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Abstract

The preparation of new type transparent glass-ceramics was investigated, and the absorption and
emission characteristics of active ions such as transition metal ions and rare earth ions in transparent

glass-ceramics were also investigated.

The new type transparent glass-ceramics based on Li,0°28i0,, Li,0'8i0,, BPO, and AlPO,
crystals can be prepared using corresponding base glass composition. The size and amount of these
crystals are 20-40 nm and 30-70 %, respectively. Highly transparent glass-ceramics also were obtained by
controlling heat treatment for nucleation and crystallization condition, and their transparency is
comparable with that of glass.

However, the mechanical strength of very fine grained transparent glass-ceramics is not so
different from that of conventional glass, usually 50-100 MPa. Higher mechanical strength of transparent
glass-ceramics is required for certain application area. Although ion exchange method is a favorable
method to increase the mechanical strength keeping surface flatness of transparent glass-ceramics, it is
found that this method can not be applied for Li,O-containing glass and glass-ceramics.

The absorption and emission characteristics of Cr ion in various transparent glass-ceramics were
investigated. The cr'ion in spinel glass-ceramics occupies strong octahedral site and appears to be pink
color, and emits strong sharp red light{R-line). On the contrary, in AIPO, glass-ceramics, Cr'" ion is in
intermediate ligand field strength, and hence color does not change and an usual emission is observed in
NIR region. It should be noted that Cr ion in Li,0-8i0, and Li,0-28i0, crystals based transparent
glass-ceramics exhibits anomalous behavior. It is found that Cr'ion occupics tetrahedral site in Li,0°Si0,
crystal, the color changes from green of glass to pink. The emission near NIR is observed under the
excitation of around 500 nm light. In Li,0-2Si0, transparent glass-ceramics, the existence of Cr* ion is
confirmed. The Cr' ion was formed by the reduction of cr” during crystallization of Li,0-28i0, crystal,
and it occupies tetrahedral site in residual high SiQ, glassy phase. The characteristic emission around NIR
region(1000-1500 nm} was observed under the excitation of 792 nm laser diede.

The absorption and emission characteristics of rare earth ions such as Nd'", E,r'“, P’ in
transparent glass-ceramics were investigated. The absorption intensity and position of these ions in
glass-ceramics do not change unlike transition metal ions. The up-conversion emission was observed for

these ions in glass-ceramics.
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Chapter 1

Introduction

There has been some interesting exploratory research in recent years on the luminescent
behavior of transparent glasses and glass-ceramics doped with chromium"?. Because Cr’" absorbs broadly
in the visible wavelength range yet can fluoresce in the near infrared(1 Mm or 1000 nm) when
incorporated in certain inorganic phases, it has been considered as a key luminescent ion for potential
application in tunable lasers and in solar collector applications" .

Glasses have an enough wavelength gap between cr absorption and fluorescence (Stokes shift),
but the quantum efficiency is generally poor, below 15 %. Certain crystalline phases like aluminum
phosphate(AlPO,) and Alexandrite(BeAl,O,) have similar shift, but are highly efficient-near 90 %.
Transparent glass-ceramics, polycrystalline materials with very fine grain size, often less than 100 nm, are
currently being considered as hosts for luminescent ions™”. These materials can be formed as glasses into
flat sheet, and clearly warrant further study. Because a number of different crystal structure can be
developed in highly transparent glass-ceramics with a wide variety of potential fluorescent doping ions
and combinations available.

Here, the preparation of special transparent glass-ceramics is investigated and the emission and
absorption spectra of transition metal ions and rare-earth ions are also investigated in transparent
glass-ceramics in order to study the process of production of glass-ceramics for opt-electronics or
photonics devices and substrate, especially, to obtain the desired materials, highly transparent
glass-ceramics, by controlling phase separation and crystallization. Next topics are investigated.

(1). Preparation of highly transparent AIPQ, system glass-ceramics.
(2). Preparation and properties of highly transparent Li,0+2Si0Q, system glass-ceramics.
(1). Strength of Li,0+2Si0, transparent glass-ceramics.
(2). Strengthening of Li,0-2Si0, transparent glass-ceramics by ion exchange.
(3). Absorption and emission characteristics of Cr’” ions in transparent glass-ceramics.
(1. cr”" ions in Spinel type transparent glass-ceramics.
(2). Optical properties of Cr”" ions in lithium metasilicate(Li,0-Si0,) transparent glass-ceramics.
@3).¢ in AJPO, system transparent glass-ceramics.
(4). Cr*' in Li,0-28i0, system transparent glass-ceramics.
(4). Absorption and emission characteristics of rare-earth ions in transparent glass-ceramics.

(1). Nd” and Er’" ions in Li,0-2810, and AIPO, systems transparent glass-ceramics.



2

(2). Pr’" ions in Li,0-28i0, transparent glass-ceramics.



Chapter 11

Preparation of highly transparent AIPO, system glass-ceramics

1. Introduction

Glass-ceramics can be defined as a two-phase system comprising crystals that have been
controllably grown from a parent glass by precise heat treatment. Optical properties of glass-ceramics
have been impaired by the scattering losses. However, the ability some crystalline phases to partition
rare-earth or transifion metal ions into the crystal phase during crystallization has suggested that these
materials could provide efficient lasing hosts” . Such systems would be capable of properties that are
glass-like in most respects, except for the spectroscopy, which can be crystal-like.

In the early 1960s, transparency which was sufficiently good, so that imaging through short path
length was possible, was observed in certain glass-ceramic materials"” and this eventually led to a
commercial cookware application. This work was instrumental in the subsequent discovery of many new
transparent glass-ceramic systems’ .

From the structure of glass point of view, network mixed glasses in the system
Si0,-AL,0,-P,0,(-B,0,+Na,0) are also special interest because all these may act as glass former' . It is
well known that AIPO, crystal readily precipitates from glasses containing relatively large amount of
Al,O,and P20,“6'm. AIPQ, crystal has all the three normal silica structures and has a characteristic

(18,19

functions

In order to obtain transparent glass-ceramics based on AIPO, crystal, the phase separation and
crystallization behavior of glasses in the system Si0,-AL,O,-P,0,(-B,0,+Na,0) was investigated, and
highly transparent glass-ceramics could be successfully obtained.

2. Experimental
2.1. Sample preparation

Five glasses were prepared, and their compositions were expressed by (80—X)SiO,*X(ALO,
+P,0,)-5B,0,°15Na,0 (mol%, X=20,30,40,45,50). High purity silica sand, alumina and reagent grade
chemicals of (NaPOQ,),, (NH,),HPO,, H,BO, and Na,CO, (Carlo Erba) were used as raw materials. Batches
corresponding to 200 g of glass were mixed thoroughly and pre-calcined at 400°C overnight to remove
NH,. then they were melted in 100 ml Pt/Rh10 crucible according to melting schedule, 1550°C—3h—>

1500°C — 1 h, in an electric furnace in air, and poured onto iron plate and pressed by another iron plate.
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They were then annealed at 5 10°C for 30 min and cooled to room temperature in the furnace.

The glasses were heat treated at just above the glass transition temperature (Tg) for Shto 10 h
for nucleation and subsequently heat treated under various conditions for crystallization.
2.2. TDA and DTA

Glass transition temperature (Tg), dilatometric softening point (Yp) and thermal expansion
coefficient (OL) of glasses were measured routinely using fused sitica single push rod type dilatometer
1(Netzsch 402EP) at the heating rate of 5°K/min. The differential thermal analysis (DTA) was carried out
using Perkin Elmer DTA-7 at the heating rate of 10°K/min.

23. XRD and SEM

Crystalline phases, percent crystallinity and crystalline size were examined by powder X-ray
diffraction analysis (XRD, Bruker, AXS Model D5005) with Cu—Ka radiation™, The fine structure of
glasses and glass-ceramics was observed by scanning electron microscope (SEM, JEOL JSM 6400), The

fracture surface of sample was etched by 0.5% HF solution for 1 min at room temperature for SEM
observation.

14. Optical spectroscopy

The transmission spectra of glass and glass-ceramics were measured using UV-VIS spectrometer

(Varian, Carry 1E) in the range of 200 to 800 nm. The sample thickness was about 3 mm.

3. Results and discussion
3.L. Properties of glass

Transparent, bubble free glasses were obtained for No.1~4 composition {X=20,30,40 and 45),
while No.5 composition (X=50) crystallized during casting.

Figure 1 shows the thermal expansion curves of glasses. Tg increases slightly with increases in X,
while Yp decreases markedly with increase in X. The temperature interval between Tg and Yp of No.1,
No.2 and No.3 glasses is very wide, 184°C, 116°C and 83°C, respectively. This abnormal expansion
phenomenon is often observed in phase separated Na,0-B,0,-5i0, glass. This suggests that the phase
scparation might occur in these glasses. For No.4 glass, on the other hand, two peaks of Yp can be
observed, lower one shows the true Yp and higher one might indicate the starting of crystatlization.

Thermal expansion coefficient decreases with increase in X.



Fig. 2. SEM photos of glasses after heat treatment.
(A): No.1 glass, 550°C - 10 h and 800°C ~ 5 h.
(B): No.2 glass: 550°C — 10 h and 750°C ~ 5 h



DTA runs of No. 1 and No.2 glasses shows no exothermic or endothermic peaks, whilst in No.3
and No.4 glasses, the exothermic peaks due to crystallization appear. Thermal properties are summarized

in Table 1. The crystallization temperature decreases significantly with increase in X,

3.2, Phase separation and crystallization

The appearance of phase separation was suggested in No.1 and No.2 glasses by thermal
expansion measurement. Figure 2 shows the SEM photomicrographs of these glasses after heat treatment.
The phase separation can be observed clearly in both glasses, and the size of which is about 100 nm. The
matrix phase (continuous phase) might be ALO,-P,0,(Si0,)"®.

On the other hand, No.3 and No.4 glasses readily crystallize resulted in transparent to opaque
glass-ceramics depending on the heat treatment condition. Figure 3 shows XRD patterns of these glasses
Table 1. Thermal properties of glasses studied.

Glass Dilatometer DTA
No. | X Te/°C vp/°c o~k | T19°C | 1, /°C| T,./°C
1 20 475 659 718 460 - -
2 30 490 606 718 501 — -
3 40 498 606 74.1 503 653 716
4 45 496 581 704 498 600 619
5 50 Crystallized during casting

after heat treatment under various conditions, and only AIPO, crystal(tridymite type) was detected.
Transparent glass-ceramics can be obtained by the heat treatment at relatively low temperature. Figure 4
shows the percent crystallinity (%C) and crystallite size (D, nm) of No.3 and No.4 glass-ceramics against
heating ternperature. The percent crystallinity increases gradually with increase in heating temperature,
and reaches to about 50% for No.3 glass and about 60% for No.4 glass after the heat treatment of
700°C—5 h (1st heat treatment: 520°C—>5 h). If all of P,0, and Al,O, would be spent for the formation of
AIPO, crystal, the amount of AIPO, being precipitating is expected to be 57% for No.3 and 62% for No.4,
respectively. Thus, the experimental results are thought to be reasonable (see Appendix).

The crystallite size increases rapidly with increase in temperature, and its size exceeds 100 nm

by the heat treatment at above 700°C for No.3 glass and above 650°C for No.4 glass. The glass-ceramics
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Fig. 5. SEM photos of No.3 glass-ceramics.
(A). 510°C—10h, 550°C—20h. (B). 510°C—10h, 550°C—10h.
(C). 510°C—10h, 650°C~—5h.
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containing over 100 nm of AIPO, crystal shows opaque in appearance, whilst glass-ceramics having
smaller than 50 nm of crystal appears to be transparent. Figure 5 shows the SEM photomicrographs of
No.3 transparent glass-ceramics. This glass was pre-heat treated at 510°C for 10 h and subsequently heat
treated at higher temperature. Although an individual crystal can not be found, a phase separation-like
structural change is observed in sample A. A very fine continuous and interconnected-like structure
consisting of fine crystals can be observed in the sample B heat treated 600°C—10 h. In the sample C heat
treated at 650°C for 5 h, an individual AIPO, crystal can be observed clearly. The percent crystallinity and
crystallite size of these glass-ceramics are 34% and 21 nm for A sample, 48% and 34 nm for B sample and
50% and 60 nm for C sample, respectively. From SEM observation, the mechanism of crystallization
might be thought as follows: 1). phase separation into two phases, one of which is rich in
ALO,-P,0,(Si0,) and forms a continuous phase. 2). AIPO, crystal starts to precipitate in this continuous
phase, 3). AIPO, crystal grows in this phase resulting in individual crystal"®,

Table 2 shows the properties of glass-ceramics. Thermal expansion coefficient of glass-ceramics
increases with increase in the amount of AIPO, crystal.

Table 2. Properties of glass-ceramics.

Glass Heat treatment Appearance | Crystalline oL %C D
No. (OC—-h) phases (10—7/K) {nm)
3 - Transparent Glassy 74.1 — —

” r”

510-10 — — —
510-10, 550-20 “ AIPO, - 34 21
510-10, 600-10 ” " - 48 34

510-10, 650-5 Slightly ” 50 60

translucent

" ”

520-5, 600-10 110** 44 42

520-5, 650-5 Translucent o 140** 50 70

4 — Transparent Glassy 70.4 — —

” 1]

520-5, 550-5 AIPO, 30 18

520-5,600-10 | Translucent " 125%* 50 106

*. 30°—300°C, **: 100°—300°C
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14, Transparency

The transparency of glass and glass-ceramics was compared. Figure 6 shows the transmission
spectra of No.3 glass and glass-ceramics. Both A(510-10, 550-20) and B(510-10, 600-10) glass-ceramics
have a very high transparency comparable with parent glass. However, C(510-10, 650-5) sample shows a
lower transmittance due to scattering in 25-800 nm range.

According to scattering theory, the coefficient of scattering (G) is governed by the particle
size(R) embedded in matrix, {O'OCR’], and the refractive index difference between particle (n) and matrix
(@), (G {(n"—no)(n™+n)}’]. Therefore, the smaller particles and the smaller refractive index
difference provide lower scattering. The transparency of the transparent glass-ceramics is achieved by the
smaller particle size . Though AIPO, crystal (trydimite type) has birefringence, its mean refractive index
is about 1.46"". The refractive index of residual glassy phase is estimated to be about 1.51, the difference
in refractive index between them may be 0.05. This value is sufficient too low, and the crystalline size is
also too small by 20-30 nm, thus the lower scattering can be achieved.

