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Abstract

Crystallization and sintering behaviors of four
B-spodumene (Li,0-Al,0;4Si0,) glasses having
different compositions were investigated and com-
pared by differential thermal analysis (DTA), X-ray
diffraction (XRD), and scanning electron microscopy
(SEM ). The Li,O-Al,0;+48Si0, glass containing both
B,0; and TiO, showed the lowest activation energy
value for crystallization (220 + 8 kJ/mol), whereas
the stoichiometric Li,O-Al,0+4Si0, glass showed
the highest value (322 + 4 kJ/mol). The crystalliza-
tion peak temperature (T,) decreased from 918 to
819°C by the addition of both B,0; and TiO, to the
stoichiometric Li,O-Al,0;-4Si0, glass. The Li,O-
Al,0;-4S5i0, glass containing both B,O; and TiO,
showed approximately the same degree of sintering
as the Li,O-Al,0;4Si0, glass containing only B-0;.

Die Kristallisation und das Sinterverhalten von vier
B-Spodumenglisern (Li,O-Al,0,4Si0,) mit ver-
schiedener Zusammensetzung wurden mittels Diffe-
rentialthermoanalyse (DTA), Rontgenbeugung (XRD)
und Rasterelektronenmikroskopie (SEM ) untersucht
und verglichen. Das Li,0-Al,O;4Si0O,-Glas, das
sowohl B,0; als auch TiO, enthielt, hatte die
niedrigste Aktivierungsenergie fiir die Kristallisation
(220 + 8 kJ/mol), wohingegen das stochiometrische
Li,O-Al,0;4Si0,-Glas den hichsten Wert aufwies
(322 £ 4 kJ/mol). Der Hdichstwert der Kristallisa-
tionstemperatur (T,) fiir stochiometrisches Li,O-
Al,0;4Si0-Glas fiel bei Zugabe von B,0; und
TiO, von 918 auf 819°C. Das Li,0-Al,0,4Si0,-
Glas, das sowohl B,O; als auch TiO, enthielt, wies
in etwa den selben Sinterungsgrad auf als
Li,0-Al,0;-4Si0,-Glas, das nur B,O; enthielt.
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Le comportement au frittage et 4 la cristallisation
de quatre verres de type B-spodumene ( Li,O-Al,O4
4Si0,) présentant différentes compositions ont été
étudiés et comparés par analyse thermique différen-
tielle (DTA), diffraction de rayons X (XRD) et
microscopie électronique a balayage (JEM ). Le verre
Li,0-Al,0;4S8i0, contenant a la fois du B,O; et
du TiO, présente l'énergie d’activation relative a la
cristallisation la plus faible (220 + 8 kJ/mol), alors
que le verre Li,O-Al,O;4Si0O, stoechiométrique
se caractérise par la valeur la plus élevée (322 +
4 kJ/mol). La température (T,) a laquelle le pic de
cristallisation est observé diminue de 918 a 819°C,
suite a l'addition conjointe du B,O; et du TiO, au
verre Li,O-Al,0;—4Si0; stoechiométrique. Le verre
Li,0-Al,0;-4Si0, avec ajout de B,O; et TiO,
montre approximativement la méme aptitude au
frittage que le verre Li,O-Al,0;-4Si0, contenant
uniquement du B,0,.

1 Introduction

Glass-ceramics are crystalline materials which
can be formed by controlled crystallization heat
treatments of proper glasses. Most of them have
some unique properties such as translucency,
high strength, and very low and uniform thermal
expansion. They also have very fine (~1 wm) and
randomly oriented crystals with a few percent of
the residual glass.! The recent applications of glass-
ceramics are for matrix materials for ceramic fiber-
reinforced composite materials,® substrate materials
for semiconductor packaging,”® heat exchangers,'
telescope mirrors® and cooking wares.'°

A relatively new method of glass-ceramic prepa-
ration is the sintering of glass powders, followed
by a nucleation heat treatment.'""!> This technique
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gives cost benefits by reducing the processing tem-
peratures. Furthermore, the formation of complex
shapes can be obtained by using equipment com-
mon to a ceramic factory.!!

