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Abstract

Microstructure engineering, mechanical
properties, and coloration of lithium disilicate

glass-ceramics

Dami Kim
Department of Materials Science and Engineering
Graduate School

Seoul National University

As dental loss and periodontal disease increase due to global aging, so does the
demand for dental prostheses. Among various artificial dental materials, lithium
disilicate (Li,Si,0s, LS2) glass-ceramics (GCs) have been used for the anterior
application like ceramic crown materials owing to their excellent aesthetics and
mechanical properties. Recently, it has been impossible for a large number of patients
to use multiple fixtures placed on the gum bone owing to weakening of the gum bone
caused by old age, and thus the demand for fixed dental prostheses has increased

greatly.



Since fixed dental prostheses require mechanical properties superior to single
crowns, it is necessary to improve the mechanical properties of the LS2 GCs. While
several studies have been conducted to improve the mechanical properties of LS2
GCs, no remarkable improvement has been reported. In order to improve the
mechanical strength of the GCs, it is essential to control the microstructure, but a
systematic approach for this point had never been tried sufficiently, which motivated
the first topic of crystallization sequence and microstructure of lithium disilicate
glass-ceramics. In this study, to control the microstructure of LS2 GCs, we attempted
anew approach by investigating the crystallization sequence for the SiO»-Li,O-K,0-
Zn0-P,0s system. To investigate the crystallization behavior, the Z/K ratios of
precursor glasses were varied from 0 to 3.5 while the nucleating agent of P,Os and
glass modifiers of ZnO plus K;O were fixed to have 1.5 and 4.5 mol% relative to
LS2, respectively. For the samples prepared by two-stage heat treatments of 500 °C
for 1 h and 800 °C for 2 h in air, the LS2 nucleation rate was increased with
increasing the Z/K ratio due to the variation in crystallization sequence from type 11
(LizSiOs: LS) to type | (LS+LS2) in addition to an amorphous phase separation in
base glass. Consequently, with increasing the Z/K ratio, the LS2 crystalline phase
within the glass matrix continuously changed from larger acicular ones to smaller
equiaxed ones. Within the best of our knowledge, this is the first report that the
crystallization sequence can be changed by adjusting the ratio of additives to induce
a dramatic change in the microstructure.

Secondly, we investigated the effect of microstructure on mechanical properties
of LS2 GCs for the SiO,-Li,O-P,0s5-K,0-ZnO system since microstructure
engineering was enabled from the above study. The microstructures of GC samples,

having three different compositions but the same total 6 mol% of additives (P2Os,



Zn0O, K»0), could be controlled by varying heat treatment conditions of glass
samples. In addition to major LS2 crystalline phase, two other minor crystalline
phases of LisPO4 (LP) and cristobalite were detectable. Average crystal sizes of GC
samples were in the region of 0.3 — 10 um, and the volume fractions of crystalline
phases were in the region of 0.70-0.73. The biaxial flexural strength was improved
with decreasing the average crystal size from ~10 to ~1 um by following the Hall-
Petch relationship, and the maximum flexural strength of 445.8 + 7.2 MPa was
obtainable from the GC samples with the additive compositions of 1.5 mol% P»Os,
2.75 mol% K,0 and 2 mol% of ZnO which were nucleated at 540 °C for 1 h and
grown at 850 °C for 4 h. When 8.4 vol.% cristobalite was incorporated into the
sample, however, there was a severe scattering in flexural strength data due to the
formation of microcracks induced by the beta-to-alpha transition of cristobalite and
also due to a micro tensile stress in the residual glassy phase induced by a large
difference in thermal expansion coefficients between crystal and residual glassy
phases. Meanwhile, the Vickers hardness was increased with decreasing the average
crystal size down to ~0.3 um, indicating that the factors for the deterioration of
flexural strength have a negligible effect on hardness. It can also be suggested that
the biaxial flexural strength may be further improved by decreasing the crystal size
if the formation of cristobalite phase in GCs can be avoided or at least suppressed
below a certain amount, and also by minimizing the micro tensile stress in the
residual glassy phase due to the difference in the TEC between the crystalline phases
and the residual glassy phase.

Thirdly, for the dental application of LS2 GCs, it is essential to reproduce color
and transparency similar to human teeth for the patient satisfaction. However, it is

very difficult to identify the coloration mechanism of LS2 GCs, and thus it is hard



to find reports on this topic. Therefore, tried to identify the coloring mechanism of
the V,0s colorant, which is known to impart yellowish color, and its effect on
crystallization behavior for two different systems of SiO»-Li>O-P.0s-K,0-ZnO and
Si0;-Li20-P,05-K,0-AlL0s. For this study, the amount of V20s, SiO; + Li-0, and
P2Os were fixed to have 0.5, 93.5, and 1.5 mol%, respectively, while the ratios of
both ZnO/K>0 (Zn/K) and Al.03/K>0 (Al/K) were varied from 0.5 to 2. The GC
samples were prepared by two-stage heat treatments of 500 °C for 1 h as a nhucleation
stage and 600, 700, and 800 °C for 2 h as a growth stage in air. The light green glass
samples having only V*°* ion continuously changed to violet, blue, green, and brown
for GC samples due to its reduction into V#* and V3* ions with progressing
crystallization. TEM-EDS analyses revealed that a small amount of V** ion was
incorporated into both LS2 and SiO, crystalline phases, causing greenish
fluorescence, while most of vanadium ions remained in a residual glassy matrix. At
the growth temperature of 800 °C, while the growth rate of LS2 was increased by
lowering the viscosity of the glass matrix, and thus the LS2 crystal size of the GVZ1 5
and GVZ; samples became larger (~1 um) compared with its size below 500 nm for
the samples without V205 colorant. The GVAI;1 s and GVAI; samples exhibited the
smaller size (<1 mm) than GVZ:s and GVZ; samples because of higher nucleation
rate and lower growth rate, leading to undesirable high translucency for the dental
application. The color of LS2 GCs was found to change with crystallization due to a
variation in the valency state of the colorant V ions in residual glassy matrix,
suggesting that the design of the residual glassy matrix after crystallization is crucial
for the coloration of LS2 GCs.

Finally, in order to achieve the color similar to human teeth, the effects of CeO,

and TiO; colorants on coloration, crystallization behavior, and mechanical properties



were investigated for the SiO.-Li,0-K>0-ZnO-P,0s system. Combination of CeO»
and TiO; were chosen since they are known to impart a yellowish color which is
sufficient to reproduce colors similar to human teeth. As a result, the combination of
CeO, and TiO; enhanced yellowish color as the Ti*" ion reduced Ce*" to Ce** ion.
However, the significant decrease in reddish color, which is required to produce a
human tooth color, was obtained. In addition, the translucency was too high for
dental application. Meanwhile, nano-sized CeO, crystalline phase precipitated with
the addition of 1 mol% or more of CeO,, lowering translucency than human teeth. It
was found that CeO; acted as a nucleation inhibitor of LS2 crystals, resulting in a
decrease in mechanical strength as the crystal size increased. On the other hand, with
the ternary colorants of CeO,-V;0s-MnO; for the SiO,-Li,0-K,0-ZnO-P,0s system,
where MnO; was selected as a reddish coloring agent, reddish color was insufficient
because Mn®* ions are reduced to colorless Mn?* by Ce*, which made us to know
that it is critical to select a colorant whose valency is unaltered by other additives.
Therefore, by adding Er,Os to the CeO,-V,0s5-Er,O3 mixture for reddish color, it was
possible to realize the colors similar to human teeth_for the SiO,-Li,O-K;0-ZnO-
P20s system. Consequently, LS2 GCs similar to human teeth with a biaxial flexural

strength of 430 MPa could be successfully fabricated.

Keywords: Lithium disilicate, glass-ceramics, crystallization, microstructure
engineering, coloration, mechanical properties, coloration
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(a) Biaxial flexural strength and (b) Vickers hardness of series 1 and
(c) biaxial and Vickers hardness of series 2.

