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ABSTRACT

The composition of base glass was selected as MgO 8, AL, 24, S10, 68 in weight percenl. TiQ; and ZrQ.
were added to the hase glass lo investigate lheir effects as nucleating agents.

In the case of ZrCy additicn, the optimum temperature for nucleation, which was related to the precipitation
of telragonal Zr(h, was 800T. The optimum growth condition for the crystal was 870C for 8 hrs, and the
major cryslal phases precipiialed in the samples were [-quartz ss. and mullite. The light lransmissivity turned
out Lo be around 80 per cent

On the ather hand, when the TiQ, was added, it was difficult 1o determine the nucleating temperalure,
because the samples turned easily into translucency during the heat treatment. Therefore, 1t was almost impossi-

ble 1o retan transparency in the samples. The hght transmissivity was below 30 per ceni.
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1. Introduction However, the glass-ceramics may lose transparency

which is the umportant property of glass, due to the

The glass-ceramics which was invented by Stookey™, dilference in refractive ndex between the dispersed
is the polycrystalline material in which the fine and crystal and the residual glass matrix. To keep the tran-
homogenecus crystals are precipitaled through approp- sparency as well as the properties of the crystal, the
riale heat treatment. crystal size should be smaller than the wave length
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of visible Jight [0.4~0.8 ym), or anisotropy and refrac-
tive index of two phases should he very close.

Many investigations on the transparent glass-cera-
mics have been made. Beall ¢f al® reported that the
transparenl glass-ceramics can he made of the precipi-
tation of B-eucryptite [rom LipO-MgO-Zn0-AlOs-5104
glass system, mullte from ALO;Si0s system, and spi-
nel from ZnQ-AlLO;-5i0; syslem. By adding ZrQO: as
a nucleating agent 1o Zn(0-AlLO-5i0; glass system, Yo-
koishi et al” studied the effect of Zr(; amount on
the formalion of G-quartz ss. and the effect on the
transparency. Zdawuski® worked on the crystallization
and the microstructure of transparent glass-ceramics
made from Mg0O-ALO:-5i0. glass with Ti0w, ZrO: or
Ce(, as nueleating agents. Park™ studied the iranspa-
rent glass-ceramics made from Li:0-ALO3-5i10; glass
by changing the composition of Li,0 and Si0, with
TiO. or Zr( as nucleating additives. Park” also repor-
ted the effect of nucleating agents on the microstruc-
ture of transparent glass-ceramics of the same system.

In this study, we selected the MgO-AlLO:-5i0; sys-
tem where the B-quartz ss. stuffed with Mg?* was ex-
pected. The B-quartz ss. is known as 2 crystal of low
optical amsotropy but high chemical stahility. The
amount of 510, was 68% hy weight based on the report
" m which the mimmum anisolrapy of B-tuartz ss.
was obtained near 70 weight % of 5i0y in the base
glass. And the ratio of MgO to AlLOs; was 8 to 24, ZrO.
and TiD. were chosen as nucleating angents for this
experiments, because they are less than 5% difference
1n latlice parameters with B-quartz ss. and are effective
n rearrangement of glass into B-quartz ss. during heat
treatmenl. The appropriate heating schedule [or the
nucleation and growlh was investigated for the trans-
parenl glass-ceramics with the above mentioned glass
composition.

The crystal phases, microstructures and the ather
relevant properties of the samples prepared from the
tested condition were anlayzed by XRD, SEM, DTA

and thermal expansion.
2. Experimenial
2.1. Preparation of base plass

The reagents used for the experiment were chemical
pure grade excepl Kimcheon quartzite, and were dried
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Table 1. Compositons of the base glass.
Sample| Additives Base glass 4‘
Zr0; T, | 5i0. ALO, MgO
Zr-10 | 10

Zr- 5 5 68 24 8 wi%
(7229 1503 1268 mol%;

Ti-10 10

Ti- 5 | 5

well in a dryer.

The compositions of each sample are listed in Table
1. The batches were loaded in alumina crucibles of
mare than 90% purily, and were melted at 1,600T lor
1 hr, The melts were then formed into 5 mm diameter
rods andd plates.