B-Spodumene (Li,0-Al,0,-4Si0,) is a glass-
ceramic well-known for its good mechanical
properties (strength of ~150 MPa and modulus of
~100 GPa) and extremely low thermal expansion
(thermal coefficient of expansion of ~9 X 1077/°C ).'¢

The introduction of TiO, as a nucleating agent
in Li,0-Al,0;-Si0, systems has been reported to
lead to titanate formation and phase separation.
Barry et al.'’ reported the formation of precursor
nuclei of small crystallites, consisting of a tita-
nium-containing compound in the heat-treated
Li,0-Al,0,-Si0, glasses. Doherty et al.'® reported
that AL Ti,O, crystals were precipitated and that
these crystals act as nuclei for crystallization in a
Li,0-AL0,-SiO,-TiO, system. Maier & Muller"
reported the formation of ZrTiO, crystallites which
also act as the precursor nuclei for subsequent
crystallization in Li,0-Al,0,-SiO,-TiO,-Zr0O,
system. Recently Hsu & Speyer® observed that
the introduction of TiO, and Ta,Os in the Li,O-
ALO;-6Si0, system promoted nucleation and crystal
growth in the bulk glasses by causing the precipi-
tation of crystalline precursor phases which are
dispersed within the phase separated glass, and
which acted as heterogeneous nucleation sites for
the formation of a B-quartz solid solution.

Buzhinskii et al.*' reported that in the heating
of the Li,0-Al,0,-S10,-TiO, glasses, segregation
into two drop-like glassy phases occurs, resulting
in an increased viscosity of the glass. The size of
the drops decreases with decreasing heat-treatment
temperature; however, their number increases. Only
after the two phases are separated does a re-
arrangement of the structure occur within the new
phase, with the formation of a crystalline lattice.
Kondrat'ev and coworkers? investigated the
crystallization of glasses of the Li,O-Al,0,-SiO,
system and also observed the formation of liquids
of Al,O;-TiO, type already in the melt, which can
serve as nuclei. Beall & Duke' indicated that the
addition of cations such as Ti**, Zr**, Hf**, Nb**,
Mo®, W® and Cr** can cause the homogeneous
glass melt to become immiscible. They observed
the amorphous phase separation that develops on
cooling of Li,O-Al,05-Si0,-TiO, glass by trans-
mission electron microscopy (TEM).

The conventional glass-ceramic technology is
based on glasses that result in heterogeneous bulk
crystallization. The crystallization takes place at
high viscosities, preventing significant deformation
of glass bodies. If this kind of glass is finely
ground and compacted again, every particle will
crystallize separately, resulting in a dramatic in-

crease in viscosity.!* Therefore, good sintering and
high strength sintered bodies can not be obtained
using this method. Rabinovich'* showed that glasses
which are usually capable of surface crystallization
at relatively low viscosities may be successfully
sintered. Although every particle crystallizes from
its surface, the significant surface area of ground
material ensures a fine crystallization similar to
that in bulk glass-ceramics with heterogeneous
nucleation. Rabinovich'* examined about 40 glasses
based on the composition of cordierite (2MgO-
2A1,0,-5S10,). All of the glasses with TiO, as
a nucleating agent crystallized prematurely and
showed poor sintering except those glasses con-
taining Na,O. Cordierite with 4.5 wt% P,O;
showed the highest shrinkages during sintering.
Giess et al.'* made cordierites with the glass
formers such as B,O; and P,Os. They studied the
sintering process of pressed pellets and found
pronounced anisotropy of shrinkage as a result
of umaxial pressing. They found that Frenkel’s
theory of sintering gives a good approximation
only to the initial stages of sintering. Recently
Knickerbocker et al.!® studied the effect of various
oxide additions on the sintering behavior of
B-spodumene (Li,0-Al,0;-4Si0,) glass-ceramics.
They reported that the addition of 3 wt% B,O,; or
P,O; to the stoichiometric B-spodumene glass-
ceramic can enhance sintering. By addition of 3 wt%
of P,Os and B,0; the shrinkage of the glass pellets
during sintering increased by 4-2% and 0-5%,
respectively. Also, Knickerbocker er al® studied
the sintering of cordierite glass-ceramic with B,O4
and P,0Os addition. In both papers they mentioned
that to obtain good sintering of glasses by a viscous
flow mechanism, crystallization should be avoided
during sintering, since once crystallization starts
the viscosity of glass increases rapidly and sinter-
ing will be interrupted.

The purpose of this study is to investigate the
combined effects of both B,O; and TiO, addition
on sintering and crystallization behaviors of S-
spodumene glass-ceramics. In detail, the focus of
this research is not only to enhance sintering, but
also to decrease the crystallization temperature of
B-spodumene glass-ceramics by addition of both
B,O; and TiO, for engineering applications such
as composite fabrication.