(@) Photographs of GCs samples, (b) lightness L* and (b)
chromaticity a* and b* with the amount of additives for CV, CM and
CVM.

Absorbance of (a) CM, (c) CV and (e) CVM.

XRD patterns of the GCs samples of (a) CM, (b) CV, and (c) CVM.

Microstructures of (a) CMO, (b) CMO0.05, (¢c) CMO0.1, (d) CMO0.25, (e)
CMO.5, (f) CM1 and (g) M0.5

Microstructures of (a) CVO0, (b) CV0.05, (c) CVO0.1, (d) CV0.25, (e)
CV0.5, and (f) V0.5

Microstructures of (a) CVMO, (b) CVMO0.05, (c) CVMO.1, (d)
CVMO.25, (e) CVMO.5, and (f) CVML.

(a) Photographs of GCs. The first low is Z and second low is A and
third low is ZA samples. (b) lightness L* and (c) chromaticity a* and
b* with the addition of CeO; 0, 0.5, 0.75, 1.0 and 1.5 mol%.

(a) Photographs of GCs. The first low is Er0 and second low is Er0.05

and third low is Er0.1. The columns denote the addition of V205
0.0125, 0.0167, 0.25, 0.5 mol% from the left to right. (b) lightness L*
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Chapter 1

Introduction

Glass-ceramics (GCs), usually produced by forming a crystalline phase in an
amorphous matrix, are known to possess good characteristics such as high fracture
toughness, high chemical stability, low thermal expansion coefficient, high
transparency in the visible light, and a low dielectric constant [1]. Hence, they have
been widely used for real applications such as insulating (or sealing) materials,
optical grating, telescope mirror, radomes, magnetic memory disk substrates,

cooktops, and medical applications [2-4].

Dental restoration materials require good biocompatibility, high strength, and high
aesthetics to meet the demands of patients. All-ceramic systems have become
commercially available since the 1980s because their translucency is superior to
traditional porcelain fused to metal [5], and they fulfill the aesthetic requirements for
dental applications. For the application of posterior teeth, mechanical properties are
more important than aesthetics as they receive relatively higher load. Meanwhile, for
anterior teeth, the aesthetics is more important than mechanical properties even

though high strength is required as well.

Lithium disilicate (LS2) glass-ceramics (GCs) have been successfully used for
dental restoration in the past few decades because of their high flexural strength (or)

of 400 + 40 MPa and high fracture toughness (Kic) of 3.3 = 0.3 MPa-m®’ which are
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typically achieved by the molding/pressing process [5, 6]. In particular, due to their
high quality aesthetics such as their producibility in various shades and
translucencies, LS2 GCs have been applied to all-ceramic crowns for the anterior
teeth region [7]. Moreover, advanced computer-aided design and manufacturing
technologies (CAD/CAM) have increased the market share of LS2 GCs when the
machinable lithium metasilicate (LS) block was firstly introduced in 2006. When an
LS block with an appropriate shape after milling is transformed into the LS2 phase
at approximately 850 °C, it normally possesses good mechanical properties of of >

300 MPa and Kic = 2.3 MPa-m°®° [4, 8].

Dental zirconia, typically 3 mol% yttrium-stabilized tetragonal zirconia
polycrystalline ceramics, has been successfully applied to dental restoration in
various forms such as crowns, fixed partial dentures, implant abutments, and
dental implants due to its high flexural strength of 900-1200 MPa and high fracture
toughness of 9-10 MPa-m'? [9-11]. Zirconia is highly attractive for anterior
application because of its superior mechanical properties. Its opaque features,
however, hinder real application. Recently, the translucent nano-sized zirconia has
been reported, which was fabricated at the sintering temperatures ranging from
1000-1100 °C by using the spark plasma sintering technique [12]. However, the
translucency of nano-sized zirconia was incompatible to LS2 GCs because of light
scattering at the residual pores. Residual pores are unavoidable with the sintering
process, and a significant decrease in translucency occurs when the thickness
exceeds 0.75 mm [7, 12-15]. Therefore, LS2 GCs are still preferable for anterior
application because of its high translucency. Nevertheless, the mechanical properties
of LS2 GCs should be further improved for the longevity of the product and survival

rate of the current anterior application, and also for the potential application of
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posterior three-unit dental bridges requiring no less than 500 MPa flexural strength

and 3.5 MPa-m'? fracture toughness [16].

In order to improve the mechanical strength of LS2 GCs in a multicomponent
system with nucleating agents or glass modifiers, enormous efforts have been made
to refine the LS2 crystal embedded in GCs through an optimal heat treatment
condition. A fine-grained LS2 microstructure is normally achievable by employing
nucleating agents such as P,Os, ZrO,, and TiO,. Among these additives, P,Os is
known to be the most effective for increasing the nucleation rate since it promotes
the bulk nucleation of LS2 by forming a steep compositional gradient in the vicinity
of amorphous LP phase, where it acts as the heterogeneous nucleation site for both
metastable LS and stable LS2 phases [17, 18]. Kriiger et al. [14] demonstrated that,
while ZrO; increases the nucleation rate of LS phase in the early crystallization stage,
it suppresses the growth rate of LS2 phase because the zirconium ion increases the
viscosity of the residual glassy phase, leading to lowered mechanical strength [19,
20]. Also, it is reported that TiO, dominantly promotes surface nucleation which is
less effective for the improvement of mechanical strength [21]. Optimal three-step
heat treatments are reported to induce highly intertwined colonies in the
microstructure, leading to a high flexural strength of 562 +£ 107 MPa and a high
fracture toughness of 3.5 + 0.1 MPa-m'? [22].

Also, the additives for the crystallization in GCs greatly influence the
crystallization sequence during heat treatment, which can cause the formation of
metastable phases or secondary phases, and vary the nucleation and growth of final
crystalline phases. In the Li,O-SiO; binary system as well as multicomponent LS2

systems, many researchers reported the lithium metasilicate (Li»SiOs, LS) as a
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metastable phase formed earlier than the LS2 phase or simultaneously crystallized
with the LS2 phase in the early crystallization stage [23-25]. According to the MAS-
NMR studies on the SiO,-Li,O system [26, 27], the Q™ distribution concept enables
the measurement of different local silicon environments in crystalline silicates,
where Q species are designated as Q* (SiO,), Q* (Li.0-2Si0,), and Q? (Li,O-SiO,).
In particular, the glass modifier K>O is known to induce LS crystallization by causing
the disproportionation of Q® into Q2 and Q* in glass [28], and the LS phase impedes
the growth of the LS2 phase [29]. By varying the glass modifiers in the LS2 system,
the crystallization sequence can be controlled. Nevertheless, the effect of additives

on the crystallization sequence has not yet been clarified yet.

Thus, new ideas for the further enhancement of mechanical properties of LS2 GCs
is required. Therefore, we tried to understand the effect of crystallization sequence
on the microstructure of LS2 GCs. In Chapter 3, a dramatic change in
microstructure from large acicular-shaped crystal morphology to fine equiaxed
crystals is controlled by the alteration of crystallization sequence from sequence type
IT (LS) and type I (LS+LS2). To the best of our knowledge, this report is the first
regarding microstructure engineering of LS2 GCs by controlling the crystallization

sequence.

Based on the results in Chapter 3, the engineered microstructure on mechanical
properties is reported in Chapter 4. The crystal size was controlled by adding the
nucleating agent P,Os, adjusting the ratio of the glass modifiers Z/K, and using
various heat treatments. Furthermore, in order to relieve the tensile stress in the
residual glassy matrix caused by a difference in the thermal expansion coefficient

(TEC) between the residual glassy matrix and crystalline phases, the cristobalite
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phase with higher TEC than the LS2 phase was incorporated for the enhancement of
mechanical strength. The effect of cristobalite and increased TEC of residual glassy

matrix on the mechanical properties of LS2 GCs are reported.

