 1120 °C. At 950 °C, many inter-
locking crystals smaller than 0.6 um were precipitated
(Fig. 2a); fine equiaxed lepidolite crystals appeared at
1000 °C and the cross section of crystal exhibits clea-
vage structure (Fig. 2b). As the temperature is further
increased above 1060 °C, the lepidolites grow up rapidly
and assume a more elongated platelike appearance
(Fig. 2 ¢, d, e, f) .The size and aspect ratio of lepidolite
measured in photos are presented in Table 1. The results
show that the size of lepidolite grow up more quickly
above 1060 °C than below 1060 °C similar to change in
morphology. Here we think, above 1060 °C, some
amount of B-spondumenes are transformed into lepido-
lite and its solid solution incongruently with Mg?*, K,
Na®* and F~ diffusing into it due to the reaction (1)

Table 1
Size of lepidolite crystal at various heat-treatment temperature

Temperature /°C 950 1000 1060 1080 1100 1120

Average diameter /um  0.58 090 1.76 287 4.09 5.15
Average thickness /jum 020 024 038 053 0.56 0.60
Aspect ratio 290 375 463 542 732 852

between B-spondumene and glass matrix by metasoma-
tism, which results in increase of lepidolite.

Li(AlSi,0¢) Mg, K*, Na*, F~

M
K(Na)Ll(Mg, Al)Al Sl3 OoF>

Fig 3.(a) shows measured data of the bending strength
of all the specimens with change in size of lepidolite in
the rang of 950-1120 °C, and the relationship between
bending strength and aspect ratio is shown in Fig. 3(b).
The results exhibit that, two distinct regions of strength
dependence on grain size are found. When the flake
diameter is small (< 1.8um) and the aspect ratio is small
(<4.6), the bending strength increases with increasing
grain size and aspect ratio; while the flake diameter and
aspect ratio exceed the critical values, which are 1.8 and
4.6 um, respectively, the bending strength decreases.
The heat-treatment temperature of critical point locates
at 1060 °C. It is similar to the results of tetrasilicic mica
glass-ceramics reported by Grossman,! but it is not lin-
ear relationship between the bending strength and grain
size or aspect ratio.

Characteristic microstructures of mica glass ceramics
consist of uniformly distributed two dimensional mica
crystals of random orientation in a brittle glass matrix.
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Fig. 3. Relationship between bending strength and size of lepidolite
crystal; (a) o—diameter, (b) o—aspect ratio.



1384 P.-A. Fang, Z.-P. Wu [ Journal of the European Ceramic Society 22 (2002) 1381-1385

2.8

>
e
-]
.
]
o~
~
®
o
=

Fig. 4. Two types of morphology of specimens cross section at two different heat-treatment temperatures; (a) 1060 °C, (b) 1100 °C.

Therefore, the cracks are expected to nucleate at these
preferred sites since a thermal expansion mismatch
between the glass and the anisotropic mica crystals is
unavoidable. When T<1060 °C, as the lepidolite crys-
tals become larger, randomly oriented and interlocking
lepidolite crystals cause cracks to divert or deflect away
from the initial planar path perpendicular to the tensile
axis. Crack deflection become more effective in limiting the
flaw sizes within the materials, which increase the absorp-
tion of energy released upon crack propagation. Such
energy-absorbing fracture propagation must increase the
effective surface energy of fracture. When the absorption of
energy is great enough, crack can be blunted (denoted by
arrow in Fig. 4a) and its fracture mode appear to be mainly
intergranular, thus strength increases. While the flake
diameter and aspect ratio exceed the critical values,
where heat treatment temperature is above 1060 °C, the
bending strength decrease can be due to shear stresses
arising from the difference in the thermal expansion
coefficients between the mica crystals and the residual
glass phase. The boundary shear stresses play a marked
role in the nucleation of larger crack (shown by arrow in
Fig. 4b) at the boundary because of many mismatches
between the mica crystals and the residual glass phase as
crystals size get much longer.The coefficients of thermal
expansion vary considerably over the range of solid solu-
tion in mica along a-, b-, c-axis. This strong anisotropy in
thermal expanion makes it impossible to totally eliminate
the internal stresses in mica glass-ceramics. When the
boundary shear stresses development becomes so
greater that the strengthening resulting from particles
elongation can be ignored, then the strength decreases.

4. Conlusions

Lepidolite based glass-ceramics were formed from
MgO-A1203—Si02—Li20—R20—F(R =Na, K) system.
The lepidolite can be recrystallized and grows up in the
range of 950—1120 °C during the crystallization process.
Effect of microstructural evolution on mechanical
property was also investigated. The results show that,

two distinct regions of strength dependence on grain
size are found. The critical values of the flake diameter
and aspect ratio of mica are 1.8 and 4.6 um, respectively.
The heat-treatment temperature of critical point locates at
1060 °C. When T¢<1060 °C, the bending strength
increases with the increase of heat-treatment temperature
ascribing to the randomly oriented and interlocked mica
crystals, which cause crack divert or blunt to limit the
further development of the flaw size and increase the
surface energy of fracture. While Tc>1060 °C, the
increased boundary shear stress arising from the mis-
match of thermal coefficient between the mica crystals and
the residual glass phase results in the decrease of strength.
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