4. Conclusion

The phase separation and crystallization behavior in (80~X)Si0,"X(AL0,+P,0,)*5B,0,:15
Na,0 (mol%, X=20,30,40,45,50) glasses were investigated. The phase separation was observed in all
glasses, especially in X=20 and 30 composition, and the continuous phase is estimated to be rich in
Al,0,-P,0,(Si0,). The crystallization tendency increases with increase in X, and the precipitation of
trydimite type AIPO, crystal was observed in X=40 and 45 glasses. The amount of AIPO, crystal is about
30 to 60%. It is concluded that the phase separation occurs at first, forming continuous ALO,-P,0,(SiO,)
rich phase and then trydimite type AIPO4 crystal precipitates and grows in this phase.

A highly transparent glass-ceramics comparable with glass can be obtained successfully by
controlling heat treatment precisely. The crystallite size and percent crystallinity of these transparent

glass-ceramics are 20-30 nm and about 50%.



Chapter 111

Preparation and properties of Li,0-2Si0, system transparent glass-ceramics

3.1. Strength of Li,0-28i0, transparent glass-ceramics
L. Introduction |

One of the significant characteristics of glass-ceramics is that they are stronger than that of glass.
Although glass is a typical brittle material that readily fractures, its theoretical strength is quite high (*10
GPa). However, the practical strength of glass is below 50-100 MPa. Griffith™ introduced the “Griffith
flaw theory™ to explain this phenomena. On the reason is that various kind of flaw existing on the surface
act as stress concentrator. A higher close to the theoretical strength could be obtained by thin fiber or by
removing surface flaws.

Generally, the high strength of glass-ceramics represents practical strength. It is recognized that
crystals dispersed in glass-ceramics prevent flaw generation or crack propagation.

Many researches on the relationship between fracture strength and crystal size have been carried
out for glass-ceramics” ", and sintered polycrystalline materials” . It is confirmed that fracture strength
increases with decreasing crystal size on the basis of Griffith’s equation assuming that the crystal size is
equal to the crack size in a micrometer-order crystal [O OCd“"'](m. According to this idea, the fracture
strength of very fine grained sintered polycrystalline materials and glass-ceramics, e.g. transparent
glass-ceramics, should be very high. However, the fracture strength of very fine grained transparent
glass-ceramics is not so different from that of conventional glass, hence, this idea is not applicable to these
materials.

We investigated the relationship between fracture strength and crystal size of Li,0°28i0, system

transparent glass-ceramics and found that fracture strength increases with increasing crystal size up to 100

nm.

2. Experiment
2.1. Sample preparation

The composition of the glass used is 80Si0,°4Al,0," 13Li,0-3P,0, (mass%)(73.08i0,
2.15A1,0,-23.7Li,0° 1.15P,0,mol%l]]. High purity silica sand, alumina and reagent grade chemicals of
L1,CO, and (NH,),HPO (Carlo Erba) were used as raw materials. A batch corresponding to 200 g of glass

was mixed thoroughly and pre-calcined at 300°C overnight to remove NH,. Then it was melted in a 100
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ml PYRh10 crucibie at 1450°C for 3h in an electric furnace.

A rod about 5 mm diameter was freshly drawn and cut into about 7 em long sample for strength
measurement. The samples were then annealed at 450°C for 30 min and cooled to room temperature in
the furnace. They were then heat treated for crystallization under various conditions.

The densities of glass and glass-ceramics were measured by the He-gas substitution method

using Accupyc 1330 (Micromeritics).

22.DTA, XRD, SEM
A differential thermal analysis (DTA) was carried out routinely to determine the crystallization
temperature at a heating rate of 10K/min using a Perkin-Elmer DTA-7.

Crystalline phases were examined by powder X-ray diffraction analysis (XRD, Bruker, AXS
Model D5005). Crystalline sized was calculated using Scherrer’s equation.

D =09-A/f3-CosO ()
Where D is the crystalline size (A), A. the wavelength of X-ray (1.54A), B the true half width (radian) and

0 the diffraction angle (degree). True half width was determined by the Jones method””, and Ol—Quartz

was used as a standard.
Percent crystallinity was determined using Ohlberg and Strickler’s melhodug), and was calculated
using by:
Percent crystallinity (%C) = 100x(Ig—Ix)/(Ig—Ic) )
Where Ig is the background intensity of glass, Ix that of specimens and Ic that of the crystal at 20 = 23°.
The calibration curve was obtained using mixtures Ol—Quartz and a parent glass at various ratio, and
showed good linearity.
The surface structures of the non-abraded and abraded specimens were observed by scanning

electron micrograph (SEM, JEOL JSM 6400).

2.3. Strength measurement

The fracture strength of annealed glass and glass-ceramics were measured using Instron Model
5569 according to ASTM C-158. The three-point bending method was employed and the surface of the
specimens was abraded with #180 SiC abrasive paper before the measurement, and the strength of
non-abraded specimens was also measured. The span length and loading rate were 50 mm and 10 mm/min,

respectively.
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3. Results

3.1. Properties of glass-ceramics

Two exothermic peaks appeared at around 600°C and 800°C in DTA run; the former peak
corresponds to the precipitation of L1,0-2Si0, crystal and the latter corresponds to Ol—Quartz. Figure 7
shows the XRD patterns of glass-ceramics. The main crystalline phase is Li,0-2Si0, at lower temperature
and for a shorter time of crystallization. However, a considerable amount of Ol—Quartz crystal
precipitates at a higher temperature for longer time, particularly above 800°C. The percent crystalimity
and crystal size ranged from 60 to 75% and from 20 to 60 nm, respectively. The transparent
glass-ceramics can be obtained by heat treatment below 800°C. The density of glass-ceramics increases
with increasing heating temperature and time of crystallization.

Table 3 summarizes the heat treatment conditions, appearance, density, precipitated crystalline

phases, percent crystallinity, crystal size, non-abraded and abraded fracture strength of glass-ceramics.

3.2. Effect of percent crystallinity on strength

Figure 8 shows the relationship between fracture strength and percent crystallinity, Both the
non-abraded and abraded fracture strength increases with increasing percent crystallinity up to 75-80%.
However, the strength does not depend on the percent crystallinity at this region; it depends on another

factor, namely, crystal size.

3.3, Effect of crystal size on strength

Figure 9 shows the relationship between fracture strength and crystal size of non-abraded and
abraded specimens. The non-abraded specimen has a very smooth surface, while scratches of various
types and sizes in all directions can be observed on the surface of the abraded specimen.

Although the fracture strength is slightly low for the sample with lower percent crystallinity, it is
found that fracture strength increases linearly with increasing crystal size for both non-abraded and
abraded specimens, and it can be expressed by thc following equation as a function of crystal size, d (nm).
The fracture strength of the abraded specimens is about one half that of non-abraded specimens.

O =100.5 + 2.32d (MPa) [Non-abraded]
=563 + 0.994 (MPa) [Abraded]

These calculations were carried out without glass and glass-ceramics of low percent crystallinity.
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4, Discussion

As observed above, the abraded and non-abraded fracture strength of Li,0-2Si0O, system
transparent glass-cerarics increases with increasing crystal size ranging from 20 to 60 nm,

There are many factors affecting the strength of glass and glass-ceramics, and they may be
classified into internal and surface structure””. The factors resulting from the internal structure are void
(pore), difference in thermal expansion coefficient, percent crystallinity and crystal size. In glass-ceramics,
the influence void and the difference in thermal expansion coefficient may be disregarded, and alsa the
effect of surface structure can also be disregarded. Therefore, only the influence of percent crystallinity
and crystal size should be regarded as affecting fracture strength.

Concerning the fracture strength of polycrystalline materials and glass-ceramics, two
mechanisms have been proposed. One is the intergranular fracture in which the crack propagates along
with the grain boundary and another is the transgranular fracture in which the crack propagates in the
grain. The higher strength of glass-ceramics can be explained by the term of interruption of crack
propagation by crystal grain. When the crack propagates along with grain boundary in polycrystalline or
glass-ceramics materials, crack front runs into crystals, which changes the direction of crack propagation.
In this case, higher stress is required to maintain crack propagation. For example, as the crack propagation
direction changes by 60°, a stress of 1.8 times higher than that of normal direction may be required, and 4
times larger stress is required for 90°. This is the reason glass-ceramics exhibits higher strengths. In this
situation, the crystal size can be accounted for by Griffith’s crack size, and thus, fracture strength is
proportional to the reciprocal of crystal size (F &C d ™). Many experimental results”~® confirmed this
relation for sintered polycrystalline materials and glass-ceramics of micrometer-order of crystal size;
however, the n term differs among researchers. This equation clearly indicates that fracture strength
increases with decreasing crystal size.

By assuming the limitations of d — 0 (glass), the fracture strength must reach the theoretical
strength according to the above theory. However, as is well known, the practical fracture strength of glass
is quite low compared to the theoretical strength. The present result also indicates that fracture strength
increases with increasing crystal size of nanometer-order of crystal. This implies that the above principle
is not applicable to a very fine grained glass-ceramics.

The present result shows that very fine crystals can not effectively interrupt the crack
propagation. Because a crack propagates along with the grain boundary, the change in direction of crack
propagation may be much smaller than that for larger grain, and hence, the stress required for the change

in direction may be small. Consequently, the fracture strength of very fine grained glass-ceramics is
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estimated to be smali. It should also be noted that a critical crystal size may exist for attaining the

maximuom fracture strength of polycrystalline and glass-ceramics materials based on above results.

5. Conclusion
The relationship between fracture strength and crystal size of the Li,0-2810, system transparent
glass-ceramics was investigated and following results were obtained.
(1). The precipitated crystalline phases, percent crystallinity and crystal size were Li,028i0,, 60-80%
and 20-60 nm, respectively, following heat treatment below 800°C for 5-144 h.
(2). Fracture strength increases linearly with increasing crystal size ranging 20-60 nm. This can be
expressed by
O = 100.5 + 2.32d (MPa) [Non-abraded}
O = 56.3 + 0.99d (MPa) [Abraded]
(3). Very fine crystals can not effectively interrupt crack propagation. Therefore, the stress required for
changing the direction of propagation may be small.

(4). It can be considered that a critical crystal size may be exist for the attainment of maximum strength.
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3.2. Strengthening of Li,028i0, transparent glass-ceramics by ion exchange

1. Introduction

Transparent glass-ceramics comprises the essential group in glass-ceramics, is composed of
fine-grained crystallites, usually nano-scale size, and residual glassy phase. The transparent glass-ceramics
has been developed and used for many applications, such as transparent cookware, precision optical
instruments, ring-laser gyroscope, large telescope mitror blanks, etc. Further, recently, active ions,
transition metal jon and rare-earth ion, doped transparent glass-ceramics are developed and many
researches on this materials have been carried out” ",

Li,0-8i0, system of glass has well been known as a base glass for glass-ceramics, such as
chemically machinable glass-ceramics and high strength glass-ceramics. And also, transparent
glass-ceramics based on lithium metasilicate[Li,0°SiO,] and lithium disilicate[Li,0-2Si0,] crystals can
be obtained easily in this system of g!assum). However, the mechanical strength of transparent
glass-ceramics is not so high(m, similar to that of glass, and hence the higher mechanical strength is
required in special application area.

There are two methods to increase mechanical strength of glasses and glass-ceramics, thermal
strengthening and chemical strengthening. The latter is called as ion exchange strengthening method and
has many advantages over thermal strengthening, such as easy processing, available for any shapes of
articles, available for thin articles, available to maintain the surface flatness and smoothness, capabie of
applying for low thermal expansion materials, etc. Li'—Na’ and Li'—K' ion exchange is expected to

increase mechanical strength of these transparent glass-ceramics.

Here the chemical strengthening of Li,0-2Si0, transparent glass-ceramics was investigated.

2. Experiments
2.1, Sample preparation

The composition of glass used is Si01°4A1105'13Li10'3P105(wt%)[72.9Si0}°2.ISAIIO;
23.8Li,0"1.15P,0, (mol %)]. High purity silica sand, alumina and reagent grade chemicals of Li,CO, and
(NH,),HPO (Aldrich) were used as raw materials. A batch corresponding to 200 g of glass was mixed
thoroughly and pre-calcined at 300°C for overnight to remove NH,. Then it was melted in a 100 ml
PtRh10 crucible at 1450°C for 2h in an electric furnace. The molten glass was poured onto iron plate and

crushed, and then it was melted at the same condition to improve homogeneity.
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A rod about 5 mm diameter was freshly drawn and cut into about 7 cm long. The samples were
annealed at 450°C for 30 min and cooled to room temperature in the furnace,

The samples were heat treated at 500°C for 15h for nucleation and 700°C for 10 h for

crystallization.

2.2, Ion exchange

The samples were ion exchanged in NaNO, and KNO, molten bath under various

conditions{Salt/glass ratio is 10 by wt).

2.3. XRD and SEM

Crystalline phases and lattice constant were determined by powder X-ray diffraction
analysis{XRD)Bruker, AXS Model D5005). Si powder was used as an internal standard for the
measurement of the lattice constant. The surface structure of glasses and glass-ceramics after ion exchange

were observed by scanning electron microscopy(SEMJEQL JSM 640).

2.4. Strength measurement

The fracture strength was measured using Instron Model 5569 according to ASTM C-158. The
three point bending method was employed, and the span length and loading rate were 50 mm and 1

mm/min, respectively.

3. Results and discussion

The glass transition temperature(Tg), dilatometric softening point(Yp), thermal expansion
coefficient(OL) and density of glass were 473°C, 541°C, 88.9x10 /K(30-300°C) and 2.354g/cm’,
respectively. The main crystal, percent crystallinity and crystallite size of glass-ceramics were L1,0-2Si0,
crystal(JCPDS 40-0376), about 70 % and 40nm respectively. The thermal expansion coefficient and
density of transparent glass-ceramics were 90:(_10_7!1((30-3000(3) and 2.414glcm3.

Table 4 shows the fracture strength and appearance of glass and glass-ceramics before and after
ion exchange, Li' € >Na" and Li' ¢>K".

Figure 10 shows the relation between fracture strength and ion exchange time. In the case of
glass, the fracture strength increases first and then decreases markedly, and a crack generation was

observed by naked eye with progress of ion exchange for Li'€>Na'and Li'€>K" exchange. The rate of



ion exchange for Li'€>Na' is greater than that for Li'¢->Na’ exchange.
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The change in fracture strength of glass-ceramics with time shows the similar tendency to that of

glass. However, the rate of ion exchange is much slower compared with that of glass. The fracture

strength of glass-ceramics increases significantly for both the Li'€>Na" and Li'¢>K" exchange at 450°C.

At higher temperature(550 °C), the fracture strength increases at

Table 4. Fracture strength of glass and glass-ceramics before and after ion exchange.