In dental restoration, both high mechanical properties and appropriate optical
properties, including color and translucency well matching with (or similar to)
human teeth, are required for the satisfaction of patient demands. Human teeth are
primarily composed of opaque dentin and translucent enamel. The major source of
color is from dentin, and translucency is a result of light reflected from the enamel
surface and light scattering within enamel and dentin [30]. The color coordinates of
human teeth were reported by measuring 600 individual teeth in CIELab color space
with parameters L* (67.6 £7.0), a* (4.3 £ 2.1), and b* (12.1 + 3.3) [31]. The
translucency of human teeth enamel and dentin were evaluated by translucency
parameter (TP) and contrast ratio (CR). The TPs of human enamel and dentin with a
thickness of 1 mm were 18.7 and 16.4, respectively, and the mean CR was inversely

proportional to the TP [32].

In order to obtain a proper color in GCs, colorants are generally added to the base
glass composition. Colorants normally consist of transition metals with 3d orbitals
or rare-earth elements having 4f orbitals which can absorb or emit light with a
specific wavelength. LS2 GCs have been doped with many kinds of colorants such
as Cr,0s [33], V205 and CeO; [34], and MnO, [35, 36], in order to manifest the
appropriate color for the reproduction of human teeth, and their coloration was
discussed in terms of optical absorption and fluorescence. However, the effect of the
colorant on the optical properties and crystallization behavior in LS2 GCs have never

been fully elucidated. Thus, the effort to understand the coloration mechanism with
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progressing crystallization in LS2 GCs is required.

In Chapter 5, the coloration mechanism in LS2 GCs is reported. With the same
amount of V205 colorant in different glass compositions, the color was dramatically
changed with progressing crystallization from light greenish in glass to violet, green,
and brown in GCs. The light green glass samples having only V>* ion continuously
changed to violet, blue, green, and brown for GC samples due to its reduction into
V*# and V*" ions with progressing crystallization. The underlying mechanisms of the
coloration mechanism in GCs is discussed qualitatively. To the best of our
knowledge, a study of this kind has not been reported on the above-mentioned

coloration in GCs.

In Chapter 6, the optimization of coloration for LS2 GC with various colorants
are investigated. The colorants selected are CeO, and V.05 for b* parameter
(yellowish), MnO; and Er,0s for a* parameter (reddish). Moreover, the TiO, was
added with CeO; simultaneously since the mixture of CeO; and TiO; is known to
impart yellowish color. Not only the coloration but also the crystallization
behavior of LS2 GCs is discussed. Finally, the optimal amount of additives is

determined for the imitation of color in the human teeth.
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Chapter 2

General background

2.1 Glass and glass-ceramics

Glass is transparent non-crystalline solid obtained by continuous cooling from the
liquid state. Fig. 2.1 illustrates the volume-temperature diagram for a glass-forming
liquid. When a liquid or a melt cools, its volume decreases. In general, crystallization
occurs at the melting Tr, and a volume decrease due to higher density of crystal than
that of liquid (a—b—d in Fig. 2.1). If the cooling is enough to rapid suppressing the
crystallization at Tm, the volume decreases continuously along the line (a—b—c)
reaching super-cooled liquid region. These super-cooled liquid is
thermodynamically metastable with respect to crystalline. With further decreasing
of temperature, the significant change in slope is observable in glass transformation
range. Finally, the slope becomes parallel to the contraction line of crystalline form
(d—-c¢). In glass transformation region, the location of glass transition temperature T,
is determined by the cooling rate. If the cooling is fast, Ty is placed in higher
temperature (Tr), than that of the glass with slower cooling rate (Ty)i, thereby the
volume of the glass with fast cooling is larger than that of the glass with slower
cooling rate. This is unlike transitions between thermodynamically stable phase

(either first- or higher-order phase transitions). Therefore, glass transition is the

11



Chapter 2: General background

‘pseudo’ second-order phase transition since the value of the T, is not defined by
thermodynamics alone, but also depends on kinetic parameters (rate of cooling) [1-

3.

Glass-ceramics (GCs) are ceramic materials, which is initially prepared as glasses,
shaped by glass-forming techniques, and fabricated by the controlled nucleation and
crystallization process. There are two type of process such as conventional forming
bulk glass and power route i.e. sintering, and each process dominantly relate to the
volume (bulk) crystallization and surface crystallization. Microstructure of the GCs
can be designed by an adequate heat treatment and an additional additive for the
nucleation and crystal growth. GCs have been shown the suitable properties for
various application such as favorable thermal, chemical, biological, dielectric
properties, generally superior to metals and organic polymers, and mechanical

properties achieved by the fine-grained interlocking crystal morphology. [4-7].

Nucleation

Nucleation is a critical factor for controlled crystallization since the evolution of
crystals in a base glass consisted of two stages with a formation of submicroscopic
nuclei and their growth into macroscopic crystals [3, 8-10]. The thermodynamic
driving force of the nucleation is the change in Gibbs free energy (4G) between the

volume contribution (4G,) and the surface contribution (4Go) as shown in Fig. 2.2(a).
AG=-AG, +AG, (1)
The volume contribution 4Gy is the portion of energy obtained in the nucleation

process, hence it becomes negative. Assuming a spherical form,
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-AG, = -gnr%gv 2)

where 7 is the radius of the nucleus and 4gy is the change in the free energy in
transforming a unit volume of the liquid to a unit volume of the crystal. The surface
contribution 4Gy is the energy provided when a nucleus formed, thus it becomes

positive:
AG, =4nr’c  (3)
where ¢ is surface tension. Therefore, the net change in energy, 4G is given by Eq.

(4).

AG = -gnr%gv +4ar%c  (4)

The critical size, r*, of a spherical nucleus is determined by differentiating 4G

with respect to r and setting equal to zero:

r—( ~) )

Agy

According to classical theory of homogeneous steady state crystal nucleation (i.e.
time-independent), the nuclei precipitate in a homogeneous super-cooled liquid. The
nucleation rate, defined as the number of nuclei formed per unit volume in unit time,

is given by

W™ +AG
I =1,ex 2) (6
e 7 ) ®
where, I, is the pre-exponential term, W* is the thermodynamic energy barriers for

nucleation of a critical sized nucleus and 4Gp is kinetic energy barriers for transfer

of atoms through the solid-liquid interface to this nucleus i.e. activation energy for
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molecular transport (or viscous flow) in the matrix phase. The I, is expressed as the
following,

1o =20v2 ({2 )

where ny is the number of ‘formula units’ of the crystallizing component phase per
unit volume of the liquid, V is the volume per formula unit, o is the crystal-liquid
interfacial free energy per unit area and h is Planck’s constant. In practice, I, varies
between 10*! and 10*? m3s* for different condensed systems.

The thermodynamic barrier W* for the formation of a stable nucleus is given by
Eqg. (8).

. 167 , &°
Whom="%-(+=) @8
homo 3 Agé) ( )
In addition, it is usually assumed that the kinetic barrier AGp can be expressed by

effective diffusion coefficient D as given by Eq. (9),

™ AG,
k! ©

K
D= exp-
o expt
where A is a quantity of the order of atomic dimensions (jump distance). Using

Stokes-Einstein relation in Fig. (10), D can be related to the viscosity (7) of glass.

_ kT
D—me7 (10)

Meanwhile, when “foreign” surfaces are present acting as external catalysts,
heterogeneous nucleation take place by the formed nuclei on preferred nucleation
sites including pre-existing interfaces, previously nucleated phases, surface defects
and container wall as shown in Fig. 2.2(b). Thus, heterogeneous steady-state

nucleation rate is given by Eqgs. (11) — (13).

14 = L
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*

Igtet — NS kTEXp( hetero D) (11)

p=10O)== (1-0059)2(2 +cosb) (12)
Wh*etero h 0 mcgﬂ (13)

where NS is the number of ‘structural units’ in contact with the catalyzing surface
per unit volume and 6 is the contact angle. Thus, when 8 is 0° (fully wetting
condition), then Whetero beCOMES W homo, and when 0 is 90°, then W hetero becomes
Whomo/2, and when 6 is 180° (fully non-wetting condition), then W hetero is equal to
W homo.