2 Experimental Procedures

High purity powders (Li,CO,, Al,O;, SiO,, B,Os
and TiO,), were used to produce B-spodumene
glass-ceramics. The chemical compositions of each
glass are listed in Table 1. B,O; (3 wt%) and TiO,
(3 wt%) were added to the stoichiometric com-
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Table 1. Compositions of glasses formed for present study

Glasses Components
Li,O AlLO; Sio, B.0; TiO»
(wit’) (wit) (wit’) (wt%h) (wit'%)
LA4S 8-02 27-40 64-58 —

LA4SB 7-80 26-59 62-69 292 —
LA4ST 772 26-34 62-09 — 3.85
LA4SBT 7-50 25-60 60-35 2-80 375

position of B-spodumene. The chemicals were well
mixed by zirconia-ball milling (YTZ Zirconia-Ball
Media, Tosoh USA Inc., Atlanta, GA). The glasses
were prepared in the 50 c¢m® alumina crucibles
(Coors Ceramics Co., Golden, CO) using an elec-
trical resistance furnace ( DT-31-HT, Deltech Inc.,
Denver, CO) in an air atmosphere. To homoge-
nize the melt the mixture of chemicals were held
at 1600°C for 3 h. The alumina crucible with the
glass melt was removed from the furnace and
quenched in distilled water to obtain a clear glass.
Pouring the glass melt from the crucible was
impossible due to the high viscosity and difficulty
in temperature control. Glass fragments were hand
ground after being well dried in the oven. The
ground powders were screened by a 325-mesh
sieve and then ball-milled in a rotating milling
machine with the same zirconia balls in methyl
alcohol. After 6 h milling with a ball-milling speed
of approximately 180 rpm the size of the glass
particles ranged from 5 to 10 um. No zirconia
contamination was detected by using energy dis-
persive  X-ray spectroscopy (EDS: TN-5500,
Noran Co., Middleton, WI) analysis. Crystallinity
and crystallization temperatures of these glass
powders were investigated by using wide-angle
X-ray diffraction (XRD: Nicolet Stoe Transmis-
sion/Bragg-Brentano, Stoe Co., Germany) and
differential thermal analysis (DTA: Perkin-Elmer
DTA 1700, Norwalk, CT), respectively. The DTA
measurements were performed using 65 mg of
glass powders in an alumina crucible in an air
atmosphere with heating rates of 3, 5, 10, 20, 40
and 80°C min from 500 to 1200°C. The DTA
results were further analyzed to obtain the crystal-
lization mode and the activation energy values
for crystallization of each glass using various
methods: Kissinger,” modified Kissinger,”* Ozawa,>
and Augis-Bennett.?® The reason that all of these
methods were used for present study is to obtain
more accurate activation energy values for the
glasses. The ball-milled powders mixed with organic
binder (mixture of poly(vinyl butyral) and acetone)
were cold pressed in a 6:4 mm diameter cylindrical
steel die under a pressure of 20-7 MPa. These
small pellets were sintered and crystallized in an
electrical resistance furnace in an air atmosphere

at the temperatures pre-selected from DTA
measurements for different periods to obtain
the optimum heat-treatment conditions. Sintering
and crystallization of heat-treated samples were
examined by scanning electron microscopy
(SEM: Jeol SEM 35-C, Jeol, Japan) and XRD,
respectively.

3 Results and Discussion

The XRD resuits for the four different glasses
showed clear non-crystallinity. DTA result from
LAA4S glass 1s shown in Fig. 1. The other glasses
showed similar DTA results. LA4ST and LA4SBT
glasses, however, showed sharper crystallization
exothermic peaks than LA4S and LA4SB glasses.
The DTA results were analyzed primarily using
the Kissinger equation:*

In (¢/T}) = — E4/RT, + const. (1)

where ¢ is the DTA heating rate; T, is the crystal-
lization peak temperature; E. is the activation
energy for crystallization estimated by the Kissinger
method; and R is the gas constant. The Kissinger
plots according to eqn (1) for these four glasses
appear in Fig. 2. LA4SBT has the lowest activa-
tion energy value for crystallization, whereas
LAA4S has the highest. Even though the finely dis-
tributed precursor nuclei of Al,Ti,0, or separated
TiO,-rich phase in LA4ST glass can make subse-
quent crystallization easier and reduce the activa-
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Fig. 1. The differential thermal analysis (DTA) curves for
the LA4S glass with heating rates of (a) 3, (b) 5, (¢) 10, (d) 20,
(e) 40 and (f) 80°C/min.
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Fig. 2. The Kissinger plots for the glasses of @, LAA4S;
B, LA4SB; A, LA4ST and ¢, LA4SBT.