Ion exchange condition

Fracture strength/MPa and appearance*

Cc—n) Li'€>Na’ LI K
Glass - 146.4 146.4
450-0.4 243 —
450-1 156 —
450-4 34.7(crack) 250.9
450-9 — 154.9
450-16 — 82(crack)
Glass-Ceramics - 166.5 166.5
450-1 345 —
450-4 376.3 -
450-16 - 288
550-1 189(peeling) -
550-4 200{peeling) —
550-9 236(peeting) 246
550-16 178(peeling) 333
550-25 — 256

*: determined by naked eye

first and then decreases gradually. The peeling off of ion exchanged layer was observed for Li € >Na'

exchange by naked eye.

Figure 11 shows the SEM photos of the surface of glass and glass-ceramics after ion exchange. It

is interesting to note that the ion exchanged layer of glass and glass-ceramics peels off from the surface by

Li'€>Na’ exchange. The surface of glass is smooth, but that of glass-ceramics appears to be wrinkling. A



-aSueyoxa UO Jojye sormreIso-sseld pue ssei3 jo ySuans amoery o1 g

26

y/eumy ],
0¢ T A 0T 1 ! 01 S 0
! ! ! ! SSEIO'0SHIEN-IT | O
SSEID 0SP M-IT Q
D -~ 001
“"D0§S EN-I1
00T
00€
"' D0§S M-I

"D"D0SPEN-VT — ooy

eJJA/IBUANS danjdelq



27

hair-like crack can be observed on the surface just below the peeled off layer for glass and glass-ceramics.
On the contrary for Li'¢>K" exchange, cracks can be observed on the surface of glass-ceramics and some
irregular spots and cracks emerge for glass. Thus the surface of glass and glass-ceramics shows the
abnormal behavior after ion exchange. The relation between this abnormal behavior of surface and the
strength will be discussed below.

Generally, it is well known that the brittle materials like glasses are weak in tensile stress, and the
ion exchange strengthening can be achieved due to the compressive stress arisen in the surface layer by
the replacement of smaller ions in glass by larger foreign ions. This method is called “Crowding™(8]. The
maximum compressive stress arisen by this mechanism may be given:

G, = (13)-[EQ—WI-AVV) 3)
where V is the volume of glass, AV the volume change by ion exchange without stress at room
temperatue, E the Young’s modulus and |4 the Poisson’s ratio. This equation indicates that the larger Av
gives the larger compressive stress.

Table 2 shows the calculated density, molar volume and thermal expansion coefficient of Li-,
Na- and K-glasses”. Assuming that E=70GPa, [1=0.2, AV/V=2.78/23.10=0.12, then G_ =3.5GPa for
Li'¢>Na’ exchange. And AV/v=0.22 and G_ =6.5GPa for Li'eK exchange. The volume change of

plass-ceramics is much larger than that of glass by ion exchange because of higher density of

glass-ceramics,

Table 5. Calculated density, molar volume and thermal expansion coefficient of Li-, Na- and K- glasses.

Glass Density(gjem’) Molar volume | Av+e, (I(xlﬂ_jll()
(cmalmol) (Li+—M+)

Li-glass 2.36 23.20 - 89.5
Na-glass 241 25.88 11.6 119.1
K-glass 2.48 28.22 21.6 135.7

*: change in molar volume after ion exchange{calculated value)

It should be noted here that Li,0-28i0, crystal in the ion exchanged layer of glass-ceramics was
destroyed and disappeared with progress of ion exchange(This phenomena will be discussed elsewhere™™).
However, the volume and thermal expansion coefficient of this glassy phase is much larger than those of

glass-ceramics, and therefore the same treatment as glass might be possible.
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The calculated volume change of this glass, AVIV, is very large, however, this value must be
much smaller actually, and hence the compressive stress arisen is estimated to be much lower,
800~1,000MPa. It is very interesting to note that the peeling and crack formation occur despite a large
compressive stress arise in ion exchanged layer. The peeling and crack formation are not observed in a
usual ion exchange process. In the early stage of ion exchange discussed here, peeling and crack formation
were not observed for glass and glass-ceramics, therefore, the compressive stress arisen affects effectively
on the increase in strength. However, as increase in the thickness of ion exchanged layer, the volume
change of ion exchanged layer can not be neglected, and crack and peeling may generate in that layer. It is
considered that this large volume change anyhow causes the peeling and crack formation of ion exchange
layer. With progress of ion exchange, the peeling and crack formation take place and the submicroscopic
crack({hair-like crack in Figure 1I), which acts as stress concentrator, generates perpendicular to the
surface and finally the fracture strength decreases.

The volume change of ion exchanged layer strongly depends on the alkali content in the base
glass. The glass discussed here contains about 24 mol% of Li,0. These peeling and crack formation seems

to be the characteristics of high alkali containing glasses by ion exchange.

4. Conclusion

The chemical strengthening of Li,0°2Si0O, transparent glass-ceramics was investigated. The
fracture strength of glass and glass-ceramics increased first and then decreased, and the crack formation
and peeling of ion exchanged layer were observed for both Li'¢>Na’ and Li'¢>K ion exchange. This
suggests that the submicroscopic crack generates perpendicular to the surface when the ion exchanged
layer peels off from the surface.

The calculated volume change by Li'€>Na and Li ¢>K  ion exchange is very large, over 10%,
this large volume change causes the peeing and crack formation of ion exchanged layer despite in which
the large compressive stress arise. In the early stage of ion exchange, the compressive stress arisen affects
effectively on the increase in strength. However, as increase in the thickness of ion exchanged layer, the
volume change of ion exchanged layer can noi be neglected, and crack and peeling may generate in that

layer. Finally, the fracture strength decreases.



Chapter IV
Absorption And Emission Characteristics of Cr Ions in

Transparent Glass-Ceramics
4.1. Cr’ionin spinel transparent glass-ceramics

1. Introduction

Many researches are devoted to optical properties of transition metal ions in solids for laser
applications. Especially, Cr'", Cr’ and Cr"" centers give rich spectroscopic data, which are now already
used in laser transitions.

Glasses as laser hosts have many advantages such as mass production at low cost and fabrication
for any shapes more easily than single aystals(‘". However, due to the disorder of glass structure the
inhomogeneous line-broadening of transition metal ions is caused by site multiplicity. Thus the
characteristic emission such as single crystals can usually not be observed. In the present, the stimulated
etmission of lasers is limited to rare earth ions for glasses in which the transition between 4f" state is
oscillating. The stimulated emission of lasers of 3d" transition metal ions in glass has not been achieved
yet, unlike single crystals.

The transparent glass-ceramics contains nanometer-order crystallite, and hence they have the
potential to exhibit the emission behavior similar to single crystals. Furthermore, the transparent glass-
ceramics is produced through glass route, they have many advantages for fabrication compared with single

crystals““.

Here the absorption and emission spectra of cr’ ions-containing spinel type transparent glass-
ceramics was investigated and the characteristic emission of Cr'’ jons in strong octahedral field was

observed. These results are presented.

2. Experiments
2.1. Sample preparation
The base glass composition used is 54.25i0,°30.6A1,0,°9.1Mg0+6.1Zn0*1TiO,*7Zr0,"

0.5Cr,0, (mass%). ZrQ,, TiO, and Cr,0, are introduced as nucleating agents and coloring agent by excess

mass percent.
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High purity silica sand, alumina, acid washed zircon sand and reagent grade chemicals of MgO,
Zn0, Cr,0, and TiO,(Carlo Erba) are used as raw materials. A batch corresponding to about 60g of glass
was mixed thoroughly and melted in 60cc PYRH10 crucible at 1570°C for 2 h in an electric furnace in air.
They are then poured onto iron plate and pressed by another iron plate.

The glasses are heat treated at 800°C for 10 h for nucleation and cooled in the furnace, and

subsequently heat treated at 1050°C for 3.5 h for crystallization. They are optically polished into about

1.6mm in thickness.

2.2. XRD

The crystalline phases precipitated, crystalline size and percent crystallinity are determined by

2.3. Absorption and emission spectra

The absorption spectra are measured with Cary 5E UV-VIS-NIR spectrometer in the range of
300~800 nm at room temperature.

The emission spectra are measured with Perkin-Elmer Lumenescence Spectrometer LS50B in

the range of 300~~900 nm at room temperature.

3. Results and Discussion

The glass obtained is dark green in color and changes to red-purple upon crystallization. The
color is also accompanied by faint red fluorescence which is stimulated by ordinary artificial light
(incandescent light bulb) or sunlight.

Glass-ceramics consists of spinel[(Mg,Zn)ALO,Jcrystal of about 25 nm in size and the
crystallinity is about 40%.

Fig. 12 shows the absorption spectra of glass and glass-ceramics. In glasses, two absorption
bands centered at 450 nm and 650 nm appear, and the latter band splits into three peaks. They are ascribed
to d-d transition of Cr’ ion, and correspond to ‘AZS(F)"‘-)‘T, I‘(F) and ‘AZM——)‘TIE(F) transitions,
respectively. It seems that only Cr”" ions exist in glass. The general feature of spectrum is quite similar to
that reported previously(m, and the peak positions are almost the same as those. This indicates that the
ligands field parameter, 10Dq and Racah B parameter, might be the same as those' . They are, 10Dgq =

15,300cm ® and B & 750cm = ( Dq/B=2.04).
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On the contrary in glass-ceramics, the absorption bands shifi to shorter wavelength at around 390
nm and 545 nm, and the shoulder at around 420 nm is observed, these absorption bands are concluded to
be d-d transitions of Cr " ion. Now assuming that the absorption peak at 386 nm and the shoulder at about
420 nm would be due to the splitting of 4T|3(F) state and their gravity center would be about 400 nm, the
ligand field parameters, 10Dq and B, can be estimated to be &~ 18,350 ¢m ' and & 765cm | (Dg/B ~ 2.4),
respectively. This indicates that the Cr' " ions occupy the lititle strong octahedral sites of spinel
crystat{(Mg,Zn)ALQ,] by the crystallization.

Fig. 13 shows the emission spectra of glass and glass-ceramics under CW(continuous wave)
excitation at 532 and 632 nm. The broad emission bands appear at around 680~700 nm and 780~800
under the excitation at 632 nm for glass. In contrast for glass-ceramics, the rather sharp structured band
can be observed at around 680~720 nm in addition to above broad emission bands'". In particuiar, it is
qQuite noticeable under excitation at 632 nm. However, the emission at around 780~800 nm is not clear
under excitation at 532 nm.

The Cr’”" jons usually enter octahedral sites of crystals and glasses, and the ‘Tz and "Tl states of
the ‘F term undergo considerable interaction of the ligand field. Thus for Cr” ions in the strong octahedral
field such as Al,O, the ‘Tz level is located above the 'E state. Therefore, only the ZE—)‘AZ transition
appears in this case. This resonance transition, which is doubly forbidden(by both parity and spin), is
characterized by narrow R-line emission’ .

From above discussion and the result of absorption spectra, the emission at around 680~700 nm
might be due to 2Eg-—)‘A2g transition(R-line) of Cr'" jon in strong ligand field, and the broad band
centered at around 775 nm can be assigned to 4Tzs—-)‘A1ﬁ transition of Cr’" ions in weak ligand field. In
conslusion, it is estimated that the major part of Cr’ ions occupy the strong octahedral field of spinel

crystals[(Mg,Zn)ALO,].

4. Conclusion

The absorption and emission spectra of ' ion-containing spinel type transparent plass-
ceramics were investigated.

The remarkable change in color and the shift of absorption bands was observed by the
crystallization. This is due to the occupation of Cr’" ions in the little strong octahedral field of nano-scale
spinel crystals{(Mg,Zn)AL,0,]. The ligand field parameters were estimated to be, 10Dg ~18,350 cm ' and

B=765cm (Dg/B~2.4).
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The rather sharp structured band can be observed at around 680~720 nm in addition to the broad
emission bands. In particular, it is quite noticeable under excitation at 430 and 632 nm. This emission can
be estimated to due to 2Eg-—)‘Azg transition(R-line} of Cr'’ ions in strong octahedral field of nano-scale

spinel crystals{(Mg,Zn)ALO,].
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4. 2. Optical properties of Cr’ ions in lithium metasilicate (Li,0*Si0,)

transparent glass-ceramics

1. Introduction

Many researches on the behavior of Cr ions in glass, such as valence state and coordination
number, have been carried out in association with color generationm'm. The Cr ions existed in glasses
were mainly Cr and Cr3+, and the equilibrium between them was discussed with glass composition and
melting atmosphere.

Glass-ceramics are two phase systems consisting of a base glass within which crystals are grown
by heat treatment. Transparent glass-ceramics, in which nano-scale order crystals precipitated, can be
obtained by controlling base glass composition and heat treatment condition. Transparent glass-cerarnics
are currently being considered as hosts for luminescent ions because the possibilities of crystal site control.
Although many researches on the absorption and emission characteristics of active ions doped transparent
glass-ceramics have been done, the behavior of Cr ion in spinel type and Li,0-2Si0, type transparent
glass-ceramics is particularly interesting,.

In spinel glass-ceramics, the color changes to pink/red from emerald green. The Cr" ion was
incorporated into the octahedral site of spinel crystal which provides strong ligand field after the
crystallization, and therefore the absorption bands shifted to shorter wavelength and the characteristic
sharp emission line (R-line) was observed at around 700 nm “n,

In L1,02510, transparent glass-ceramicsmm, on the other hand, it was found that tetrahedrally
coordinated Cr'" ion could be formed during crystallization. The color changed drastically to deep blue
from yellowish-green after crystallization. Both Cr* and Cr'" ions coexisted at first in the glass melted in
air, and Cr*" ion have been reduced to Cr'" jon during crystallization. In this plass-ceramics, tetrahedrally
coordinated Cr”" ion existed in residual high SiO, glassy phase. However, no attractive changes occur in
the glass melted under reducing condition, in which only Cr’ ion existed. Thus, the optical properties of
transition metal ion are strongly affected by surroundings, and hence an unexpected result can be
sometimes obtained in transparent glass-cermniés.

In this paper the optical properties of Cr ion in LiO-SiO, transparent glass-ceramics were
investigated and the possibility of existence of tetrahedrally coordinated cr' in Li,0-Si0, crystal is

suggested.
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Fig. 14. XRD patterns of Li,0SiO, transparent glass-ceramics.
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2. Experiments

2.1. Sample preparation

The base glass composition was 73.08i0,'2.15A1,0,-20.7Li,0 3K, 0- 1.15P.0 {mol%){77.358i0;
3.87A1,0,°10.91Li,0°4.99K ,0-2.88P,0, (wt%)]. And 0.1 wt% of Cr,0; and 0.5 wt% of Sb,0, were
added to 100 g of glass by excess. In this glass the addition of 8b,0, reduced all Cr ion to the 3+ state and
eliminated the charge transfer absorption of o, leaving only the o' ion™”.