It is noted that the above equations are valid for time-independent process. In
practice, unlike in metals, an equilibrium size distribution of nuclei in glass is not
obtained immediately at a given temperature due to its very high viscosity. Therefore,
a steady state nucleation in glass might take a long time. The number of nuclei N(t)
at time is given by Eq. (14),

N@®) _

IT

-—-2211( D™ 19

where 1 is an induction time and n is an integer. For t > 5t, this reduces to simple

linear relation as the following,

N(t) = lst(t-—r) (15)

Thus, the time lag t can be easily estimated by using the induction period ting.

-5t s
T="7ling (16)
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Crystal growth

After a nucleus with critical size is formed, crystal growth occurs by diffusion of
atom from liquid to the interface. According to Turnbull [11], the mathematical

description of crystal growth u is given by Eq. (17),

AE
u=avexpl D0 ep( )] @

where u is crystal growth rate, a is jump distance between the two sites, v is the
atomic jump frequency, A is barrier height between free energy of liquid and crystal,
Agy is the change in the free energy in transforming a unit volume of the liquid to a
unit volume of the crystal. It was suggested that the activation energy for the rate of
crystal growth should be the same as those that control diffusive flow, thus AF is

replaced by the diffusion coefficient D given by Eq. (18).

D= avexp(— ) (18)

= Drd - exoP9
u=-1d exp(iT)] (19)

The equation for crystal growth rate is rearranged as Eq. (19). Taking into account
the Stokes-Einstein relation (Eq. (10) between the diffusion coefficient and the

viscosity, this equation transforms into

fkT
o [1- exp( )] (20)

where f is the fraction of the surface area where growth sites is available.
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2.2 Lithium disilicate glass-ceramics

LS2 GCs was firstly introduced by Stookey [12] in 1959. Fig. 2.3 illustrates a
phase diagram of binary Li,O-SiO, system. The classical nucleation theory is well
agreed in Li,O-SiO- system confirmed by experimental measured thermodynamic
parameters [9]. Therefore, the binary Li-O-SiO; system was regarded as a model
system for the study of glass nucleation and crystallization mechanisms. In particular,
the multicomponent Li>O-SiO, system have attracted a lot of interests for dental
application since the fine-grained microstructure with randomly distributed needle-
shape crystal morphology imparts the excellent mechanical properties.
Commercially, LS2 GCs with a high flexural strength (or) of 400 + 40 MPa and high
fracture toughness (Kic) of 3.3 £ 0.3 MPa-m*2were firstly introduced in market as
IPS Empress 2 (Ivoclar Vivadent, Lichtenstein) at 1998 [13, 14]. These material was
replaced by IPS e.max Press (Ivoclar Vivadent, Lichtenstein) with an enhanced
optical and mechanical properties by employing technical improvements in the
production processes at 2005 [15]. With an advances in digital technology,
computer-aided design/computer-aided manufacturing (CAD/CAM) technology has
been applied to machining dental ceramics due to its advantages contributing to time
saving with single visit compared with conventional restoration process at least 3
visits to clinic [16]. Recently, the attempts to further enhance the mechanical
properties have been made to expand the application from the single crown to three-

unit bridges.
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2.3 Color and the optical properties of glass-ceramics

Color in glass can be achieved by addition of transition metal or rare earth
elements having 3d or 4f orbitals which have specific absorption in visible
wavelength. The absorption depends on the specific valence state of colorant ion and
determines the appearance of characteristic color. The valence state of the colorant
ion predominantly depends on the composition of the residual glassy matrix and
redox reaction between colorant ions. [8, 17]. Table 2.1 summarizes the color

generated by transition metal and rare-earth element in glass.

Bamford [18] described the absorption spectra of the transition elements in glass
and generally explained in terms of ligand field theory (crystal field theory) or
molecular orbital theory. Fig. 2.4(a) shows the free ions (no ligand field) and central
metal ion in octahedral or tetrahedral complexes. When the ions are incorporated in
complexes, the spectroscopic ground state of free ion is split by the surrounding
electric field. For instance, transition metal ion possesses d orbital consisted of di,,
dxz, dy-, d-> and dx:.,». Fig 2.4(b) presents the of splitting of the degenerate d-orbitals
due to an octahedral or tetrahedral ligand field. Since the ligands approach the metal
ion along the x, y and z axes, the electron in d,, and d..y» orbitals receive greater
repulsion, causing a splitting in the energy levels of the d-orbitals. The new round
state locates a lower level than original grown state, 3/5A and 2/5A for tetrahedral
and octahedral coordination, respectively. This splitting is caused by several factors
such as the radii of the transition metal and ligands, and the polarizability of ligands.
In addition, the stabilization energy of the octahedral coordination is generally higher
than that of tetrahedral coordination [19]. Consequently, the ions prefer octahedral

coordination in glass unless there are other structural limitations.
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The absorption band can be identified by the using of Tanabe-sugano diagram as
shown in Fig.2.5. Tanabe-Sugano diagrams is based on octahedral system [20]. It
contains spin-allowed transition and spin-forbidden transition. Horizontal axis is
octahedral ligand field (4,) divided by Racah parameter (B). Racah parameter is a
measure of the repulsion between sample multiplicity. Vertical axis is consisted of
energy of excited states (E) divided by Racah parameter. Referring the Tanabe-
sugano diagram, the observed absorption band can be identified and the degree of

splitting in ligand field can be estimated.

In GCs, the transition metal cation or rare earth elements is expected to be placed
in residual glassy matrix unless it forms solid solution in crystal. The valency of
colorant ion is governed by the environment such as glass composition and oxygen
pressure, which might affect redox state of colorant ion [21]. If the multiple colorant
ion is added to glass at the same time, the redox reaction occurs between the colorant
ions. The activity of redox ion in glass is mainly determined by the nature of redox
ion, coordination number and symmetry and polarizability of the ligands associated

with the redox ion [21].
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Table 2.1. Colors generaged by transition metal and rare-earth elements in glass [8]

Transition metal ions Rare earth ions

Configuration lon Color Configuration Ton Color
Ti* Colorless 4f° La> None

d° v Faint yellow to colorless Ce*” Weak yellow

o Faint yellow to colorless 4f! ce* Weak yellow
Ti* Violet-purple 4f° Pr Green

d v Blue 4F Nd* Violet-pink
Mn%* Colorless 4f Pm** None
d? v Yellow-green 4 Sm** None
d cr” Green 4f° Sm** Green
4 cr* Faint blue Eu’* None
Mn** Purple 4f’ Eu®® Brown
& Mn?> Light yellow Gd* None
Fe** Faint Yellow to Colorless 418 Tb** None
4 Fe¥ Blue-green 4f Dy** None
Co** Faint Yellow to Colorless 410 Dy* Brown
d’ Co®™ Blue-pink Ho™ Yellow
d? NiZ* Brown-purple 41t Er” Weak pink

d° cu® Blue-green 4112 Tm>* None
d" Cu” Colorless 41 Yb** None
41 Lu®* None
=

:I_E _'-I.- ok
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Fig. 2.4. (a) Transition metal cation (left) and central metal ion in octahedral or
tetrahedral complexes (right), (b) Crystal field splitting of the degenerate d-orbitals
due to an octahedral ligand field (left diagram) and the tetrahedral ligand field (right
diagram) [23].
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Chapter 3: Crystallization sequence and microstructure for the
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Chapter 3

Crystallization sequence and microstructure for the
Si02-Li20-P205-K20-Zn0 system

3.1 Introduction

Various additives have been employed for the dental applications of LS2 GCs to
control their microstructures during crystallization and finally to obtain appropriate
optical and mechanical properties. The additives are generally classified into three
different types of nucleating agent, glass modifier and glass intermediate, where the
nucleating agents include TiO,, ZrO,, and P.Os, typical glass modifiers are
composed of Na,O and K0, and glass intermediates consist of Al.Os, B2Os, ZnO,
Ca0, MgO, and BaO [1-3]. As previously reported by many researchers [4-7], the
representative nucleating agent for LS2 GCs is P,Os which is well-known to promote
the nucleation rate as a heterogeneous nucleation center, resulting in a fine-grained
microstructure of interlocked LS2 phase. In general, the glass modifiers are added to
promote the atomic diffusion for crystal growth and also to control the chemical
stability of a residual glassy phase after crystallization. For instance, if alkali oxides
such as K,0 are added as glass modifiers, the viscosity of a glass can be decreased
and thus its viscous flow can be increased so that a residual stress in GCs, induced
by an abrupt density change due to crystallization in the glass matrix, can be released

[7]. On the other hand, glass intermediates such as Al,Oz and ZnO are known to
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improve the chemical stability of residual glassy phase and also affect optical

translucency and mechanical properties of GCs [8, 9].