tion energy value, the B,O; addition would be
more effective in reducing the activation energy
value by decreasing the viscosity of the glass.®®
This decreased viscosity can help crystallization,
since crystallization is a diffusion-dominated
phenomenon. LA4SBT has both the TiO, and
B,0O; effects and shows the lowest activation
energy value. Matusita & Sakka?* mentioned that
the Kissinger equation is valid only when the
number of nuclei is fixed during crystal growth.
If most nuclei are formed during the DTA run,
the activation energy values from the Kissinger
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Fig. 3. The Ozawa plots for the glasses of @, LA4S at §90°C;

B, LA4SB at 840°C; A, LA4ST at 810°C and ¢, LA4SBT at

800°C. Avrami parameter n = 1 for LA4S and LA4SB, and
2 for LA4ST and LA4SBT.
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Fig. 4. The modified Kissinger plots the glasses of @, LA4S;

W, LA4SB; A, LA4ST and ¢, LA4SBT. Avrami parameter

n = 1 for LA4S and LA4SB, and 2 for LA4ST and LA4SBT.

Dimensionality of crystal growth m = 1 for LA4S and
LA4SB, and 2 for LA4ST and LA4SBT.

equation are incorrect. They suggested a modified
form of the Kissinger equation:

In (¢Y/T}) = —mE/RT, + const. )

where E_,, indicates the correct activation energy
for crystallization via the modified Kissinger method,
n is an Avrami constant, and m is the dimension-
ality of crystal growth. When surface crystallization
dominates, n» = 1, and when bulk crystallization
dominates, » = 3. The value of m is related to »
as: m = n when crystallization at different heating
rates occurs on a fixed number of nuclei (in other
words the number of nuclei is constant during the
DTA runs at different values of ¢); m = n — 1 when
nucleation occurs during the DTA runs. In addi-
tion, when surface nucleation dominates, m = n =
I and eqn (2) essentially reduces to eqn (1). This
means that when surface crystallization dominates,
the activation energy values from the Kissinger
equation (£ ) will become the correct values, that
is Eck = Ecmk'

The values of the Avrami constant can be deter-
mined by the Ozawa equation:?

[dIn(~In(l — x))/d In ¢]; = —n (3)

where x is the volume fraction crystallized at a
fixed temperature T when heated at ¢. That is, x
is the ratio of the partial area at T to the total
area of the crystallization exotherm. Ozawa plots
from eqn (3) shown in Fig. 3 indicate that surface
crystallization dominates both in the LA4S and
LA4SB (n = ~1) glasses, and surface and bulk
crystallization occurs simultaneously both in
LA4ST and LA4SBT (n = ~2). Thus, m values
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Fig. 5. The Augis—Bennett plots the glasses of @, LA4S;
W, LA4SB; A, LA4ST and . A4SBT.

for LA4S and LA4SB become 1 because of the
dominance of surface crystallization and that of
LA4ST and LA4SBT becomes 2 due to the pre-
existing nuclei of Al,T1,0, or separated TiO,-rich
phases. The modified Kissinger plots for the four
glasses according to eqn (2) are presented in Fig. 4.
The modified Kissinger plots for LA4S and
LA4SB are identical to the Kissinger plots since

= n = 1. To further confirm the accuracy of
the above results for activation energy values, the
following Augis & Bennett?® equation can be applied:

In (AT, — Ty) = —Ee/RT, + const.  (4)

where Tj is the temperature from which sample was
heated with constant heating rate and is 400°C for
the present study. E,,, which indicates the activa-
tion energy for crystallization via the Augis &
Bennett method, can be calculated from the plots
of In (¢/(T, — T,)) versus 1/T,, as shown in Fig.
5. All activation energy values from this method
are in good agreement with those from the other

Table 2. Summary of DTA results of glasses formed for
present study
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Fig. 6. The differential thermal analysis (DTA) curves for
(a) LA4S, (b) LA4SB, (c) LA4ST and (d) LA4SBT glasses
with heating rates of 40°C/min.

methods. All of these DTA results are summa-
rized in Table 2.

Figure 6 presents DTA data for the four glasses
with a heating rate of 40°C/min. In glass-ceramic
systems the viscous flow of the glass above the glass
transition temperature (7,) is the sintering mecha-
nism. Sintering by glass flow will be hindered once
crystallization is initiated. Thus, to obtain a good
sintering a glass should be sintered near but below
the crystallization temperature. If one glass has T,
and T, (crystallization onset temperature) values
which are too close to each other, then the glass
can not be fully densified by sintering below T,
since it is highly possible that crystallization may
occur before sintering ends. Thus, the glass-
ceramic which has large temperature range between
T, and T; has the potential to result in a well-
sintered product. T,, Ty, T, and T, - T, for the
four glasses are listed in Table 3. B,O, addition to

Table 3. Summary of temperature values from DTA results

Properties Glasses of glasses formed for present study
LA4S LA4SB LA4ST LA4SBT Glasses Temperatures or temperature ranges (°C)