High purity silica sand, alumina and reagent grade of chemicals of Li,CO,, (NH,},HPO,, Cr,0,
and $b,0, were used as raw materials. Batch corresponding to 200g of glass was mixed thoroughly and
pre-calcined at 300°C overnight to remove NH,. It was then melted in a 100 m! P/Rh10 crucible at
1450°C for 2 h in an electric furnace. The molten glass was poured onto iron plate and crushed, and

melted again at same condition. It was poured onto iron plate and pressed by another iron plate. The

glasses were heat treated for crystallization at various conditions after the first heat treatment at 500°C for

10 b for nucleation.

2.2. XRD
Crystalline phases, amount of crystal and crystalline size were examined by powder
XRD(Bruker, AXS Model 1D5005) under the condition of Cu-K( radiation, 40KV-40mA, 0.01° step, 1
sec/step. Amount of crystal was determined using Ohlberg and Strickler’s method(sn, and was calculated
by
100x{Ig—Ix}/{ig—Icj = percent crystallinity (%C} 1)
where Ig is the background intensity of glass, Ix that of specimens and Ic that of OL—Quartz at 20 =23°,
The calibration curve was obtained using parent glass and OL.—Quartz at various ratios, and showed good
linearity. The percent crystallinity can be obtained by wt%.
The crystal size was calculated using Scherrer’s equation.
d=09-Asf cos 1)
where A is the wavelength of X-ray radiation (1.54 A ), B the true half width (radian) and 6 the
diffraction angle (degree). True half width was determined by Jones method", and Ol—Quartz was used

as a standard.

2.3, Optical absorption and emission spectra
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The glass and glass-ceramics were optically polished into about 1.5 mm in thickness. The
absorption spectra were measured at room temperature with Varian Cary SE UV-VIS-NIR
spectrophotometer in the range of 350-2000nm. The emission spectra were measured at room temperature

with Perkin-Elmer LS50B luminescence spectrometer in the range of 300-900 nm,

3. Results and discussion
3.1. Properties of glass-ceramics

The glass-ceramics appeared to be transparent to translucent by the heat treatment below 800°C,
and completely opaque above 800°C.

Figure 14 shows XRD patterns of glass-ceramics heat treated under various conditions. Only
lithium metasilicate(Li,0-Si0,, hereafter L-S) crystal precipitates below 800°C, and above which a
lithium disilicate(Li,0-28i0,) crystal precipitates as a major crystalline phase with a small amount of
OL—Quartz crystal.

Table 6 shows percent crystallinity and crystal size of transparent glass-ceramics. The percent
crystallinity was ranging 16.5~33.3% and the crystallite size was ranging 20.1~33.7 nm. Both the
percent crystallinity and the crystallite size increased with increase in heating temperature and time. If all

of Li,O (10.9 wt%) would be spent for the crystallization of L*S crystal, the amount of LS crystal would

be about 33 wt%. The measured values may be reasonable.

3.2. Absorption spectra
The glass appeared to be emerald green in color, and turned to pink color by the crystallization
below 800°C. However, the pink color disappeared and tumed to greenish opaque after the heat treatment

Table 6. Crystalline phase, percent crystallinity and crystallite size of transparent glass-ceramics.

Heat treatment Appearance Crystalline Percent crystallinity | Crystallite size
Cc—ny»* phase (%C, by wi) (nm)
650-10 Transparent Li,0-Si0, 16.5 20.1
700-5 Transparent Li,0-SiO, 28.8 225
700-10 Slightly translucent Li,0-8i0, 288 275
750-5 Slightly translucent Li,0-8i0, 33.7 1 34.0

*: 2nd heat treatment, 1st heat treatment: 500°C — 10 h.
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above 800°C.

Figure 15 shows the absorption spectra of glass and glass-ceramics. The weak absorption bands at
around 450 and 650 nm in VIS region due to d-d transition of Cr’'ion are observed in glass. In NIR region,
weak absorption bands at around 1070 and 1300 nm are observed in glass. This spectrum pattern is a
typical Cr’" ion in octahedral coordination, no other absorption bands can be observed, and hence it seems
that only Cr’" ion exists in this glass. The absorption bands in VIS region can be assigned to 4A2—>4Tl
and 4A.2-—)4T2 transition, respectively.

The new and strong bands appear at around 520 and 750 nm in VIS region and the broad band at
around 1150 nm appears in NIR region after the crystallization. It seems that these new absorption bands
overlap apparently on an original spectrum of glass. It should be noted that the absorption intensity of new
bands increases with increase in heating temperature and time. The absorption intensity in near UV region
also increases due to the scattering by the crystallization.

The concentration of Cr’" ion in octahedral site might not change significantly, and hence the
concentration of Cr ion corresponding to the appearance of new bands might be low. This indicates that
the certain Cr ion corresponding to the appearance of new bands might have higher absorption coefficient.

The differential spectrum may be useful for the demonstration of the appearance and disappearance
of certain ion species. Here, the differential spectra may be expressed by:
A[0.D.(cm)]=[O.D.fcm”)] .. .oumiee —[O-D-fcrn")] .. 3)
and represents the appearance and disappearance of certain absorption band.

Figure 16 shows the differential spectra, It is clearly seen that new bands appear at around 520,
750 and 1150 nm. The former two bands show complicated structure. The relationship between
A[O.D.(cm")] of these new bands and % crystallinity is shown in Figure 17. The absorption intensity of
these new absorption bands increases with increase in the amount of crystal. This indicates that these new
absorption bands are produced by the crystatlization. In this glass, it seems that the change in valence state
does not occur and Cr is incorporated into L+ S crystal.

The origin of the appearance of new bands will be considered and the assignment of these bands
was analyzed based on the below two assumpﬁons:

(1). Change in ligand filed strength[Crh(octahedral)—)Cr“(octahedral)]
{2). Change in coordination number{Cr”(octahedral)-—)Crh(tetrahedral)]
In the first case, if the Cr'’ ion would be incorporated into strong ligand flied in L-S crystal, an

absorption band comresponding to 4Az—)'tTl transition should be observed at around 400 nm. However,
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new absorption band can not be observed around that region. Therefore, it is concluded that the bands shift
to longer wavelength by the incorporation of Cr'" ion into weak ligand field of LS crystal unlike ruby and
spinel crystals (strong ligand field). In ruby and spinel crystals, the absorption bands of Cr' ion with
octahedral site shifted to shorter wavelength™". The absorption spectrum of L-S glass-ceramics heat
treated at 500°C — 10 h and 700°C —~ 5 h was analyzed by multi-peak fitting method with a Voigtian
distribution. By assuming that two absorption peaks, 520 and 750 nm in VIS region, are assigned to
‘A>T, and *A,—>*T, transition, the ligand field parameters can be estimated to be 10Dq = 13,197 cm”,
Table7. Ligand field parameters of Cr”" ions in glass and glass-ceramics.

Cr’ ion Transitien Energy Intensity Half width Gravity
center O.D/em ' (cm_') center
(em ) (em )
6 coordination ‘A>T, 21,800 0.34 1,740 19,3%
20,000 0.75 1,500
18,750 2.1 1,550
‘A>T, 14,500 0.05 1,000 13,197
13,200 0.95 1,100 (10Dq)
12,200 0.06 1,145

10Dq =13,19Tcm ',B=657 cm ', Dq/B = 2.01

4 coordination | T, (F) —> ‘T, (P) 21,800 0.34 1,500 20,620
20,000 0.75 1,550
T, 'AF | 18750 21 1,550 18,750
? 14,500 0.05 1,000 ?
13,200 0.95 1,100
12,200 0.06 1,145
T, —>'AF | 839 0.33 1,200 8,390

10Dq =9,657 cm ,B=886cm ', Dg/B = 1.09

Glass 10Dq=15385cm ', B=705cm ', Dg/B =218

6 coordination

CrCl, 10Dq = 13,600cm ,B=510cm ', Dq/B = 2.67
6 coordination
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B=657cm and Dg/B = 2.01 as shown in Table 7. In Table 7, the ligand field parameters of CrCl, are
also shown as a typical example of weak ligand field. It should be noticed that 10Dq of Cr’ ion in glass-
ceramics is much smaller than that in glass and similar to that of CrCl,.

According to spectrochemical series, an oxygen ligand produces higher ligand field strength than
chlorine, and therefore, Cr' ion in this transparent glass-ceramics should indicate stronger ligand field
strength than that in CrCl,. Further, the crystal usually enhances the ligand field strength. And the strong
absorption intensity of new absorption bands can not be interpreted sufficiently by this assumption. Thus,
the assumption of case (1) might not be acceptable.

On the contrary in the second case, it is known that the absorption intensity of transition metal
ions in tetrahedral site is much greater than that in octahedral site. The d’ electronic configuration in
tetrahedral site can be conducted with that of d” in octahedral site{d"(Oh)=d"" "(Td)]. The overall spectral
patterns of glass-ceramics, especially differential spectra, are similar to that of Co’ ion in octahedral
sitefd’] despite the peak position are different. Now assuming that Cr’* ion occupies tetrahedral site in L+S
crystal, three absorption bands may be assigned to ‘T, (F)~>"T,(F) (1150 nm), T, (F{)—>'A, (FX532
nm) and T, (F)—>*T,,(PX510 nm), respectively, and ligand field parameters can be estimated and is
shown in Table 2. The 10Dq is little greater than that expected by (4/9)Dg(octahedral). By using these
values, the absorption band of ‘TIS(F)-—)‘AQE(F) transition is estimated to be 18,659 cm ', which is agreed
with experimental result (18,750 cm ') very well.

Although the some bands can not be assigned, these assignments may satisfy the experimental
result. Furthermore, the increase in absorption intensity can be explained by the presence of tetrahedraly

coordinated Cr’ jon. The existence of tetrahedrally coordinated Cr is suggested in some single
(57,58)

crystals™ . Thus, the possibility of existence of tetrahedrally coordinated Cr’* ion in L*S crystal is
suggested.
3.3. Emission spectra

Usually Cr”* ion in strong ligand filed(octahedral) exhibits the characteristic weak pink to red
fluorescence under sun fight and also the characteristic sharp line emission around 700 nm can be
observed under the excitation of shorter wavelength of light. However, these behaviors were not observed
for glass-ceramics.

Figure 18 shows the emission spectra of glass and glass-ceramics under the excitation of 450 and

320 nm. Two broad emission bands centered at around 620 and 720 nm were observed in glass-ceramics,
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whilst only former emission band was observed in glass under the excitation of 450 nm. The former
emission band disappears and only latter emission band is observed under the excitation of 520 nm for
glass-ceramics. The emission intensity increases with progress of crystallization, and that of glass-
ceramics heat treated at SOOOC—ISh, 750°C—5h increases by about 10 times of glass. The emission band
raging 650 — 800 nm might be the characteristic band of tetrahedrally coordinated Cr'in LS crystal.
However, it is quite difficult to assign these emission bands to certain transition, because there are many

emission bands around 0.7-1.0 Llm region from octahedrally coordinated Cr'ion.

4. Conclusion

The optical properties of Cr’ in lithium metasilicate(Li,0-Si0,) transparent glass-ceramics was
investigated.

Only L1,0Si0, crystal precipitated in glass-ceramics by the heat treatment below 300° C, and the
percent crystallinity was ranging 16.5~33.3% and the crystallite size was ranging 20.1~33.7 nam. The
color changed to pink from emerald green of glass, and new and strong bands appeared at around 520, 760
and 1150 nm by the crystallization. The absorption intensity increases with increase in heating
temperature and time for crystallization. The assignments of these bands were analyzed by the
assumptions based on (1). Change in ligand field strength[octahedral —> octahedral] and (2). Change in
coordination number[6—>4].

In the former case, the calculated ligand field parameters were 10Dq = 13,197 cm_', B=657cm '
and Dg/B = 2.01, respectively. The 10Dq value is too small compared with that in glass, further the

increase in absorption intensity can not be interpreted by this assumption. Therefore, this assumption can

not be acceptable.
On the other hand in latter case, the ligand field parameters can be estimated to be 10Dq = 9,657
Cm—', B =886 cm ' and Dq/B = 1.09, respectively. These values seem to be reasonable for tetrahedrally

coordinated Cr’" ion in Li,0-8iO, crystal. And the increase in absorption intensity can be explained by this

assumption.

Broad emission bands at around 620 and 720 nm were observed under the excitation of 450 nm light
in glass-ceramics, and only latter band was observed under the excitation of 520 nm light. The emission
intensity increased with the increase in crystallization temperature. The latter band ranging 650 — 800 nm
might be the characteristic band of tetrahedrally coordinated cr'in LS crystal. Thus the existence of

tetrahedrally coordinated cr'ionin L1,0-8i0, crystal is suggested.
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4.3.Cr’ jon in AlIPO, transparent glass-ceramics

1. Intreduction

The electronic configuration of transition metal ions is strongly influenced by their ligands. This
causes the change in optical properties, such as color change, etc. As mentioned previous sections, the
typical ligand field absorption has been observed ™. In spinel type transparent glass-ceramics containing
cr ion, the color changes to pink/red from emerald green, and the absorption bands shifted to shorter
wavelength by crystallization. It was confirmed that cr’ ion occupies strong ligand field site in spinel
crystal. On the contrary, in Li,O-SiO, transparent glass-ceramics, though the color changes to pink from
emerald green, the absorption band shified to longer wavelength. This indicated that cr’” ion in this
transparent glass-ceramics occupied in weak ligand field site.

AIPO, crystal or AIPO (-5i0,) solid solution differs from above crystals, spinel and Li,0-8i0,,
because these crystals consist of glass formers. From the structural point of view, the optical properties of
cr'in AlIPO, crystal or solid solution are particularly interesting. Here the optical properties of ¢ ionin

AIPQ, transparent glass-ceramics are investigated.

2. Experiments
2.1. Sample preparation

The base plass composition used was 40Si0,"20AL,0,"20P,0,-58,0,-15Na,0 {(mol%)
[28.07Si0,°23.82A1,0,°33.17P,0,-4.07B,0,* 10.86Na,0-0.4Cr,0, (wt%)]. High purity silica sand,
alumina, reagent grade chemicals of (NaPQ,),, H,BO,, Na,CO, and Cr,0, {Carlo Erba) were used as raw
materials. A batch corresponding to 200 g of glass was mixed thoroughly and melted in 100 ml Pt/Rh
crucible according to schedule, 1550°C — 3 h and 1500°C — 1 h, in an electric furnace in air. Then the
molten glass was poured onto iron plate and pressed by another iron plate. The glass was annealed at
about 500°C for 30 min and cooled to room temperature in the furnace.