In this chapter, the K20 glass modifier and ZnO glass intermediate were selected
in addition to the nucleating agent P-Os since KO favors the LS crystallization and
ZnO is known to induce amorphous phase separation and also impart the chemical
durability in a residual glassy phase [7]. Previous studies on the SiO,-Li>O-ZnO-
K20-P,0s system [5, 8, 10] were conducted by increasing the amount of P,0s-K,0-
ZnO additives relative to the amount of the Li,O-SiO, matrix. However, this
approach seems to be very limited for understanding the crystallization sequence of
LS and LS2 because the relative amount of the Li-O-SiO, matrix is consistently
varied. Thus, while the amount of the P.Os nucleating agent relative to that of the
Li,O-SiO, matrix was fixed to have 1.5 mol%, the mixing ratios of ZnO/K;0 (Z/K)
between ZnO and KO glass modifiers were varied from 0 to 3.5 in order to
investigate their effects on the crystallization sequence and the microstructure of LS2
GCs. All samples were prepared by two-stage heat treatments composed of a
nucleation stage and a growth stage, which is the conventional method for producing

fine-grained GCs.

3.2 Experimental

The precursors were SiO, (99%, Daejung Chemical Co., Ltd, Korea), Li,COs
(98%, Daejung Chemical Co., Ltd, Korea), (NH4):HPO4 (98.5%, Daejung,Korea),
K>CO3 (99%, Kojundo Chemical Lab. Co., Ltd, Japan), and ZnO (99%, Kojundo

29



Chapter 3: Crystallization sequence and microstructure for the
Si02-Li20-P,05-K;0-ZnO system

Chemical Lab. Co., Ltd, Japan). The molar ratio of SiO» to Li,O in the LS2 matrix
was 2.39:1. The total amount of additives relative to the Li,O-SiO, matrix was
fixed to have 6 mol%, The nominal compositions of samples are listed in Table
3.1. The precursors were weighed, mixed by 3D-mixer (Korea machine
engineering, KMC-T2, Korea) for 30 min, put into a Pt crucible, and melted at
1400°C for 2 h in air in an elevator furnace. The melts were poured into a stainless
crusher to make a frit. The frit was re-melted under the same conditions for a
homogenization of glass. The re-melted glasses were cast into a cylindrical
graphite mold with the diameter of 13 mm and the height of 20 mm, and
subsequently annealed at 450°C for 30 min in air to remove a residual stress
induced during cooling. The crystallization behavior was observed by differential
scanning calorimetry (DSC, SDT Q600, TA instruments, USA). The glass particle
of ~ 50 mg (>500 pum,) was used to prevent a surface crystallization, and heated
to 1100°C in a Pt cell with the heating rate of 10°C /min.

The glass block samples were nucleated at S00°C for 1 h in air with the heating
rate of 10°C/min, and subsequently raised up to 600°C, 700°C, and 800°C for
crystallization with the heating rate of 30°C/min for 2 h. For microstructural
observation, crystallized samples were polished and etched with a 15 vol% HF
solution for 5 — 20 sec. The morphologies of the crystalline phases were observed
by field emission scanning electron microscopy (FE-SEM, JSM6701F, Jeol,
Japan). X-ray diffraction (XRD, D/max 2500, Rigaku, Japan) was carried out to
identify the crystalline phases of crystallized samples with Cu Ka (A=1.5401A)
radiation produced at 40 kV and 100 mA. The diffraction pattern was scanned

from 10° to 80° with the step size of 0.02° and the scan speed of 5°/min.
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The crystallization sequence was analyzed by High-temperature X-ray
diffraction (HT-XRD, D/max 2500, Rigaku, Japan) with Cu Ka (A=1.5401 A)

radiation produced at 40 kV and 200 mA. The monolithic glass samples with the
dimension of 1.6 mm x 12 mm x 19 mm were initially heated to 460°C with the
heating rate 20°C/min and maintained for 5 min. XRD analyses were performed
at temperature ranging from 460 to 600°C in steps of 20°C and 600 to 900°C in

steps of 25°C with 26 scan from 10 to 50° and scan speed of 2 °/min.

3.3 Results

3.3.1 Crystallization behavior

The DSC curves obtained from all glass samples with the heating rate of 10°C/min
are shown in Fig. 3.1. For a comparison, we also performed the DSC analysis for the
glass sample with only ZnO-P,0s additives (i.e., without K,O) of which sample ID is
Z4.5. Several exothermic peaks and one endothermic peak are observable in Fig. 3.1.
Their characteristic temperatures analyzed by DSC are listed in Table 3.2, where Ty,
Tyt and 8T, are onset temperature, inverse temperature and height of exothermic peak,
respectively. The samples of K4.5, Z/K0.35 and Z/K0.5 represent three different
exothermic peaks. With increasing the Z/K ratio, the first and third exothermic peaks
shift to lower temperatures while the second exothermic peak moved to higher
temperature. In addition, with increasing the Z/K ratio, while the first exothermic peak

height increases, the third peak height decreases. The third peak finally disappears in
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the sample of Z/K2, and hence only two exothermic peaks are observed in the Z/K2,

Z/K3.5 and Z4.5 samples.

3.3.2 Crystallization sequence

To confirm the thermal events responsible for the exothermic peaks of DSC curves,
and also to ensure the crystallization sequence in detail, in-situ HT-XRD analyses
were performed for the samples of K4.5, Z/K0.5, Z/K1, Z/K 2 and Z4.5. The HT-
XRD patterns obtained at various heat-treatment temperatures ranging from 460 to
900°C are illustrated in Fig. 3.2, where the color bars display the intensities of
diffraction patterns. Here, it should be noticed that, at the early crystallization stage,
the peak intensities of the LS phase for the sample K4.5 in Fig. 3.2(a) exhibits the
highest values compared with those of samples having the Zn/K ratio higher than
K4.5 shown in Figs. 3.2(b)-(d). The cristobalite phase crystallizes at the lowest
temperature in the sample K4.5 compared with the samples having higher Zn/K ratios.
On the other hand, the peak intensities of the LS2 phase in the early crystallization
stage and crystallization temperature of cristobalite are increased with increasing the
Z/K ratio. Interestingly, as shown in Fig. 3.2(d), at the early crystallization stage of
the sample Z/K2, while the intensities of (111) main peak and (200) second peak for
the LS phase are degraded, the third peak of (310) becomes the main peak. Finally,
the peak near at 33°, most probably the LS peak of (310), is clearly observed until
850°C and subsequently disappears in the sample Z4.5, which will be further

discussed later.
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Referring to the HT-XRD patterns in Fig. 3.2, the DSC exothermic peaks could
be identified. The first exothermic peak of K4.5 sample is attributed to a
crystallization of the LS phase and those of Z/K0.5, Z/K1 and Z/K2 samples are due
to a simultaneous crystallization of LS and LS2 phases although the peak intensities
of the LS phase at (111) and (200) are continuously lowered with increasing the Z/K
ratio. The second exothermic peak of K4.5 sample is obviously due to the
crystallization of cristobalite since the diffraction peaks at 21.5° in Fig. 3.2(b)-(d)
move to the higher temperatures with increasing the Z/K ratio, which corresponds to
the peak shift of second exothermic peak to higher temperature in DSC curves in Fig.
3.1. Finally, the third exothermic peak is considered to originate from the
development of the LS2 crystalline phase by reaction between LS and cristobalite
because K4.5 sample clearly shows the reaction of LS with crisotbalite, which is also
supported by the fact that, with increasing the Z/K ratio, the third exothermic peak

shifts to lower temperature and its maximum height decreases.