1.2, Crystallization

The nucleating temperature was experted hetween
870 to 9207, which is typically determined from the
goftening point and 50T higher than this point, Howe-
ver, the devitrification due to crystallization was always
observed from all the samples heat-treated at 9520%.
Therefore the nucleation was done at lower tempera-
tures such as 780, 800, 820, 840C for 3 hrs, then XRD
analysis and SEM observation were done to find out
the optimum nucleating temperature. From the resull
of analysis, the nucleating temperature was around 800
T for the case of Zr(, addition. In the case of TiO,
addition, however, it was difficult to delermine the op-
timum nucleating temperature by the same analysis.
So 7807 was decided as the nucleating temperature
referred to the other report™ in lhe TiQ. addition.

Te determine the appropriate temperarture of crys-
tal growth, the nucleated samples were heated at diffe-
rent lemperatures of 870, 900, 930, 960%T for 3 hrs,
and various properties were examined.

2.3. Property measurement

231, Thermal expansion

The thermal expansions were measured to deler-
mine sofiening points, nucleating temperatures and
thermal expansion coefficients after heat-treatment,

The coefficienis of thermal expansion were mesasu-
red in the range from 30T to B00C by the dilatometer
{Rigaku Co)). The heating rate was 10C/min.
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Fig. 1. Thermal expansion curves of the base glasses.

2.3.2. Differential thermal analysis

DTA were cartied oul to study the thermal pheno-
mena, to investigate the crystal growth, and to find
out the exothermic peak of phase transformation.

Differential Thermal Analyzer (model 910} from Du-
poni Co. was used.

233, X-ray diflraction analysis

The XRD were carried ont to define the glassy
phase of the base glass, and to delermine the crystal
phases,

The apparatus was X-ray Diffractometer (Geigerflex
of Rigaku Co.).

2.34, Microstructure

Samples for the microstructure analysis were ground
and polished with #8000 SiC and 0.05 pm Al pow-
ders. The ZrQy added samples were etched in 2% HF
solution for 20 seconds and the TiD; added samples
were clched in 48% HF solution for 10 seconds. After-
wards the samples were coaled with gold.

23.5. Transmussivity of Jight

The sampics prepared from the opfimum condilion
were cut and polished lo 4.3 mm thick to measure tra-
nsmissivilty of hght. The range of measurement was
from 300 nm to 800 nm and the characterizahion was
completed by Speclrophotometer (A 9 type) from Per-
kin Elmer Co.

3. Resuils and Discussion
3.1. Thermal expauasion and DTA

The Lhermal expansion curves of base glasses are
shown in Fig. 1. The soflening peints (M,) and transfo-
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Fig. 2. DTA curves of the base glasses,

rmation poinls (T of the TiO. added samples were
lower than those of the ZrQ, added.

Fig 2 shows the DTA curves of the base glasses.
The exothermic peaks relevant to crystal growth tem-
peralures appeared to be in 940~1,100C. According
to XRDA, the crystals precipilated al each temperature
were identified as mullite, cristobalite ar spinel. The
exothermic peaks of the Till added samples appeared
at lower lemperatures compared Lo those of the Zr0O;
added samples. The crystal growth temperatures shit-
led to lower temperatures as Lthe amount of nucleating
agent increased. We expected the exothermic peaks
of the ZrO, nucleation, which were reported for Li,0-
Al -S04 and ZnO-AlLO-5i0," system glasses. But
any peaks regarded as Zr(, nucleation were nol seen
m our DTA curves. This should be [rom the dilference
in compositions of hase glasses.

3.2. Nucleation and crystal growth

The crystal size must be controlled smaller than 0.1
wm for the transparenl glass-cevamics. Therefore, we
designed that the nucleating temperature to be as high
as possible and the crystal growth temperature to be
as low as possible

3.2.1. Nucleation

According to McMillan's report®, the nucleating tem-
perature in our study is believed to be between sofie-
ning point 810C and 920T [or the Zr(» added samples,
and between 8407 and 890C tar the ThO, added sam-
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ples. In the Zr(),; added samples. however, devitrifica-

"
tion occured at 920C, and the Ti0:; added samples
had the same tendency.