The glass samples were heat treated at 510°C — 10 h for nucleation and 600~650°C — 5~10 h

for crystallization. The glass and glass-ceramics were optically polished into about 2 mm in thickness.

2.2. XRD
The crystalline phases precipitated, amount of crystal and crystal size were examined by powder

X-ray diffraction anadysism5
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2.3. Absorption and emission spectra
The absorption spectra of glass and glass-ceramics was measured using Variant Carry 5E
UV-VIS-NIR spectrometer in the range of 300~1500 nm. The emission spectra were measured using with

Perkin-Eimer Luminescence Spectrometer LS50B in the range of 300~900 nm at room temperature.

3. Results and discussion

The highly transparent glass-ceramics can be obtained by the heat treatment, 510°C —~ 10 h and
600°C — 10 h. The transparency of glass-ceramics was is nearly equal to that of glass.

The main crystalline phase, amount of crystal and crystal size were tridymite type AIPO,, 48%
and 34 nm, respectively.

Figure 19 shows the absorption spectra of glass and glass-ceramics. The color of both samples
was emerald green. Three absorption bands were observed. The band at around 350 nm is assigned to
charge transfer band of four coordinated Cr™ ion. And bands at around 450 nm and 650 nm are assigned
to 'A,‘——)‘TZG and ‘Ah—f'l“ls transition of six coordinated Cr”" jon.

Absorption bands of Cr”" ion shifted to shorter wavelength slightly by the crystallization, and the
color did not change. The differential spectrum is effective to clarify the phenomenon happened by
crystallization, and it may be expressed by Delta O.D (cm ) =[0.D. (cm )y comics — O-D- (cm ).

Table 8. Ligand field parameters of Cr”" fon in various hosts.

Materials 10Dg/cm | B/cm Dg/B
Soda-lime silicate glass 15,291 750 2.04
Spinel TPGC** 18,349 765 2.40
Li,0-Si0, TPGC** 9,657 886 1.09
[Tetrahedral}
AIPO, TPGC* 16,611 687 2.42
Alexandrite - ' - 2.15
Ruby — - 2.8
Crossing point 23

*: TPGC=transparent glass-ceramics

Fig. 19 (b) shows the differential spectrum. It is clearly seen that new absorption bands appeared
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at around 426 nm and 602 nm. These bands assigned to 4A15-*)4ng and 4Am-—)“TlgIransition of six
coordinated Cr’ ion in AIPO, crystal. However, the change in intensity is small, and hence, the amount of

Cr” ion in AIPQ, crystal might be small. From this result, the ligand field parameters, 10Dq and B, can be

1

b

estimated to be 10Dq = 16,611 cm 'and B=687 cm
Respectively(w. These values are listed in Table 8 with other materials. The splitting is slightly larger than
that in glass, and cr ion occupies little stromg ligand field site in AIPO, crystal. It is well known that the
Cr”" site jon in various materials can be classified into two sites, one is strong ligand field site (Dg/B >
2.3) and another is weak ligand field site (Dg/B < 2.3). Cr’” ion in strong ligand field site can emit sharp
line around 700 nm by the excitation of UV light, this line is called R-line and dues to 2E2;—->‘A,‘
transition. On the contrary, Cr™* ion in weak ligand field emits only broad emission near IR region.

Figure 20 shows emission spectra of glass and glass-ceramics under the excitation of 450 nm.
The emission intensity of glass-ceramics is little higher than that of plass, especially at around 500 ~
600nm, This is the typical emission spectra of Cr"" ions in intermediate ligand field.

4. Conclusion

The absorption and emission characteristics of Cr* jon in AIPO, transparent glass-ceramics were
investigated.

The absorption bands shifted to shorter wavelength by the crystallization. However, the amount
of Cr'’" ion in AIPO, crystal is estimated to be small. The new bands appeared at 426 and 602 nm, which
were assigned to be ‘A,,~>"T, and ‘A, —>'T,, transition. The ligand field parameters can be calculated:
10Dq = 16,611 cm ' and B = 687 cm |, respectively. The Dg/B was 2.42, and it was found that Cr”"
occupies in intermediate ligand field in AIPO, crystal,
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4.4.Cr" jon in Li,0+28i0, transparent glass-ceramics

1. Introduction

Many researches on the behavior of Cr ions in glasses, such as valence state, coordination
eper n . . .. . . (63-65
number and redox equilibrium, have been carried out in association with color generation ' The Cr
. . - 3+ 6+ P .
tons existed in glasses were usually Cr and Cr, and the redox equilibrium between them was discussed

. - . (66,67) . . a .
with glass composition and melting atmosphere . However, since the existence of Cr ions in

{68-7 (72-74)

glasses Y and single crystals

has been reported, the researches on Cr' ions in glasses and single
crystals, especially in laser materials and photonics devices, are actively taking place. It has been found
that stable Cr'" ions were formed only in aluminate, gallate and alumino-silicate glasses with high
modifier oxides, and their spectroscopic properties have already been measured”". The formation of Cr"*
ions is strongly related to the interaction between Cr  ions and oxygen excess defects, such as super oxide
ion radicals and peroxy linkage, in these glass systems" .

Transition metal ions are notoriously inefficient when incorporated into glass host, due to the

difficulty of controlling the local environment, to which they are very sensitive. However, the properties

of Cr¥' doped glass-ceramics have received little attention, despite the apparent advantages of crysta! site

(75.76)
control

The authors investigate the behavior of Cr ions in transparent glass-ceramics and found that the
Cr" ion can be formed in Li,0-5i0, system transparent glass-ceramics and the characteristic emission of

Cr'ion in near infra red region appeared. The formation mechanism of Cr' ions in Li,0-8i0, system

transparent glass-ceramics will be discussed here.

2. Experiments
2.1. Sample preparation

L1,0-810, system transparent glass-ceramics were prepared and its glass composition was
80810, 4Al,0,°13Li,0-3P,0,°0.1~0.4Cr,0, (wt%). High purity silica sand, alumina, and reagent grade
chemicals of Li,CO,, (NH,),HPO,, and Crz‘OJ (Carlo Erba) were used as raw materials. Batches
corresponding to 100g of glass were mixed thoroughly and pre-calcined at 400°C for overnight to remove
NH,. They were then melted at 1450°C for 2 h in 100cc PURh10 crucible in air. The glasses were heat
treated at 500°C—15 h for nucleation, and subsequently heat treated at higher temperature for

crystallization. They were then cut and polished optically into about 1.0 mm in thickness.
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2.2. XRD

The crystalline phases, crystal size and percent crystallinity were determined by XRD"".
2.3. Absorption and emission spectra

The absorption spectra were measured with Cary SE UV-VIS-NIR spectrometer in the range of
300~1600 nm at room temperature. The emission spectra of Cr" ions were measured in accordance with

Feng and Tanabe method” " in the range of 800~1600 nm under the excitation of 792 nm laser diode at

room temperature.

3. Results and Discussion

The main crystalline phase is Li,0-2Si0, with a small amount of Li,0-8i0, and Ol—quartz. The
crystal sizes were ranging from 20 to 40 nm and the percent crystallinity was ranging from 60 to 80 nm.

The remarkable change in color was observed by the crystallization, from light green to deep
blue. Figure 21 shows the absorption spectra of glass and glass-ceramics. The strong absorption band due
to the charge transfer transition of Cr”’ and a weak absorption bands due to d-d transition of Cr'" appear at
around 370 nm and 650 nm, respectively, in glass. On the contrary, in glass-ceramics, the new strong
absorption band appears at around 550~750 nm. It should be noted that its absorption intensity increases
markedly and the absorption intensity due to Cr" ions decreases. Figure 22 shows the relation between
absorption intensity at around 650 nm and second heating temperature. The absorption intensity increases
significantly with increase in heating temperature, reaches the maximum at 750°C and decreases again at
higher temperature. Especially, the absorption intensity of glass-ceramics, 750°C — 5 h, increases by 15
times that of glass. This new and strong absorption band can not be ascribed to Cr”* and Cr** ions, it might
be due to a certain ions formed during crystallization. The spectral pattern of glass-ceramics is similar to
that of tetrahedrally coordinated Cr' ions in single crystalm). According to ligand field theory(m, the
absorption intensity of transition metal ions with tetrahedra! coordination is much greater than that with
octahedral coordination. Accordingly, the appearance of this new absorption band might possibly be due
to the tetrahedrally coordinated Cr" " ions in transparent glass-ceramics.

Figure 23 shows the emission spectrﬁ of glass and glass-ceramics under excitation at 792 nm
laser light. The emission at shorter wavelength than 1000 nm due to Cr’’ ion was observed in glass, whilst
in glass-ceramics both the emission due to Cr' and the new emission band centered at 1300 nm appear. It
is well known that the latter emission band is due to the 3T2-—>3A1 transition of Cr' ions in tetrahedral

. 71.73,74 P 4+ I . .
sites' ), and it is confirmed that the Cr' ions exist in this transparent glass-ceramics.
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It is not clear yet that Cr” ions can enter into either nano-crystalline Li,0°25i0, or residual
glassy phase. The existence of cr' ions in Li,0°28i0, crystal has never been reported. Then, the authors
prepared polycrystalline Li,0-28i0,:Cr by sintering method, and the formation of Cr'" ions in this crystal
can not be confirmed. Therefore, it is concluded that the Cr' ions occupy the favorable tetrahedral sites in
residual glassy phase. Here, the ligand field strength of tetrahedrally coordinated Cr'" ions was analyzed
by multi-peak fitting method with Voigt distribution, and the result is summarized in Table 1. Assuming
that the three peaks in visible and NIR region would be ascribed to JAz—);fl and 3A2--}}T1 transition,
respectively, the ligand field parameters can be estimated to be: 10Dg=10,610 cm’, B=690 cm" and
Dgq/B=1.54. This Dg/B value is just below the crossing point of 3T2 and ,E levels(Dg/B=1.6). And the cr

ions occupy the little stronger sites than those in aluminate glasses reported previouslym], in residual

glassy phase.

Table 9. Multi-peak fitting for absorption spectrum of Cr' ions in fransparent glass-ceramics.

Transition Energy Center Band width Band area Gravity center

(cm ) (cm ) (cm ') (cm )

Cr"" in Li,0-Si0, system /0.4mass% Cr,0, melted in air, 500°C—15 h and 750°C—5 h,

AT, 8,658 1,175 4,666 10,610
10,050 1,120 7,246 (=10Dq)
11,429 1,082 16,117

AT, 14,085 810 19,994 16,150
16,129 958 68,329
17,584 952 38,318

The authors reported previously(m that the glass melted under reducing atmosphere, in which

only Cr’ions exist, does not show this phenomena. This result indicates that the Cr'" ions can not be
formed by the oxidation of Cr' ions in analopy with aluminaie glassesm’m and hence the Cr” jons seem
to be formed by the reduction of higher valence state of Cr ions. Figure 21 shows that the cr ions
decrease with the formation of Cr" ions. The difference spectrum between glass and glass-ceramics was
investigated, and these difference spectra demonstrate the appearance and disappearance of certain Cr ions.
The difference spectra may be expressed by: Dela[O.D(cm )] = [O.D.(cm_')]mm,cmm“ -

[O.D.(Cmﬂ)]mm. Figure 21 shows the difference spectra and Figure 24 shows the relationship between the
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. b, . NPT o
decrease in Cr ions and the increase in Cr' ions. A good lincarity is observed between them and the Cr-
L . . 6+ . . -
ions increase with decreasing Cr ions. This shows the strong correlation between them, consequently, the
4. . . 6, L .
Cr" ion is believed to be formed by the reduction of Cr’ ions in the crystallization process. According to

(soy‘ Cr"'/2Cr ratio decreases with decreasing amount of RO in R,0-5iQ, glass systewms.

Nath and Douglas
In the crystallization process, the Li,0-2Si0, crystal precipitates at first, remaining residual high SiO,

glassy phase. In this situation, the amount of Li,O decreases

o 0

[=8i—0 —Cr"'— 0—Si=] —> ([=Ssi—0—-Cr'—0—Si=]

0 0

in glassy phase and the Cr’"ions should convert to lower valence state ions, then the redox reaction takes
place between cr” ions(chromate ions, [Cr04]2—]) and non-bridging oxygen ions, forming Cr“ions[CrO‘].
[CrO,] is equivalent to [SiO,) and substitutes [SiO,] sites in residual high SiO, glassy phase. It is
considered that the crystallizatton is dominant process and acts as important role for the formation of cr

ions.

4. Conclusion

The absorption and emission spectra of Cr ions-containing transparent Li,0-Si0, system
glass-ceramics was investigated. The Li,0-SiO, system transparent glass-ceramics melted in air exhibits
significant change in color and absorption spectra by crystallization. It is confirmed that this change is due
to the tetrahedrally coordinated Cr' ions incorporated in residual high-SiO, glassy phase. And the
emission near infrared region (&1300nm) caused by tetrahedrally coordinated Cr” ions also was
identified. It was found that the Cr'" ions can be formed by the redox reaction between ' ions(chromate
ions, [CrO“]r) and non-bridging oxygen ions, forming crt ions[Cr0O,), during crystallization. [CrO,] is

equivalent to [SiO,] and substitutes [SiO,] sites in residual high SiO, glassy phase.



Chapter V
Absorption and emission behavior of rare-earth ions

in transparent glass-ceramics

5.1.Nd” and Er’"ions in Li,0+28i0, and AIPO, system transparent glass-ceramics

1. Introduction

There has been a growing interest in strong luminescence of rare-earth ions-doped nano-particles
because of their practical applications such as high brightness displays. In particular, Bhargaba et al.
showed strong orange luminescence from Mn” ions doped ZnS nano-particles™”. They discussed this
enhanced luminescence which occurs through the recombination of photogenerated carriers confined in
nano-particles and subsequent energy transfer to rare-earth ions. Nano-particles serve to create a quantum
confinement effect of carriers. Since their reports, there are many reports on the optical properties of the

. . . ) .
active ions doped nano-pamclm( Mm, and the emhanced fluorescence and the up-conversion were

ed(&!-%i)
Here, I demonstrate the preparation of various transparent glass-ceramics doped with Nd*'
and Er’" ions by conventional melt quenching method, and also the emission characteristics, especially

up-conversion emission, of these ions are discussed.