3.3.3 Phase analysis

Fig. 3.3 represents the XRD patterns of samples crystallized by two-stage heat
treatments at 500°C for 1 h, and subsequently at 600°C, 700°C, 800°C and 850°C for
2 hiin air. The sample K4.5 is composed of the LS primarily phase with a small peak
of the LS2 phase at 600°C as shown in Fig. 3.3(a). Fig. 3.3(a) also shows that the
cristobalite phase is observed in addition to LS and LS2 phases at 700°C, and the
LS2 primary phase with a small peak of the LP phase are detectable at 800°C and

850°C, implying that the LS2 phase becomes primary one due to a solid state reaction
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between LS and cristobalite. The crystallization exothermic peak of the LP phase

may be undetectable because its amount is very small.

In the sample Z/K0.3, a small amount of LS2 phase is detected at 600 °C together
with the LS phase. At 700°C, however, the LS phase disappears, and only the LS2
phase exists without the formation of cristobalite as shown in Fig. 3.3(b). Therefore,
the samples heat-treated above 700°C consist of the LS2 and LP phases. For the
samples from Z/K0.5 to Z/K3.5 heat-treated at 600°C, the XRD peak intensities of
the LS2 phase gradually increased with increasing the Z/K ratio compared with those
of the LS phase. In Fig. 3.3(c) for the sample of Z/K0.5, one can see that the
cristobalite appears at 700°C and 800°C but disappears at 850°C. On the other hand,
the cristobalite survives at 800°C and enhances at 850°C for the samples with higher
Z/K ratio up to Z/K3.5 in Figs. 3(d)-(f). However, the unknown phase is detectable
in the sample of Z4.5 at 600°C as shown in Fig. 3(e) with arrow symbol, and it

disappears at 800°C.

3.3.4 Microstructure

Fig. 3.4 shows the microstructures of the samples crystallized by two-stage heat
treatments at 500°C for 1 h as the nucleation stage and at 800°C for 2 h as the crystal
growth stage. Since the LP phase might be resolved by HF solution, and only LS2
and cristobalite phases could be observed in the microstructure. The sample K4.5
shows an acicular crystalline phase having the long-length dimension of ~3 pm. The

aspect ratio of acicular phase is decreased with increasing the Z/K ratio, and its
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average size is also decreased, resulting in the fine-grained structure of ~100 nm in
the sample Z4.5, indicating that the higher Z/K ratio causes the higher nucleation

rate. This is also observed in other report [11].

3.4 Discussion

3.4.1 Crystallization sequence

As previously described, the Z/K ratio dramatically affects the temperature of
DSC exothermic peak, crystallized phase and the microstructure in two-stage heat
treatments. To understand this effect of Z/K ratio, the crystallization sequences were

analyzed and compared with each other.

According to previous reports [8, 12-14], the reaction sequence in our LS2 GCs

can be expressed as the following.

Li,O (glass)+ 2Q°(glass)— Li,Si,O; (cryst.) (1)
Li,O (glass)+ Q*(glass)— Li,SiO,(cryst. 4+ Q*(glass)  (2)
Li,SiO, (cryst. * Q*(glass)— Li,Si,O; (cryst.) (3)

Huang et al. [15-17] suggested that the crystallization sequence can be classified
into three different types. In type I, a simultaneous nucleation of both metastable LS
and stable LS2 phases occurs at lower temperature, and LS is transformed into LS2
at higher temperature. In type II, only the LS nucleates and transforms into LS2.

Whereas, in type III, stable nucleation and growth of LS2 occur without forming

35



Chapter 3: Crystallization sequence and microstructure for the
Si02-Li20-P,05-K;0-ZnO system

metastable LS. While the crystallization sequences of type I and II were reported for
the SiO>—Li,0—P,05-Al,03—K,0—(ZrO,) system by Bischoff et al. [18] and for the
Si0,-Li,0-Al,03-P205-ZrO> system by Huang et al. [19] the crystallization sequence
of type II was reported for the Si0,-LixO-MgO-AlO3-P,0s5-ZrO; system also by
Huang et al. [16, 20]. Unlike the reaction sequence of type Il by Egs. (1) — (3), in our
study, the crystallization sequence observed in the sample K4.5 can be interpreted as

another type II (LS) by the Eq. (2) and the following Egs. (4) and (5).

Q*(glass) — cristobatle (cryst.) (4)
Li,SiO,(cryst. i+ cristobalte (cryst.y— Li,Si,0.(cryst.) (5)

The glass phase remained after crystallization of the LS phase was crystallized to
the cristobalite phase as given by Eq. (4). Thus, the solid state reaction is considered
to occur between LS and cristobalite phases to form the LS2 phase as expressed by
Eq. (5). This is in good agreement with the previous reports for the SiO,-Li,O-ZnO-
P105-K,0 system by Clausbruch et al. [5, 8] and for the Si0,-Li,0-Al>03-P,05-ZrO;
system by Huang et al. [12], showing that the peak intensity of the LS2 phase
considerably increases while those of cristobalite and LS are disappeared. The
development of the LS2 phase by reaction between LS phase and amorphous or
crystalline silica phase seems to depend on the glass composition. On the other hand,
the samples Z/K0.5, Z/K1 and Z/K2 can be interpreted by another type I (LS+LS2)
as given by Egs. (1), (2), (4) and (5). As a previously mentioned, the K,O favors the
LS crystallization by disproportionation of glass structure forming Q? and QY
therefore, the higher Z/K ratio suppresses the formation of LS phase and promotes

LS2 phase in early crystallization stage because the amount of K* ion is lowered so

36 = L



Chapter 3: Crystallization sequence and microstructure for the
Si02-Li20-P,05-K;0-ZnO system

that the disproportionation of glass network inducing the crystallization of LS phase

is decreased.

The variation of crystallization sequence from type II in the sample of K4.5 to
type I in the samples of Z/K0.5, Z/K1 and Z/K2 is closely related to the nucleation
rates of LS and LS2 phases. According to previous reports on determining the
nucleation rate of LS2 by DSC analyses for Li,O-SiO, [21-24], where only one
exothermic peak was observed at ~600°C, the maximum height of the exothermic
peak, JT,, is proportional to the total number of nuclei, and the inverse temperature
of exothermic peak, T, is proportional to the density of nuclei. In the sample K4.5
with crystallization sequence type 11, the peak height, 0T, and inverse temperature,
T, of the first exothermic peak due to the crystallization of the LS phase are the
lowest compared with samples with higher Z/K ratio, indicating the lowest total
number of nuclei and the lowest density of nuclei. On the other hand, with the
increasing the Z/K ratio, both 6T, and T, of the first exothermic peak are increased,
which is attributable to an enhanced crystallization of the LS2 phase. The enhanced
crystallization of the LS2 phase at the early crystallization stage with increasing the
Z/K ratio is also evidenced by the HT-XRD patterns in Fig. 3.2. As mentioned it
previously, the reduction in the LS phase peak intensity implied the enhanced
crystallization of the LS2 phase. In addition, Zn is known to cause the amorphous
phase separation [25] which can promote the nucleation rate by the enhancement of
surface energy in vicinity of boundaries. Thus, it can be concluded that the nucleation
of LS2 phase was enhanced with increasing the Z/K ratio because of crystallization
sequence change from type II to type I and also increased amorphous phase

separation with increasing the Zn content.
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3.4.2 Solid solution of Zn?* in LS2 and LS phases