From the results of preliminary experiments, the
™

Zr(; added samples were heat-treated at considerably

low temperatures as 780, 800, 820, 840C. The specific

temperatures were selected hased on the other re-

Mwﬂ'\ ports*® in which ZrO, cryslals were formed at 800+
MW\MWM 507 in LisO-AlO:-Si0; and ZnO-ALO-S5i0; system

glass with the nuclealing agent of Zr(. Other experi-

ke mental results®® suggested that the optimum nucleating
temperature was around the transformation tempera-

ture in the Ti0O, added glass.

" _By DTA, the precipitation of Zr(); crystal could not
‘ \L l be observed even in the sample with 10% ZrOs The-
| I . . W refore XRDA was applied to confirm the ZrO, precipi-
' ® Jum “ . ® tation in the nuclealed sample. The results are shown
Fig. 3. XRD paterns of heat-treated glasses containing in Fig. 3. As we can see m Fig. 3, the Xray pattern
10 wt% ZrQ, with varous nucleating tempera- of the sample nucleated at 780% shows only glassy
tures. phase, and Lhe same patlern is seen from the sample
(a) base glass, (b) 7807, () 800, (d) 8207, (&} at 800C. In the samples heat-treated at 820°C, the weak
840°¢C.

20K XIORGE BWER iU ¢ v o
(©) (d
Fig. 4. SEM of {a) base glass containing 10 wt% ZrO,, nucleated at (b) 780%, (c) B00C, (d) 820, which are crystallized
at 870T for 5h.

A28 A b E(1991) -409-



Yong-Wan Park and Hyeong-Jun Kim

)
liffraction pattern from tetragonal ZrQ, starts to ap-
pear at 20=30° after halo curve of galss, and that
peak becomes even clear in the sample treated at 840
(ol

8007, at which any crystal pattern was not recogni-
zed, was decided as the nucleating temperature in this
temperature, because we considered that there must
be tiny crystals in the sample treated at 820C.

According “to the results from XRDA, the samples
were nucleated at 780, 800 and 820 respectively for
3hrs and then crystallized at 870C for 5hrs. These
samples were inspected by SEM and the results are
shown in Fig. 4. Fairly big crysiallites appeared in the
samples nucleated at 780C and 820%. On the other
hand, small crowded crystallites were observed in the
sample nucleated at 800T.

The observation was not surprising from the fact
that the samples which were not subjected to the ma-
ximum nucleating temperature would end up with
smaller number of nuclei and the crystal would grew
bigger. As a consequence, through the investigabons
we figured out was that the most optimum nucleating
temperature was 800C for the sample Zr-10.

To find out the optimum temperature of nucleation
in the sample Zr-5, XRDA was applied to the samples
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Fig. 5. SEM of (a) base glass contai-
ning 5wt% ZrQs; nucleated
at {b) 7807, (c) 800T, (d) 820
T, (&) 8407, which are crys-
tallized at 930C for 5h.

heat-treated in the range of 780—840C. However the
XRD patterns were same as the base glass. Therefore
the samples were treated at 930T for crystal growth,
and the SEM observation was carried out. As we can
see in Fig, 5, the sample nucleated at 840C shows enc-
rmous crystal growth, and the phase separation occu-
red for the sample at 8207, Almost identical microst-
ructufes were ohserved samples treated from the 780°C
and 800%. With the observation by SEM and the result
of XRDA from the sample ZR-10, 800 was chosen
as the optimum nucleating temperature.

The nucleating temperature for the TiO, added sam-
ple could not be determined either by XRD or SEM.
However, 780T was chosen as the nucleating tempera-
ture in this case, according to Yamane's report’® which
claimed that the optimum nucleating temperature exis-
ted arcund the transformation point.

3.2.2. Crystal growth

{1} Crystal phases with heating temperature

Fig 6 shows XRD patterns of the samples containing
5% ZrQs These samples were nucleated at 800T and
then heated at various temperature 870~ 1,000C for
crystal growth for 3 hrs, No crystal peak was seen be-
low 900%, but tet.-ZrO,, mullite and p-quartz ss. phases
started to appear above 960°C. Besides these phases
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Fig. 6. XRD patierns of ihe sample containing 5 wi%
ZrQ, wilh the different heating temperatures
after nucleated ai 800C for 3h.

magnesium aluminosilicate phases existed in the sam-
ple heated at 1,0007.