2. Experiments
2.1. Sample preparation

The compositions of glasses used are shown in Table 10. The sample preparation method was
described elsewhere . The glasses were melted in 100 ml PvRh10 crucible at 1450°—2 h (No.1 and 3)
and 1550°C for 2 h (No.2 and 4} in an electric furnace, respectively. Then molten glasses were poured
onto iron plate and annealed at 450°C-30 min for No.1/3 glass and 510°C—30 min for No.2/4,
respectively, and cooled to room temperatufe in an electric fumace. The glasses were heat treated at
500°C—15 h for nucleation and subsequently heat treated at 600°C—10 h for crystallization for No.1/3

glasses and 5 10°C—10 h for nucleation and 550°C—20 h for crystatlization for No.2/4 glasses.

2.2. XRD



diffraction analysis(XRD, Bruker, AXS Model DSOOS)(Q”

Table 10. Composition of glasses in L1,0-25i0, and AIPQ, transparent glass-ceramics(wt %).
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The crystalline phase, amount of crystal and crystal size were examined by powder X-ray

No. | SiO, ALO, | B0, P,0, Na,0 Li,0 | N4,0, | Er,0,
i 80 4 - 3 - 13 1.0
2 | 2807 | 238 4907 33.17 10.86 - 20
3 80 4 - 3 - 13 — 1.0
4 | 2807 | 2382 4.07 33.17 10.86 - — 2.0

*: excess wt %.

2.3. Absorption and emission spectra

The glass samples were optically polished into about 2 mm in thickness. The
absorption spectra were measured using Varian Cary 5E spectrometer in the range of 300—1500 nm. The

emission spectra were measured at room temperature with Perkin-Elmer LS50B Luminescence

spectrometer in the range of 300-900 nm.

3. Results and discussion

Glass-ceramics appeared to be transparent. The main crystal was Li,0+28i0, with small amount
of Li,0-SiO, and Ql~-quartz, and the amount and size of Li,0-28i0, crystal were 70% and 30 nm,
respectively (No.1/3 glass-ceramics). Similarly, AIPO, crystal (tridymite type), 50% and 30 am,
respectively (No. 2/4 glass-ceramics).

Figure 25 and 26 show the absorption spectra of glass and glass-ceramics of Nd’ and Er” doped
transparent glass-ceramics. The intensity and positions of absorption bands do not change with
composition and by crystallization. This is the characteristics optical properties of rare earth ions because
the 4f electrons are shielded by outer 5s or 5p electrons. The absorption in UV region increases with the

progress of crystallization due to scattering.
Three strong absorption peaks appeared at around 590, 740 and 800 nm, which are assigned to

‘Farz—>‘G5,z, 4Fm—>4Fm and ‘F,,—>'F 89

s for Nd™ ion" . And also three strong absorption peaks

appeared at around 370, 520 and 640 nm, which are assigned to 4115,2—)‘6”,2, ‘lm_)ana and

L) 4 3+,
I,,—> F,,forEr ion .
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Figure 27 and 28 show the emission spectra of Nd" and Er"" doped transparent glass-ceramics.
In this case, the emission was observed by the excitation of longer wavelength of light, This is called
“Up-converted emission, up-conversion”. The emission bands at around 370 and 440 nm were observed
for both Nd'* doped L-28 and AIPO, transparent glass-ceramics. These emission bands can be assigned to
4Dm—)4lm(2Pm—)41m) and 4Dm——>‘l,5,2(2?3,2—}41”,2)“9). The emission intensity is 10~20 times greater
than that of glass.

InEr” doped transparent glass-ceramics, the emission bands appeared at around 360 and 400 nm.
The latter emission band can be assigned to 2P3,2—-)4l],,2(92}. The emission intensity does not increase so

much by crystallization unlike Nd™' doped glass-ceramics.

4, Conclusion

The absorption and the emission characteristics, especially up-conversion emission, of Nd** and
Er" ions doped Li,0-28i0, and AIPO, transparent glass-ceramics, were investigated.

The position and intensity of absorption spectra of Nd”* and Er’” ions does not change before and
after crystallization. The up-conversion emission was observed for both the Nd'* and the Er’’ ions doped

transparent glass-ceramics. Their intensity is much higher than those of glass.
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5.2.Pr in Li,0°28i0, transparent glass-ceramics

1. Introduction

There has been a growing interest in strong luminescence of rare-earth ions-doped nano-particles
because of their practical applications such as high brightness displays. In particular, Bhargaba et al.
showed strong orange luminescence from Mn’" ions doped ZnS nano-particles(s”. They discussed this
enhanced luminescence which occurs through the recombination of photogenerated carriers confined in
nano-particles and subsequent energy transfer to rare-earth ions. Nano-particles serve to create a quantum
confinement effect of carriers. Since their reports, there are many reports on the optical properties of the

2-87)

. Ly (82 .
active ions doped nano-particles , and the enhanced fluorescence and the up-conversion were

{58-30)

reported
Here, 1 demonstrate the preparation of various transparent plass-ceramics doped with Pr ion by

conventional melt quenching method, and also the emission characteristics, especially up-conversion

emission, are discussed.

2. Experiments
2.1, Sample preparation

The composition of glass was 80Si0,'4AL0,*13Li,0°3P,0,-1.4P1,0, (wt %). The
sample preparation method was described elsewhere””. The glass was melted in 100 ml PURh10 crucible
at 1450°C for 2 h 2 times to improve homogeneity.

The glass was heat treated at 500°C—15 h for nucleation and subsequently heat treated at higher

temperature for crystallization.

2.2.XRD

The crystalline phase, amount of crystal and crystal size were examined by powder X-ray

(91}

diffraction analysis(XRD, Bruker, AXS Model D5005) ",

2.3. Absorption and emission spectra
The glass samples were optically polished into about 2 mm n thickness. The

absorption spectra were measured using Varian Cary 5E spectrometer in the range of 300—1500 nm. The
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(a). Absorption spectra

(b). Emission spectra under the excitation at 215 nm.
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emission spectra were measured at room temperature with Perkin-Elmer 1LS50B Luminescence

spectrometer in the range of 300-900 nm.

3. Results and discussion

Glass-ceramics appeared to be transparent. The main crystal was Li,0-28i0, with small amount
of Li,0-Si0, and (X—quartz, and the amount and size of Li,0°28iO, crystal were 70% and 30 nm,
respectively,

Fig. 29(a) shows the absorption spectra of Pr' doped glass and glass-ceramics. The relatively
strong four absorption bands are observed, they are assigned to 3H;——)’P2 {440 nm), 3H4—)3P, (470 nm),
’H,—>'P, (490nm)and’H,—>'D, (590 nm), respectively. The peak position and intensity does not

change before and after crystallizatim(m. The absorption intensity in near UV region increases by the

scattering.

Fig. 29(b) shows the emission spectra of Pr doped glass and glass-ceramics under the excitation
of 215 nm light. The four emission bands are observed, and they can be assigned to 'So—-)lle (400 nm),
’P,—>’H, (490 nm), *P,—>’H, (600 nm) and *P,—>'F, (770 nm), respectively. The emission intensity of
Pr’" in glass is higher than that in glass-ceramics. Fig. 30. shows the up-conversion emission spectra of
Pr’ doped glass and glass-ceramics under the excitation of 550 and 650 nm light. Two strong emission
peaks are observed, and they can be assigned to 'S;—>'I, (400 nm) and *P,—>’H, (480 nm)®". It is
interesting to note that the emission intensity of Pr’”” ion in glass-ceramics is much higher than that in glass
unlike under the excitation of shorter wavelength of light. This indicates that Pr ion might enter into

L-2S nano-particles.

4. Conclusion

The absorption and the emission characteristics, especially up-conversion emission, of Pr
ion doped Li,0+25i0, transparent glass-ceramics, were investigated.

The position and intensity of absorption spectra of Pr ion does not change before and after
crystallization. The up-conversion emission was observed for both the P’ ion doped transparent
glass-ceramics. It is interesting to note that the emission intensity of Pr'" ion in glass-ceramics is much
higher than that in glass unlike under the excitation of shorter wavelength of light. This indicates that Pr

ion might enter into L-2S nano-particles.



Chapter VI

Summary
The preparation of new type transparent glass-ceramics was investigated, and the absorption and

emission characteristics of active ions such as transition metal ions and rare earth ions in transparent

glass-ceramics were also investigated.

The new type transparent glass-ceramics based on Li,0-2Si0,, Li,0-SiO,, BPO, and AIPO,
crystals can be prepared using corresponding base glass composition. The size and amount of these
crystals are 20-40 nm and 30-70 %, respectively. Highly transparent glass-ceramics also were obtained by
controlling heat treatment for nucleation and crystallization, and their transparency is comparable with
that of glass.

However, the mechanical strength of very fine grained transparent glass-ceramics is not so
different from that of conventional glass, usually 50-100 MPa. Higher mechanical strength of transparent
glass-ceramics is required for certain application area. Although ion exchange method is a favorable
method to increase the mechanical strength keeping surface flatness of transparent glass-ceramics, it is
found that this method can not be applied for Li,O-containing glass and glass-ceramics.

The absorption and emission characteristics of Cr ion in various transparent glass-ceramics were
investigated. The Cr ion in spinel glass-ceramics occupies strong octahedral site and appears to be pink
color, and emits strong sharp red light(R-line). On the contrary, in AIPO, glass-ceramics, cr’ jon is in
intermediate ligand field strength, and hence color does not change and an usual emission is observed in
NIR region. It should be noted that Cr ion in Li,0-SiO, and Li,0-25i0, crystals based transparent
glass-ceramics exhibits anomalous behavior. It is found that Cr’’ ion occupies tetrahedral site in Li,0-Si0O,
crystal, the color changes from green of glass to pink. The emission near NIR is observed under the
excitation of around 500 nm light. In Li,0-2810, transparent glass-ceramics, the existence of Cr” ion is
confirmed. The Cr'* ion was formed by the reduction of c” during crystallization of Li,0-28i0, crystal,
and it occupies tetrahedral site in residual high Si0, glassy phase. The characteristic emission around NIR
region(1000-1500 nm} was observed under the excitation of 792 nm laser diode.

The absorption and emission characteristics rare earth ions such as Nd'h, Erh, Prin transparent
glass-ceramics were investigated. The absorption intensity and position of these ions in glass-ceramics do
not change unlike transition metal ions. The up-conversion emission was observed for these ions in
glass-ceramics.

Thus the absorption and emission characteristics of actives ions in transparent glass-ccramics arc

quite interesting. The more detailed research on this behavior could be required and continued along with



the finding of new type transparent glass-ceramics.
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Appendix A

Determination of percent crystallinity by XRD



Determination of percent crystallinity by XRD
Percent crystallinity is using Ohlberg and Strickler’s method .

Percent crystallinity = 100x (Ig — Ix)/(Ig -Ic)

Where Ig is the background intensity of glass, Ix that of the specimen and Ic that of the crystal

at 20= 23°. The calibration curve is obtained using mixtures of o-Quartz and parent glass at
various ratios. Results are shown below. The good linearity is obtained.

Mixture Ig Ic Ix (lg-Ix)/(Ig-Ic)x100
Glass a-Quartz
100 0 66.7 35 66.7 0
75 25 66.7 35 19.6 74.53
50 50 66.7 3.5 35 50.16
25 75 66.7 35 50 26.42
0 100 66.7 35 35 100
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80 -
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Optical Absorption of Cr-Containing Li,O-SiO; System
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The absorption spectra of Cr-containing Li;0-8i0; transparent glass-ceramics was investigated. The crystalline
phases precipitated in glass-ceramics are mainly Li;0-28i0; with a small amount of o-SiQ,. The percent
crystallinity and crystal sizes are 40-77 and 20-42 nm, respectively. A strong absorption band ascribed to the
charge transfer of Cr** ion and a weak d-d absorption band ascribed to Cr'* jon were observed in the glass.
However, the new absorption bands appeared at around 600-700 nm and the sbsorption intensity of these bands
increased significantly (about 15 times) upon erystailization. It was suggested that the tetrahedrally coordinated
Cr'* ion might exist in Li,0-Si0; transparent glass-ceramics.
[Received October 14, 2003; Accepted Januvary 23, 2004]

Key-words : Li;0-8i0; system, Transparent glass-ceramics, Cr ions, Absorption spectra

1. Introduction

Many researches on the behavior of Cr ions in glasses, such
5 valence state and co-ordination number, have been carried
out”-¥ in association with color generation. The Cr ions
existed in glasses were mainly Cr** and Cr®*, and the
iedox equilibrium between them was discussed with glass
comnposition and melting atmosphere. However, since Cri+
ion was found*) and recent years it was reported the existence
of Cr** in glasses,?-" the researches on Cr?* and Cr** jons in
plasses and single crystals, especially in laser oscillation
materials and opto-electronic devices, is actively taking place.
Furthermore, the research on Cr doped transparent
glass-ceramics is attempted for the application in various
field.¥* In these field, glasses have many advantages
comparing with crystalline materials. They are: flexibility and
case of forming to any shape, uniformity and reproducibility
and process economy in high-volume manufacturing, etc.

Li;0-8i0; system is well known as a base glass for
glass-ceramics, such as chemically machinable glass-ceramics
or high strength glass-ceramics. A transparent giass-ceramics
can be readily obtained from this system, in which the
transparency is substantially comparable to that of glass in
NIR region.'?

The author investigates various properties of Li;O-Si0,
system (ransparent glass-ceramics. Here the absorption
spectra of Cr ion containing Li;0-SiO, system transparent
glass-ceramics were investigated, and the possibility of the
existence of Cr** is suggested.

2. Experiment

2.1. Sample preparation

The composition of glass used is 80Si0,-4A1L,0,-13Li,0-
3Py0,-0.4Cry0;{mass%). High purity silica sand, alumina
and reagent grade chemicals of Li;CO,, (NH,),HPOQ, (Carlo
Erba) and CryO, (Carlo Erba) were used as raw materials.
A batch corresponding to 100 g of glass was mixed thoroughly
and pre-calcined at 400°C for overnight to remove NH,. Then
it was melted in 100 cc Pt/Rh10 crucible at 1450°C for 3 h in
an electric furnace in air, and poured onto iron plate. They
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were then annealed at 450°C for 30 min and cooled to room
lemperature in the furnace. The glasses were heat treated
for crystallization at various conditions after the first heat
treatment at 500°C for 15 h.

The glass and glass-ceramics were cut and polished into the
plate of about 0.8 mm in thickness.

2.2. Absorption measurement

Absorption spectra of glass and glass-ceramics were
measured at room temperature with Cary SE UV-VIS-NIR
spectrophotometer in the range of 300-1500 nm.