To explain the peculiar behavior of diffraction peak degradation of the LS phase
in HT-XRD patterns with increasing the Z/K ratio, the HT-XRD patterns of all
samples at high temperatures ranging from 580 °C to 725°C, where the evolution of
LS diffraction peak is clearly observed, are displayed in Fig. 3.5(a). Not only the
deteriorated diffraction peak of the LS phase is detectable but also the peak shift is
pronounced with increasing the Z/K ratio, showing that the second peak of (200) and
third peak of (310) move to higher diffraction angles, whereas the fourth peak of
(002) shifts to lower diffraction angle. The calculated lattice parameters and cell
volumes of the LS and LS2 phases of samples are shown in Figs. 3.5(b) and (c¢). With
increasing the Z/K ratio, the a and b lattice parameters of the LS phase are decreased
but ¢ lattice parameter is increased so that the unit cell volume is finally reduced. On
the other hand, in the LS2 phase, all @, b and ¢ lattice parameters are decreased, and

consequently the unit cell volume is reduced.

The crystal structure of the LS phase consists of the [SiO4] single unit forming
chain silicate, and chain silicates are connected by the Li* ion tetrahedra while that
of the LS2 phase is composed of the [Si,Os]* units forming layer-like structure
which are connected by the Li* ion tetrahedra [26]. With increasing the Z/K ratio,
the lattice parameters of LS and LS2 phases are predominantly changed, and their
unit cell volumes are reduced as shown in Figs. 3.7(a) and (b), implying that a solid
solution might be formed in both LS and LS2 phases by the substitution of Zn?* for
the Li" site since the ionic size of Zn>* (0.6 A) is similar to Li* (0.59 A) [27] although

this possibility of the solid solution formation requires further study for obtaining a
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direct evidence. The substitution may be possible with the formation of cation

vacancies to maintain the electrical charge neutrality as expressed by the following

Eq. (6).

oLt —>Zr* +\,  (6)

Therefore, the unit cell volume can be reduced by the substitution of Zn** for the

Li* site because of a simultaneous formation of cation vacancies.

In addition, the incorporation of K™ into LS and LS2 phases is impossible due to
its larger ionic size of 1.37 A. Therefore, the higher Z/K ratio might cause the Zn-
substituted LS and LS2 phases, resulting in a significant change in their crystal
structures. If other types of glass modifiers with larger ionic size are added instead
of Zn?* ion, it would not be included into the crystal structure. Instead, it may exist

in residual glassy phase affecting the crystal growth rate only.

3.4.3 Effect of crystallization sequence on microstructure

The crystallization sequence affects the microstructure of glass-ceramics severely.
The reason of acicular crystalline phase observed at the sample K4.5 in Fig. 3.4(a)
is attributed to the crystallization sequence type II. In type II, the LS phase forms
earlier than the LS2 phase, followed by precipitation of cristobalite, and finally the
LS phase reacts with cristobalite at high temperature ( > 700°C) with high growth

rate to form the LS2 phase, as described by Eq. (5). According to the DSC analysis
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results, the nuclei density of the K4.5 sample is relatively lower than those of sample
with higher Z/K ratios, implying that a small amount of LS nuclei might be formed.
This relatively small amount of LS nuclei grew at low temperature near to 600°C,
and reacted with the cristobalite phase crystallized at higher temperature nearly
700°C, and consequently resulted in the L.S2 phase with a large aspect ratio. However,
the aspect ratio of LS2 phase decreased with increasing the Z/K ratio because of the
enhancement of nucleation of LS2 phase in early crystallization. Furthermore, the
formation of the cristobalite phase might hinder the crystal growth of the LS2 phase,

resulting in a low aspect ratio of the LS2 crystalline phase.

Meanwhile, Clausbruch et al. [8] reported the effect of ZnO on the microstructure
of glass-ceramics for a system which was similar to our system in the point that the
amount of P,Os was fixed to have 1.5 mol% but different from ours in the point that
the amount of the SiO,-Li,O glassy matrix was consistently decreased with
increasing the ZnO additive. In contrast to our results, from the sample containing
ZnO 0 to 5 mol%, the crystallization sequence changed from type I to II. (in this
study, the crystallization sequence type changed from Il to I in the samples with ZnO
0 to 4.5 mol%). This opposite trend of crystallization sequence is tentatively
attributed to decrease of the SiO»-LiO glassy matrix with increasing the ZnO
additive. They obtained the microstructure by single stage heat-treatment at the
temperature region of 860 - 900°C for 30 min and it was not significantly changed.
They concluded that different phase formation of the samples in the lower
temperature, i.e. crystallization sequence had a negligible effect on the average size
and shape of final LS2 main crystalline phases. However, since we carried out the

two-step heat-treatments for nucleation and growth in this study while they
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performed crystallization via single stage heat-treatment, and hence the holding at
nucleation stage is believed to cause a significant difference in the size and shape of

final LS2 primary crystalline phases.

3.5 Summary

With increasing the Z/K ratio, the crystallization sequence changed from type 11
(LS) in the sample of K4.5 to type I (LS+LS2) in other samples including Zn** ion
because K ion, which assist the LS crystallization by the disproportionation of glass
network, was lowered in its amount. Because of the crystallization sequence change
from type II to type I in addition to an increased amorphous phase separation of base
glass, the nucleation rate of LS2 phase was enhanced with increasing the Z/K ratio,
which led to a decrease in average LS2 crystalline size. The nucleation rate of LP
phase was increased by increased amorphous phase separation with increasing the
Zn content. The aspect ratios of the LS2 crystallites were decreased with increasing
the Z/K ratio due to a decrease in its growth rate. In addition, the Zn>" ion is soluble
in LS and LS2 crystalline phases since its ionic radius is similar to Li* ion, resulting
in the contraction of their unit cell volumes by the formation of vacancy at the Li*
ion site. In conclusion, it is crucial to control the relative ratio of the additive
components for engineering the microstructure of GCs, ranging from fine equiaxed
LS2 crystalline phase, suitable for the enhancement of mechanical strength, to large
acicular-shaped one with high aspect ratio, favorable for the improvement of fracture

toughness.
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Table 3.1. Compositions of the glass samples (in mol%).

Sample ID SiO, Li,O P05 K>0 Zn0O
K4.5 66.27 27.73 1.5 4.5 0
Z/K0.35 " " " 35 1
7/K0.5 " " " 3 1.5
Z/K1 " " " 2.25 2.25
7Z/K2 " " " 1.5 3
Z/K3.5 " " " 1 35
74.5 " " " 0 45
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Table 3.2. Characteristic temperatures of the glass samples analyzed by DSC with
the heating rate of 10°C/min, where Tg, Tx, Tp* and 8T, Tm are glass transition
temperature, onset temperature, inverse temperature, height of exothermic peak and
melting temperature, respectively.