Avrami parameter (n) 1 1 2 2 T, T, T, Ty-T,
Dimensionality of 1 1 2 2 (glass {crystal- {crystal-

crystal growth (m) transition) lization lization
E, (kJ/mol) 325 251 290 219 onset) peak )

(Kissinger)
E . (kJ/mol) 325 251 299 228 LA4S 715 835 918 120

(modied Kissinger) LA4SB 658 784 862 126
E_,n(kJ/mol) 318 245 283 212 LAA4ST 662 770 821 108

(Augis—Bennett) LA4SBT 640 - 761 819 121
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LA4S increased T,-T, values by suppressing the
T, to a lower temperature, since B,O; can decrease
the viscosity of this glass even though it can act
as a network former. The effect of TiO, addition
decreased T, of the LA4S glass by 99°C, most
probably due to the existence of precursor nuclei
of ALTi,O, or separated TiO,-rich phases which
subsequently acted as crystallization sites of the
B-spodumene phase."'7"#2122 The effect of TiO,
addition may be poor sintering of these glass
powders due to the rapid crystallization at low
temperatures. The small temperature range between
T, and T, resulting from lower T, of LA4ST
supports this idea and the poor sintering of LA4ST
was observed from sintering experiments. The
B,O; addition can mitigate this problem. LA4SB
and LA4SBT glasses have larger T, - T, ranges

than LA4ST and these B,O, modified glasses
are expected to sinter more readily. The XRD
patterns for LA4SB sintered at 715°C for 2,4 and
6 h are shown in Fig. 7. The 6-h sintering of
LA4SB at 715°C resulted in nearly total crystal-
lization of the pB-spodumene phase. Figure 8
shows the XRD patterns for LA4SBT sintered at
700°C for 0-5, 1 and 2 h. This figure indicates
that crystallization of B-spodumene phase for this
system starts after approximately 1 h sintering at
700°C. The effect of the TiO, addition is evident
in that LA4SBT crystallizes faster than LA4SB
even at lower temperatures. Figure 9 shows XRD
patterns of (a) LA4SB sintered at 715°C for 2 h
and crystallized at 865°C for 2h, and (b) LA4SBT
sintered at 700°C for 1 h and crystallized at 830°C
for 2 h. Both XRD patterns clearly show the
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major peaks from the B-spodumene phase. SEM
photographs for (a) LA4SB sintered at 730°C for
2 h and crystallized at 865°C for 2h and (b)
LA4SBT sintered at 700°C for 1 h and crystallized
at 830°C for 2 h are shown in Fig. 10. Both of the

(b)

Fig. 10. The scanning electron micrographs for (a) LA4SB

glass-ceramic sintered at 715°C for 2 h and crystallized at

865°C for 2 h and (b) LA4SBT glass-ceramic sintered at
690°C for 1 h and crystallized at 830°C for 2 h.

samples show about the same degree of sintering
and less than 1-um-sized B-spodumene crystallites
within the sintered granules.

4 Conclusions

(1)

(2)

3)

4

From the DTA results LA4S and LA4SB
showed surface crystallization (Avrami
parameter of 1) and LA4ST and LA4SBT
which have precursor nuclei of Al,Ti,O; or
separated TiO,-rich phases, showed mixed
surface and bulk crystallization (Avrami
parameter of 2).

From the DTA results the activation en-
ergy values for crystallization of [A4S,
LA4SB, LA4ST and LA4SBT were respec-
tively determined as 322 + 4, 248 + 3, 291 +
8 and 220 + 8 kJ/mol via Kissinger, modi-
fied Kissinger and Augis—Bennett methods.
This result implies that both B,O; and TiO,
can make crystallization easier by reducing
the viscosity of glass by B,O, and by form-
ing the precursor nuclei for crystallization
by TiO,.

From the DTA measurements the crystal-
lization peak temperature (7)) values for
LA4S, LA4SB, LA4STand LA4SBT with a
DTA heating rate of 40°C/min were deter-
mined as 918, 862, 821 and 819°C, respec-
tively. The T, value of LA4SBT is the
lowest since it has lower viscosity by B,O;
addition and precursor nuclei by TiO,
addition.

The XRD pattern for the LA4SB sintered
at 715°C showed the initiation of crystal-
lization of B-spodumene phase at a 4 h heat
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treatment, whereas that for LA4SBT sintered
at 690°C indicated the initiation of crystal-
lization of B-spodumene phase at a 1h
treatment.

(5) The SEM for the LA4SB and LA4S glass-
ceramics showed approximately the same
degree of sintering.
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