23. XRD

Crystalline phases was examined by powder XRD (Bruker,
AXS Model D5005). The crystalline size was calculated by
Scherrer’s equation:

d=0.9)/8" cos8. (1)

where d is the crystalline size (A), « the wavelength of X-ray
(1.54 A), £ true half width (radian) and @ diffraction angle
(degree). The true half width was determined by Jones
method,"? and a-quartz was used as a standard.

The percent crystallinity was determined by Ohlberg and
Strickler’s method'® and was calculated by below equation:

(2}

where I, is the background intensity of glass, I, the
background intensity of specimens and [I. the background
intensity of crystal at 28=23". The calibration curve was
obtained by mixtures of parent glass and e-quartz with various
ratio, and showed a good linearity.

Percent crystallinity = 100x(f,— 1)/ (1, I.)

3. Results and discussion

The glass exhibits light green in color. The color of
transparent glass-ceramics changes from light green to green-
blue, blue, deep blue, and greenish blue depending on heat
treatment condition. The crystalline phases precipitated in
glass-ceramics are mainly Li;O-285i0; with a slight amount of
Li;O-8i0; crystal at lower temperature. At higher tempera-
ture, a small amount of wo-quarts crystal also starts to
precipitate. Figure 1 shows XRD patterns of glass-ceramics,
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The relationship between fracture strength and crystal size in the Li;0-8i0,-system transparent glass-ceramics
was investigated. The precipitated crystal phase, percent crystallinity and crystal size were Li,0-28i0,, 60-80%
and 20-60 am, respectively, following heat treatment below 800°C for 5-144 h. It is found that fracture sirength
increases linearly with increasing crystal size in the range of 20-60 nm for both non abraded and abraded speci-
mens. Fracture strength can be expressed as a function of crystal size, d (nm), by

o =100.5+2.32d (MPa) [Non-abraded]
c=56.3+0.99d {(MPa) [Abraded]

- This result shows the opposite tendency for previous result of glass-ceramics of micrometer order crystals. This
indicates that very fine crystals cannot effectively interrupt crack propagation, and hence, the stress required for
changing the direction of propagation might be small. It can be considered that a critical crystal size may exist for

the attainment of the maximum strength.

[Received November 17, 2003; Accepted February §, 2004]
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1. Introduction

One of the significant characteristics of glass-ceramics is
that they are stronger than that of glass. Although glass is a
typical brittle material that readily fractures, its theoretical
strength is quite high (=10 GPa). However, the practical
strength of glass is below 50-100 Mpa. Griffith" introduced
the “Griffith flaw theory” to explain this phenomena. On the
reason is that various kind of flaw existing on the surface act
as stress concentrator. A higher strength close to the theoreti-
cal strength could be obtained by thin fiber or by removing
surface flaws.

Generally, the high strength of glass-ceramics represents
practical strength. It is recognized that crystals dispersed in
glass-ceramics prevent flaw generation or crack propagation.

Many studies on the relationship between fracture strength
and crystal size have carried out for glass-ceramics?? and sin-
tered polycrystalline materials,”-¥) 1t is confirmed that frac-
ture strength increases with decreasing crystal size on the basis
of Griffith's equation assuming that the crystal size is equal to
the crack size in a micrometer-order crystal{gecd "1/1].8 Ac-
cording to this idea, the fracture strength of very fine grained
sintered polycrystalline materials and glass-ceramics, e.g.,
transparent glass-ceramics, should be very high. However, the
fracture strength of very fine grained transparent glass-
ceramics is not so different from that of conventional glass,
hence, this idea is not applicable to these materials.

We investigated the relationship between the fracture
strength and crystal size of Li,O-8i0;-system transparent
glass-ceramics and found that fracture strength increases with
increasing crystal size up to 100 nm,

2. Experiment
2.1 Sample preparation
The composition of the glass used is 80Si0,; 4ALO,-
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l3Ll)_0 3P105 (mass%) {77751022.3A1203’ 1881..120 i 1.2?205
(mol%) ]. High-purity silica sand, alumina and reagent grade
chemicals of Li;CO; and (NH,),HPO, (Carlo Erba) were
used as raw materials. A batch corresponding to 200 g of glass
was mixed thoroughly and precaicined at 400°C overnight to
remove NH,. Then it was melted in a 100 ml Pt/Rh10 crucible
at 1450°C for 3 h in an electric furnace.

A rod about 5 mm diameter was freshly drawn and cut into
about 7 cm long sample for strength measurement. The sam-
ples were then annealed at 450°C for 3¢ min and cooled to
room temperature in the furnace. They were then heat-treated
for crystallization under various conditions.

The densities of glass and glass-ceramics were measured
by the He-gas substitution method using Accupyc 1330
{Micrormeritics) ,

2.2 DTA, XRD, SEM

A differential thermal analysis (DTA) was carcied out rou-
tinely to determine the crystallization temperature at a heating
rate of 10 K/min using a Perkin-Elmer DTA-7.

Crystalline phases were examined by powder X-ray
diffraction analysis (XRD) (Bruker, AXS Model D5005).
Crystalline size was calculated using Scherrer’s equation.

d=09-1/8cos @ (n

Where d is the crystalline size (A}, A the wavelength of X-ray
{1.54A), 8 the true half width (radian) and ¢ the diffraction
angle (degree). True half width was determined by the Jones
method,” and a-quartz was used as a standard.

Percent crystallinity was determined using Ohlberg and
Strickler’s method," and was calculated using by:

Percent crystallinity (% C) = 100x {4, — 1,) / (£, — £.},(2)

where I, is the background intensity of glass, [, that of the
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The formation mechanism, optical absorption and emission spectra of Cr+ ions-containing Li,0-Si0; system
transparent giass-ceramics were investigated. In this material, the main crystalline phase was Li,0 -28i0;, and
the percent crystallinity and crystal size were 67-72 and 20-33 nm, respectively. The remarkabie change in color
and sbsorption spectra was observed upon crystallization. The characteristic emission of tetrahedrally coordinat-
ed Cr** ions was identified in the near infrared region, 3000-1600 nm. It was found that tetrahedrally coordinat-
ed Cr** ions exist in this transparent glass-ceramics from absorption and emission measurement. The Cr'* jons
exist in residual high Si0; giassy phase, and their ligand field parameters are estimated to be: 10Dq = 10,610
cm™!, B=690 cm~* and Dq/B=1.54. This Dq/B value is just below the crossing point of *T; and 'E levels
(Dq/B=1.6). The Cr** jons in Liy0-SiO, system transparent glass-ceramics occupy the little stronger ligand
field sites than those in aluminate glass reported previously (Dq/B=1.2). It is considered that the Cr** jons can
be formed by the reduction of Cr* ions (chromate ion [Cr0O,J*~) associated with decreasing the basicity of
residual glassy phase during crystalization. In this process the behavior of Li* ioas plays 2 significant role. The
[CrO,] formed is equivalent to [$i0,] and substitutes {SiO,] sites in the residual high SiO, glassy phase.
[Received February 16, 2004; Accepted July 30, 2004]
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1. Introduction

Nowadays many researches on crystals’* and glasses®)®)
with Cr** ions in tetrahedral coordination are being done
because they are able to produce tunable laser emission at
longer wavelength. In the area of telecommunications such
materials hold the promise of broad-band optical gain at the
1.3 and 1.5 um optical communication wavelength.

It has been found that the stable Cr** ions can be formed
only in aluminate, alumino-silicate and gallate system with
higher modifier oxides, and their spectroscopic properties
have already been measured - According to their results,
the formation of tetrahedrally coordinated Cr** ions is related
to the interaction between Cr'* ions and oxygen excess
defects, such as super oxide ion radicals and peroxy linkage .
Due to the disorder of glass structure the inhomogeneous line-
broadening of transition metal ions is caused by site multiplici-
ty. On the other hand, the properties of Cr** doped glass-
ceramics have received little attention, despite the possibilities
of crystal site control.”? The glass-ceramics, as well as glasses,
has many advantages comparing with single crystals: flexibili-
ty and ease of forming to any shape, uniformity and repro-
ducibility and process econmy in high-volume manufacturing,
etc.

The author has investigated the behavior of Cr ions in Li;O-
SiO; system transparent glass-ceramics,’® and the possibility
of the existence of Cr** jons in this glass-ceramics was suggest-
ed. In this paper, the formation mechanism, absorption and
emission spectra of Cr** ions in Li;O-Si0, system transparent
glass-ceramics were discussed.

486

2. Experiments

2.1 Sample preparation

The glass composition of 80Si0;-4AlL0,- 13Li,0-3P,0;-
0.4Cr,0; (mass%) was used. Three glasses were melted un-
der various conditions. (1). A-glass (Oxy): a half of Li,O
was introduced by LiNO; and melted in 100 ml Pt/Rh10
crucible in air, (2). B-glass {Air): melted in 100 ml Pt/Rh
crucible in air and (3). C-glass: 1.5 mass% carbon was added
to batch and melted in covered alumina crucible in air.

High purity silica sand, alumina and reagent grade chemi-
cals of Li;CO;, LiNQ;, {NH;);HPO, and Cr,0, {Carlo Erba)
were used as raw materials. Batches corresponding to 160 g of
glass were mixed thoroughly and melted at 1450°C for 2 h
under various conditions described above. The molten glasses
were poured onto iron plate and pressed by another plate.
They were then annealed at 450°C for 30 min. and cooled to
room temperature in the furnace.

The glasses were heat treated at 500°C for 15 h for nuclea-
tion and subsequently heat treated at various conditions for
crystallization. The glasses and glass-ceramics were optically
polished into 0.8 mm in thickness.

Crystalline phases, percent crystallinity and crystal size were
determined by X-ray diffraction method (XRD). The detail
of measurement is given elsewhere.'!?

2.2 Preparation of polycrystaltine Li;O-2SiQ,: Cr

The polycrystalline Li;O- 28i0;: Cr was prepared by a solid
state reaction to investigate whether Cr** ions exist in this
crystal. A mixture of high purity silica sand, (1/2Li,CO;+ 1/
2LiNO;) and Cr,0; (Carlo Erba} corresponding to Li;O-
28i0;: Cr,04 (1 mass?%) composition was heat treated at 900°C
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The effect of a small amount of K,;O on the erystallization behavior of the system of Li;0-8i0; glass was investi-
gated. Lithium disilicate (Li,0-28i0;; L-28) and lithium metasilicate (Li,Q-SiQ;; L-S) crystals precipitate
simultaneously, but only L-28 crystals grow upon further heat treatment in the glass without K;O (Li glass). In
the glass containing K;O (K3 glass), only L-S crystals precipitate and grow. The stable crystalline phases are L-
2S and SiQ; crystals in both glasses. Phase separation was observed before crystallization; a Li,O-rich phase
formed an isolated droplet phase in Li glass and the continuous phase in K3 glass, The Li*-K* ion exchange test
confirmed these structures. [SEM-EDX] analysis confirmed thst K;Q exists in the Li;O rich phase after phase
separation in K3 glass. Thus, K3 glass separates into two phases, one of which is a continnous phase rich in 15,0
and containing considerable amount of K;O. The L-S crystal precipitates and grows in this phase upon further
heat treatment. Consequently, X;0 suppresses the crystallization of L-2S and promotes the precipitation of L-S

crystals.

[Received September 12, 2005; Accepted November 17, 2005]
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1. Introduction

It is well known that the Li;O-5i0, system is a base glass for
glass ceramics, and much research on the crystallization
process has been carried out."-* According to the phase dia-
gram of this system, the immiscible region is located between
the Li;O-2510; and Si0; end members, and the glass contain-
ing more Si0; than the L1;0 - 25i0; composition separates into
two phases; one is an isolated droplet phase rich in SiO; and
the other is a matrix phase close to the Li;O-28%i0, composi-
tion. Li,O-28i0, crystals precipitate homogeneously in matrix
phase upon the heat treatment.” Recently, Soares et al.®
confirmed that both Li;QO-5i0; and LiyO-25KD; crystals
precipitate simultaneously at first, but only Li;0O-28i0,
grows. Also Li,O-8i0, disappears upon further heat treat-
ment in glass with Li;O-2Si0; composition.

From a practical point of view, high-hardness and high-
fracture strength glass ceramics composed of lithium disilicate
crystal can be obtained from modified Li;O-5i0,; glass. On
the contrary, a modified Li;O-5i0, glass containing a small
percentage of K;0 has been applied as a chemically machina-
ble photosensitive glass or glass ceramic.® In this case, Li,O-
SiO; crystal precipitates as a metastable initial phase and
converts to Li;O 2810, and quartz crystals upon heat treat-
ment above 800°C. The solubility of Li,O-8i0; crystal in HF
solution is much higher than that of glass, and therefore,
chemical machining can be achieved. Although the amount of
K,O added is usually 3-4 mass% and the Si0;/Li;0O ratio is
kept higher than 2.5, lithium metasilicate crystal precipitates
as an initial phase. The Li,O-2Si0, crystal should precipitate
according to the phase diagram.” This behavior is well
known, however, the reason behind it ts not yet clear.

The author investigated the effect of K;O on crystallization
behavior of the system of Li;O-S5i0;. The results are reported
here.

2. Experimental

2.1 Sample preparation

Two types of glass were prepared, as shown in Table 1.
Li;O of 3mol% was replaced by equimolar K,0 (K3 glass).

High-purity silica sand and alumina, and reagent-grade
chemicals of Li;CO;, K,CC,, (NH,),HPO, were used as
raw materials. Batches corresponding to 150 g of glass were
mixed thoroughly and precalcined at 300°C overnight to
remove NH;. They were melted in a 100 m! Pt/Rhi0 crucible
at 1450°C for 2h in an electric furnace in air. The molten
glasses were poured onto an iron plate and crushed, and mels-
ed again under the same conditions. They were then poured
onto the iron plate and pressed by another iron plate. The
glasses were heat treated {or crystallization under various con-
ditions after an initial heat treatment at 500°C for 15h for
nucleation.

2.2 TDA and DTA

Glass transition temperature (Tg), dilatometric softening
point (Yp) and thermal expansion coefficient of glasses were
measured routinely using a fused silica single-push-rod
dilatometer (Netzsch 402P} at the heating rate of 5°C/min.
The differential therma] analysis (DTA) was carried out using
a Perkin-Elmer DTA-7 at the heating rate of 10°C/min.