Fig. 7 shows XRD patterns of the samples containing
10% Zr(,, which were heated m a same way as the
previous samples.

Only ZrO, crystal appeared in lhe sample heated
at 870C. As the lemperalure of ireatmeni increased
B-quartz ss. started to appear. In the sample heated
at 1,100, phase transformation from P-quarlz ss. o
mullite or cristobalile was observed. This transforma-
tion is alse confumed from DTA data, where the cxo-
thermic peak appeared at 1.060C. In addition, spinel
peaks which were belived to he formed from Mg**
and Al 1ons from P-quarts ss., were detected, This
result corresponds to that from Barry ef al.® who stu-
died the coridierie glass system.

Fig. 8 shows XRD patierns of the samples containing
5% Ti(),, which were nucleated al 780T and heal-trea-
ted at various iemperatures of 870~~1000T for the

A 281 A 5 &(1991)
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Fig. 7. XRD patterns of the sample conlaimng 10 wt%
Zr: with the dilferenl healing temperatures
afler nucleated at 800T [or 3 h.

crystal growth, Major phases are mullile and spmel
regardless of heating temperalures, Almosl same XRD
patterns were obtained 1 the samples containing 10%
T,

(2) Crystal phases with heating time

XRDA of the samples contaming 5% ZrQ., which
were heat-treated for varwous periods at 900T, are
shown in Fig.9. There was no indication of cryslal
phase up to 7 hr heating, but mullite and B-quartz ss.
appeared after 8 hrs.

The sample Zr-10 dewitrified by heal treatment at
900T {or3 hrs, therefore 870C was selected as the cry-
stal growth lemperature.

XRD patterns of the samples lreated at 870 for
4 to 8 hrs are as shown in Fig. 10. From the patierns
of the samples heated for 4 and 5 hrs, only Zr0O; phase
was observed. Whereas in the samples heal-treated
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Fig. 8. XRD patterns of the sample containing 5wt
Ti0D. with the differenl heating temperatures
after nuclealed at 780C for Sh

0 d-vuarty un
M1 Hullite

et s

i e s

’W“WM

i g e
4 L] ] a
Ho
#.u.«.-m aw\"*}’w LW

Fig. 9. XRD patterns of glass-ceramlcs conlaining &
wt®% ZrQ, on isothermal lreatment with the va-
ricus heating limes (heating at 900 after nuc-
leated at 800T).
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Fig. 10. XKD paderns of glass-ceramlcs containing 10
wi% Zr0, on isothemal treatment with the
various heating times (heated al 8707 aller
nucleated at 800T).

for 6 (o 8hrs, f-guartz ss. phase was detected and
all the sampies were transparent.

The mmcrophotographs of SEM of the abave samples
are shown m Fig 11. The crystallites smaller than 0.1
um, which might be Zr0, phase, were chserved. In
the samples heated lenger Lhan 3 hrs, much more crys-
lals were observed as we can sce 1n Fig. 11. Comparing
with the XRD palterns, Lhe crystal phases were wlenti-
fied as the muxtures of ZrQ; and p-quartz ss. The
cryslal sizes in these samples were smaller than 01
um, therefore the transparency of these glass-ceranucs
could be maintained.

The sample T1-5 was easily devilrified after the heat
treatmenl at 900T for 2 hrs, The sample also lost the
transparency atter the heal trealment al 870T for 4
hrs,

The sample Ti-10 changed to bluish-brown opagque

al either 870C ar 900C.

3.3, Thermal expansion

The thermal expansion characleristics from 30T to
600T for the crystallized samples are shawn in Fig. 12,

The thermal expansion cocificient of the base glass
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@ (b)

?EE"BE‘E FAE
{2
Fig. 11. SEM of glass-ceramics containing 10 wi% ZrQs
on isothermal treatment with the various hea-
ting times. {a) 1h, (b)) 2h, (Q 34, () 4h, ()
5h, () 6h, (g} 7h (heated at 870C after nuc-
leated at RO0OT).

conlaining 10% Zr(Q; is fairly low as 2.3x10°% The
thermal expansion coefficient increased with the crys-
tailization period up 1o 6 hrs then started to decrease
after 7hrs. The increase of the coefficient might be
due to ZrQ; precipitation (8~-12X 197571, while the
decrease might be explained by -P-quartz ss. foramtion.
Yokoishi® reported the similar results from the trans-
parent glass-ceramics of Zn0-Al05-Si0, system.

For the sample Zr-5, the thermal expansion coelfi-
cient of the base glass was 1.9 107", and the si-
milar expansion coefficient resulted from the sample

A28 ¢ A5 E(1991)

. &0

V36 F

o -

™ 3.2 -

X L

v 28I h"'/\

n B

o 2.4 I

L]

g 2.0 -

q 1.6 :_ 8 Tl-10, 780C/Ih-200C

E 10 B ® Ti- 5 7ROC/Th-0TT
L A Zr-10, BOOC/Oh-870C

% 0.8 F

g S A Zr- 5, BOOC/IB-R00C

k L

? 0.4 L

[-5 0.0 [ SR NN SN NN S RS S |

<

12 3 4 5 6 7 8 9 10

Time C(hrl

Fig. 12. Variations of thermal expansion coefficents
with the various heating times.
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Fig. 13, Transmission spectrum of samples with va-
rous heat-treatment.
{(—): 10 wt% ZrQ., 800T/3h-870T/Th
{-———): W0wt% Zr(, 8007/3 h-9307/3h
(reeenr ¥ Swt% ZrQg 8007T/3 hr-900T/7 h
{—-—=) 10wt% TiQ, 780T/3 h-900T/7 hr
{(—< =) bwt% Ti0Q, 780%C/3h-900%C/7h

Zr-10.

I the sample Ti-10, the thermal expansion coeffi-
cient of the base glass was 1.0 107°T ™Y, and the coe-
fficient was almost constant for 1 hr heating. The for-
mation of mullite is responsible for the constant expa-
nsion coefficient.

The expansion coefficient of the base glass in the
sample Ti-5 was L3X107%C7% and the coefficient
slope became gentle from the sample heat-treated
more than 3 hrs,
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3.4. Transmissivity of light

The transmussivites ol light measured in the range
of wvisible light are shown in Fig. 13.

In the sample Zr-10, lhe transmissivity was more
than 85% for the sample nucleated at 800C and heat-
treated for erystal growth at 870C for 7 hrs. The trans-
missivity droped to 70% when the sample was Lreated
at 9307 for 3hrs.

The sample Zr-5 after nucleated at 00T and heat-
treated at 9007 for 7hrs showed the tramsmissivity
around 30%.

Regardless of the contents TiO,, all the TiO: added
sample showed very low lransmissivities as shown in
Fig. 13,

4. Conclusions

This study was cxplored to prepare the (ransparent
glass-cerarmes from MgO-AlO,-S10; glass by adding
ZrQ; or TiO; as nucleating agents.

The oplimum lemperature for nucleabion was 800C
m the case of Zr(, addition. Despite of the difficulty
m determining the nucleating temperature of the TiO;
added glass-ceramics through the experiment, the lem-
perature was presumed to be around the transforma-
tion temperature.

The preferable treatment condition lor the crvstal
grawih was at 8707 for 8hrs [or the sample Zr-10,
and 900C for 6 hrs for Zr-5. Unfortunately Ti0Q, contai-
ning glass lost transparency fairly easily.

Major crystal phases were B-quartz ss. and zirconia
in the sample Zr-10, whereas §-quartz ss and mullite
in Zr-5. When Ti0, was added, the crystallized phases
in the samples Ti-5 and Ti-10 were mullite and spinel.

The transmissivity of light was measured to be more
than 80% in Zr-10 prepared with the optimum condi-
tion. That was reduced to 30% in Z1-5. The transmissi-
vity of TiO. containng glass-ceramics were even lower.

#HAl2| 2
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