2.3 XRD and SEM

Crystalline phases were examined by powder X-ray diffrac-
tion analysis (XRD, Bruker, AXS Model 5005) under the con-
ditton of Cu Ko radiation, 40 kV-40 mA, 0.01° step and 1 s/

Table 1. Glass Compositions (mol¥) Studied
No. SlOz A]zO} LIQO N820 K;O P205 SlOg/leO
Li 73.0 - 2.15 23.7 - - 1.15 3.08
K3 73.0 2.15 20.7 - 3.0 1.15 3.53
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The chemical strengthening of Li,0 - 28i0, transparent glass-ceramics was investigated. The fracture strength of
glass ard glass-ceramics increased first and then decreased, and the crack formation and peeling of ion
exchanged layer were observed for both Li* —+Na* and Li* K" ion exchange. This suggests that the sub-
microscopic crack generates perpendicular to the surface when the jon exchanged layer peels off from the sur-
face. The volume change by Li* ~*Na* and Li*—~K"* ion exchange is very large, over 10%, this large volume
change causes the pecing and crack formation of ion exchanged layer despite in which the compressive stress
arise. In the early stage of jon exchange, the compressive stress arisen affects effectively on the increase in
streagth. However, as increase in the thickness of ion exchanged layer, the volume change of ion exchanged layer
can not be neglected, and crack and peeling may generate in that layer. Finally, the fracture strength decreases.
[Received August 8, 2005; Accepted January 19, 2006]
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1. Introduction

Transparent glass-ceramics comprises the essential group in
glass-ceramics, is composed of fine-grained crystallites, usual-
ly nano-scale size, and residual glassy phase. The transparent
glass-ceramics has been developed and used for many applica-
tions, such as transparent cookware, precision optical instru-
ments, ring-laser gyroscope, large telescope mirror blanks,
etc. Further, recently, active ions, transition metal ion and
rarc-earth ion, doped transparent glass-ceramics are deve-
loped and many researches on this materials have been carried
out. V4

Li,0~5i0; system of glass has well been known as a base
glass for glass-ceramics, such as chemically machinable glass-
ceramics and high strength glass-ceramics. And also, transpar-
ent glass-ceramics based on lithium metasilicate[ Li;0- Si0,]
and lithium disilicate{Li,0-25i0,] crystals can be obtained
easily in this system of glass.¥® However, the mechanical
strength of transparent glass-ceramics is not so high,” similar
to that of glass, and hence the higher mechanical strength is
required in special application area.

There are two methods to increase mechanical strength of
glasses and glass-ceramics, thermal strengthening and chemi-
cal strengthening. The latter is called as ion exchange strength-
ening method and has many advantages over thermal strength-
ening, such as easy processing, available for any shapes of
articles, available for thin articles, available to maintain the
surface flatness and smoothness, capable of applying for low
thermal expansion materials, etc. Li*-Na* and Li*-K* ion
exchange is expected to increase mechanical strength of these
transparent glass-ceramics.

Here the chemical strengthening of Li,O-28i0; transparent
glass-ceramics was investigated.

2. Experiments
2.1 Sample preparation
The composition of glass used is 80Si0;-4A1,04- 13Li;0-
3P0y (mass%) [72.95i0; - 2.15A10, - 23.8Li;0 - 1.15P,0,
(mol%)}]. High purity silica sand, alumina and reagent grade
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chemicals of Li;CO; and (NH,);HPO, {Aldrich) were used as
raw materials. A batch corresponding to 200 g of glass was
mixed thoroughly and pre-calcined at 300°C for overnight to
remove NH;. Then it was melted in a 100 ml Pt/Rh10 crucible
at 1450°C for 2 h in an electric furnace. The molten glass was
poured onto iron plate and crushed, and then it was melted at
the same condition to improve homogeneity.

A rod about 5 mm diameter was freshly drawn and cut into
about 7 cm long. The samples were annealed at 450°C for 30
min and cooled to room temperature in the furnace.

The samples were heat treated at 500°C for 15 h for nuclea-
tion and 700°C for 10 h for crystallization.

2.2 lon exchange

The samples were ion exchanged in NaNO, and KNO,
moiten bath under various conditions (Salt/glass ratio is 10
by weight).

2.3 XRD and SEM

Crystalline phases and lattice constant were determined
by powder X-ray diffraction analysis (XRD) {(Bruker, AXS
Model D5005) . Si powder was used as an internal standard for
the measurement of the lattice constant. The surface structure
of glasses and glass-ceramics after ion exchange were observed
by scanning electron microscopy (SEM; JEOL, ISM 640).

2.4 Strength measurement

The fracture strength was measured using Instron Model
5569 according to ASTM (C-158. The three point bending
method was employed, and the span length and loading rate
were 50 mm and 1 mm/min, respectively.

3. Results and discussion

The glass transition temperature (7T,), dilatometric soften-
ing point (Y,), thermal expansion coefficient (&) and density
of glass were 473°C, 541°C, 88.9x10°7/K (30-300°C) and
2.354 g/cm?, respectively. The main erystal, percent crystallin-
ity and crystallite size of glass-ceramics were Li,O-25i0,
crystal (JCPDS 40-0376), about 70% and 40 am, respectively.
The thermal expansion ceefficient and density of transparent
glass-ceramics were 90 x 10™7/K (30-300°C) and 2.414 g/cm’.
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Absorption and Emission Spectra of Ni-Doped Glasses and
Glass-Ceramics in Connection with Its Co-Ordination Number
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The absorption and emission spectra of Ni-doped glasses and transparent glass-ceramics are discussed in relation
to its coordination number. The results evidenced that the color changed drastically to deep pink from yellow for
the lithium metasilickte crystal based transparent glass-ceramics and to blae from brown for the spinel crystal
based transparent glass-ceramics after crystallization, respectively. The absorption spectra of lithium metasili-
cate and Spinel glasses suggest the existence of a tetrahedral Ni** ion and a trigonal bipyramid Ni** ion. On the
contrary, tetrahiedral Ni** ions in the lithium metasilicate transparent glass-ceramics and the octahedral Ni2* jon
in Spinel transparent glass-ceramics are dominant. The emission st around 580 nm was observed in Spinel trans-
parent glass-ceramics under the excitation of 380 nm, however, a very weak or no emission was observed in the
lithium metasilicate glass, lithium metasilicate transparent glass-ceramics and Spinel glass under the excitation of
430 am. This emission might be due to a 'T, (D) —3A, (F) transition after the excitation from *A,(F) to *T,(P)
of the octahedral Ni** ions. In addition, only Spinel transparent glass-ceramics exhibits 2 broad NIR emission at
around 1220 nm under the excitation of a 974 nm laser diode. This emission may be due to *T,{F}—3A,(F) tran-
sition. It is considered that the tetrahedral N¥* ion is located between the chains in the lithium metasilicate
crystal. [Received May 25, 2006; Accepted July 20, 2006]

Key-words : Ni** ion, Transparent glass-ceramics, Absorption spectra, VIS-NIR emission spectra, Coordina-

tion number

1. Introduction

Ni-doped glasses tend to absorb over the entire visible spec-
trum typically producing brown colored glasses, and it was
concluded that Ni was present as Ni** in a wide range of com-
positions in both four-[Ni(4)] and six-coordination[Ni{6) ]
with oxygen in the past.”# Although the Ni** ion has 2 clear
preference for octahedral coordination, it was well known that
tetrahedral Ni** jon favorably appeared in high-alkah borate
and borosilicate glasses and octahedral Ni** ion existed in low
alkali borate and borosilicate glasses, and their color were
pink and green-blue, respectively.* Their optical properties
have been recognized using ligand field theory.”? However,
recently the modern spectroscopic techniques (EXAFS etc.)
have confirmed that a trigonal bipyramid Ni2*[Ni(5}] also
presented in many glasses and the brown colored glasses con-
tained both [Ni(4)] ion and Ni[(5)19-¥ ion, and Ni was
found with three coordination numbers (6, 5 and 4) in some
glasses.® The color of glasses changes depending on the frac-
tion of these Ni ions.

The spectroscopy of the Ni** ion-doped single crystails and
glass-ceramics has received much attention in recent years.
Much of the present interest focuses on the possibility of Ni2*-
doed materials as active media for tunable near infrared
lasers.”~'¥ In these materials, Ni** jon occupies octahedrai
sites and exhibits a broad emission in near infrared region
{1100-1600 nm}. In contrast, no emission of tetrahedrally
coordinated Nit* ion even at cryogenic temperature has been
repotted.

In this paper the absorption and emission spectra of Ni-
doped glasses and glass-ceramics are discussed in relation to its
coordination number.
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2. Experimental

2.1 Sample preparation

The compositions of glasses studied are shown in Table 1.
These glasses are able to convert to transparent glass-ceramics
based on Li;O-SiO; crystal (LS3) and Spinel crystal [(Mg,
Zn) Al0,] (Spinel) by adequate heat treatment.

High purity silica sand, alumina and reagent grade chemi-
cals of Li,CO,, X,CO;, MO, ZnO, TiO;, 210, and NiO were
used as raw materials. Batches corresponding to 50 g of glass
were mixed thoroughly and melted in a 50 cc Pt/Rh10 crucible
under appropriate condition in an electric furnace in air. After
melting they were poured onto iron plate and pressed by
another iron plate. Then they were annealed at suitable condi-
tions and cooled slowly in the furnace.

The glasses were heat treated under various conditions for
nucieation and crystallization. The glasses and glass-ceramics
were cut and polished optically into about 1 mm in thickness
for optical measurement. :

2.2 XRD

Crystalline phases, percent crystallinity and crystalline size
were measured by powder X-ray diffraction analysis (XKD,
Bruker, AXS Model D5005) under the condition of Cu Ka
radiation (1=0.154 nm), 40 kV-40 mA, 0.01°/step and 15/
step. The percent crystallinity was determined using Ohfberg
and Strickler’s method.'” o-Quariz crystal and parent glasses

Table 1. Glass Compositions {mass% } Studied
Name | $63; | AO, | L0 [ K0 | mMgo | zno | Tio, | Zo, [nioe
L83 65 5 26 4 - - - B 04
Spinel | 469 | 1654 - s25 Tose [ o1 [ e9 f 04
- excesy wi¥
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Abstract

The phase separation and crystallization behavior in the system (80 — X)SiO; - X(Al,O3 + P,Os) - 5B,0O;5 - 15Na,O (mol%) glasses
was investigated. Glasses with X' =20 and 30 phase separated into two phases, one of which is rich in Al,O03-P,05-SiO, and forms a
continuous phase. Glasses containing a larger amount of Al,O3;-P,05 (X = 40 and 50) readily crystallize and precipitates tridymite type
AIPQy, crystals. It is estimated that the phase separation occurs forming continuous Al,O;-P,0s-SiO, phase at first, and then tridymite
type AIPOy, crystals precipitate and grow in this phase. Highly transparent glass—ceramics comparable to glass can be successfully
obtained by controlling heat treatment precisely. The crystal size and percent crystallinity of these transparent glass—ceramics are 20—

30 nm and about 50%, respectively.
© 2006 Elsevier B.V. All rights reserved.

PACS: 64.75; 61.43; 81.05.P; 78.66.J

Keywords: Crystallization; Glass—ceramics; Nucleation; Crystals; Nanocrystals; Optical properties; Oxide glasses; Alkali silicates; Phases and equilibria

1. Introduction

Glass—ceramics can be defined as a two-phase system
comprising crystals that have been controllably grown
from a parent glass by precise heat treatment. Optical
properties of glass—ceramics have been impaired by the
scattering losses. However, the ability of some crystalline
phases to partition rare-earth or transition metal ions into
the crystal phase during crystallization has suggested that
these materials could provide efficient lasing hosts [1-5].
Such systems would be capable of properties that are
glass-like in most respects, except for the spectroscopy,
which can be crystal-like.

In early 1960s, transparency which was sufficiently
good, so that imaging through short pass length was possi-

" Tel.: +66 44 22 4475; fax: +66 44 22 4165.
E-mail address: shigeki@ccs.sut.ac.th

0022-3093/§ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnoncrysol.2006.02.007

ble, was observed in certain glass—ceramics materials [6]
and this eventually led to a commercial cookware applica-
tion. This work was instrumental in the subsequent discov-
ery of many new transparent glass—ceramic systems [7-10].

From the structure of glass point of view, network
mixed glasses in the system SiO,-Al,03-P,05-B,03
(-Na0) are also of special interest because all these may
act as glass formers [11]. It is well known that AIPO, crys-
tal readily precipitates from glasses containing relatively
large amount of Al,Oz and P,Os [12,13]. AIPO, crystal
has all the three normal silica structures and has a bulk
and surface acoustic wave function similar to o-quartz
[14-17].

In order to obtain transparent glass—ceramics based on
AIPO, crystal, the phase separation and crystallization
behavior of glasses in the system SiO,~Al,03-P,05-B,O3—
Na,O was investigated, and highly transparent glass—
ceramics could be successfully obtained. These results are
reported.
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Abstract

Ni** ions occupy the tetrahedral (4), trigonal bipyramid (5) and octahedral (6) sites
in glasses and glassceramics. The color changes depending on coordination
number, typically pink for tetrahedral site, brown for trigonal bipyramid and
tetrahedral sites and green to blue for octahedral site, respectively. The broad near
infrared (NIR) emission peaking at around 1220 nm was observed for octahedral
Ni* ions. This emission is due to *T,(F) —» *A(F) transition.

Key words: Ni** Ion, Transparent Glass-Ceramics, Absorption Spectra, UV-VIS-
NIR Emission Spectra, Coordination Number

1. Introduction

Ni-doped glasses tend to absorb over the entire visible spectrum typically producing
brown colored glasses, and it was concluded that Ni was present as Ni** in a wide range of
compositions in both four-[Ni(4)] and six-coordination[Ni(6)] with oxygen in the past‘"z’.
Although the Ni** ion has a clear preference for octahedral coordination, it was well known
that tetrahedral Ni** favorably appeared in high-alkali borate and borosilicate glasses and
octahedral Ni** existed in low alkali borate and borosilicate glasses, and their color were
pink and green-blue, respectively™. Their optical properties have been recognized using
ligand field theory®”. However, recently the modern spectroscopic techniques (EXAFS etc.)
have confirmed that a trigonal bipyramid Ni** [Ni(5)] also presented in many glasses and
the brown colored glasses contained both [Ni(4)] and Ni[(5)]“”, and Ni was found with
three coordination numbers (6, 5 and 4) in specified glasses™ The color of glasses changes
depending on the fraction of these Ni ions.

The spectroscopy of the Ni** ion-doped single crystals and glass-ceramics has
recetved much attention in recent years. Much of the present interest focuses on the
possibility of Ni**-doped materials as active media for tunable near infrared lasers™" In
these materials, Ni** ion occupies octahedral sites and exhibits a broad emission in near
infrared (NIR) region (1100-1600 nm). In contrast, no emission of tetrahedrally coordinated
Ni** even at cryogenic temperature has been reported.

In this paper the absorption and emission spectra of Ni-doped glasses and
glass-ceramics are discussed in relation to its coordination number.
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