15t exothermic peak  2"d exothermic peak 3" exothermic peak

Sample
-1 -1 -1
ID T, Ta ?pllo . 3w Te (Tfé . e T (Tfé ., M Ta
x10" x107, x107,
(°c)  (C) ) (Wlg)  (°C) sy (Wig)  (C) woy (WIg) - (°C)
K4.5 4649  587.0 1.62 0.34 671.2 1.46 0.15 760.8 1.29 0.21 955.1
7/K0.3
s 4653 5849 1.63 0.58 675.2 1.47 0.21 733.1 1.34 0.15 964.9
Z/K0.5 4654 5833 1.65 0.70 682.0 1.45 0.17 724.4 1.35 0.07 982.2
Z/K1 4654 5777 1.68 1.02 693.1 1.42 0.14 - - - 988.0
Z/K2 465.6  583.1 1.67 1.53 722.2 1.37 0.26 - - - 993.3
Z/K3.5 4635 5714 1.71 1.79 739.0 1.34 0.17 - - - 986.9
745 4554 565.6 1.74 33 875.7 1.13 0.27 990.7
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Fig. 3.1. DSC curves of the glass samples with the heating rate of 10°C/min in air.
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Fig. 3.4. Microstructures of samples (a) K4.5, (b) Z/K0.3, (c) Z/K0.5, (d) Z/K1, (e)
ZIK2, (f) ZIK3.5 and (g) Z4.5. All samples were nucleated at 500 °C for 1 h and
subsequently grown at 800 °C for 2 h. Sample surface was etched by HF 15 vol% for

10~30 sec.
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Chapter 4

Effects of microstructures on the mechanical
properties of lithium disilicate glass-ceramics for the
SiO2-Li20-P20s5-K20-Zn0 system

4.1 Introduction

In order to improve the mechanical strength of LS2 GCs in a multicomponent
system with nucleating agent or glass modifiers, enormous efforts have been made
to refine the LS2 crystal embedded in GCs through an optimal heat treatment
condition. To further enhance the mechanical properties of GCs, one should take the
morphology, average size, and volume fraction of crystalline phase into account. The
mechanical properties of GCs are mainly dependent on the volume of crystalline

phase because the glassy matrix is more brittle than crystalline phase.

In general, the grain-size dependence of mechanical properties is historically
described with the Hall-Petch relation not only for metals but also for ceramics [1].
The Hall-Petch relation in flexural strength and hardness was observed for several
GCs with various microstructures modified by the crystallization processes [2-5].
However, as previously mentioned, high flexural strength and high fracture
toughness in LS2 GCs are normally derived from the sample including lath-shaped
crystals with high aspect ratio which hinder the crack propagation known as

“interlocking effect”. Therefore, it must be interesting to confirm whether the Hall-
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Petch relation is applicable to LS2 GC or not. If the Hall-Petch relation works for
LS2 GC, it will be very useful for the improvement of mechanical properties.
Furthermore, it is well known that the difference in thermal expansion coefficient
(TEC) between precipitate (crystal) and residual glass matrix in GCs can lead to the
improvement of mechanical properties through the generation of compressive stress
in residual glass phase when the TEC of precipitate is higher than that of glass matrix
[6]. The TEC values of LS2 glass and LS2 crystal are reported to be 12.8x106/°C
and 10.8x10°%/°C by Mastelaro et al. [7], and 12.5x10/°C and 10.0x10%/°C by
Freiman and Hench [8], respectively. Since the TEC of crystalline phase is smaller
than that of glassy matrix, the tensile stress induced in glassy matrix deteriorates the

flexural strength of LS2 GCs.

The cristobalite phase is frequently reported as the secondary phase in LS2 GCs
since it can be easily crystallized when a silica-rich phase separation occurs in
residual glass phase during LS2 crystallization [9-11]. The TEC of cristobalite is
reported to be 10.9 x10%/°C by Aumento et al. [12]. Thus, the difference in TEC
between cristobalite and residual glass phase could be significantly reduced,
resulting in a reduced tensile stress in glassy matrix if the cristobalite phase is
included in LS2 GCs. Here, it is noteworthy that the effect of cristobalite phase on

mechanical properties of LS2 GCs has never been clarified [13].

In this chapter, we investigated the effects of microstructures on the mechanical
properties of LS2 GCs for the Si0,-Li,0O-P,05-K,0-ZnO system. In chapter 3 [14],
it was that the crystal size and aspect ratio of LS2 phase were dramatically
decreased with increasing the ZnO/K,O (Z/K) ratio even though the nucleating

agent of P,Os was fixed to have 1.5 mol%. Moreover, the amount of cristobalite
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was increased with increasing the Z/K ratio. Therefore, in this chapter, we varied
the amount of P,Os, Z/K ratio, and heat treatment conditions to control the average
size and volume fraction of LS2 crystalline phase, and also the amount of

cristobalite.

4.2 Experimental

Table 4.1 presents the nominal compositions of glass samples which were
designated to have the same total amount of 6 mol% additives but different Z/K
ratios from 1 to 2 and also different amount of P,Os. Precursors of SiO; (99%,
Daejung Chemical Co., Ltd, Korea), Li.CO; (98%, Daejung Chemical Co., Ltd,
Korea), (NH4):HPO, (98.5%, Daejung,Korea), K»COj3 (99%, Kojundo Chemical
Lab. Co., Ltd, Japan), and ZnO (99%, Kojundo Chemical Lab. Co., Ltd, Japan)
were weighed to have the nominal compositions, and dry-mixed for 4 h in 3D-
mixer. The batches were melted at 1400 °C for 2 h in a Pt crucible in air, and the
melts were poured to crusher to produce the frits for a re-melting process. The re-
melting was conducted at 1400 °C for 2 h, and the melts were cast using two types
of graphite mold to form cylindrical shape with the diameter of 13 mm and the
height of 20 mm for the biaxial flexural test, and rectangular shape with the size

of 130 x 130 x 8 mm for the fracture toughness test.

The glass samples were annealed at 450 °C for 30 min to release the thermal
stress induced by quenching process, and then furnace-cooled to room temperature.
To check the possibility of evaporation of elements during the re-melting process,

the compositions of the glass samples were analyzed by wavelength dispersive X-
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ray fluorescence (XRF) and the Inductively coupled plasma atomic emission
spectroscopy (ICP-AES). A significant loss of constituent elements was

unobservable, and the random error of each component was smaller than £+ 0.5 %.

The crystallization behavior was analyzed by the differential scanning
calorimetry (TA, Q600, USA) with the heating rate of 10 °C/min using glass
particles (bigger than 500 pum in size) to prevent the surface crystallization since
the glass particle under 500 um forms the surface nuclei, causing the shift of
exothermal peak toward lower temperature. The two-stage heat treatment for
nucleation and growth was performed to control the crystal size and its volume
fraction. For the selection of the nucleation temperatures, we referred to previous
reports on the pure LS2 glass (~455 °C) [15], and also on the multicomponent
systems [16] where the temperature of maximum nucleation rate tended to
increase with increasing the P,Os. Thus, the temperatures for nucleation were
selected 460, 500, and 540 °C for 1 h while the temperatures for crystal growth
were selected to be 800 and 850 °C for 2 and 4 h to obtain GC samples (total 12

heat treatment groups per each composition).

The crystalline phases produced at different heat-treatment conditions were
identified by X-ray diffraction (X-ray diffractometer, D/max 2500, Rigaku, Japan)
using Cu Ko radiation produced at 40 kV and 100 mA. Diffraction patterns were
collected by two-theta scan from 10 to 70° with a scan speed of 5 9min and a step
width of 0.02° The GC samples were polished and etched using 15 vol% HF
solution for 10 sec and their microstructures were observed by scanning electron
microscopy (FE-SEM, JSM6701F, Jeol, Japan). Elemental mapping was

performed to identify each phase using energy dispersive spectroscopy (EDS)
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equipped in a field emission transmission electron microscope (FE-TEM,

JEM2100F, Jeol, Japan) operated at 120 kV.

The mechanical strength of GCs samples was evaluated by a biaxial flexural
test (piston-on-three-ball) referring to ISO 6872 [17]. The cylindrical samples
were cut into disk-shaped specimens with the diameter of 13 mm and the thickness
of 1.2 mm, and mirror-polished using diamond suspension (1 um, Allied high tech
products, INC. USA). Six samples were prepared per each heat treatment group.
The specimens were subjected to biaxial flexural test using a universal testing
machine (RB 302ML, R&B Co. Ltd, Korea) at a cross-head speed of 0.5 mm/min.

The bi-axial flexural strength was calculated using the following Eq. (1).

o =-0.2387P(X —-Y)/b? (1)
where o is the maximum tensile stress, - 0.237 is a numerical constant (3/4w), P is
the total load causing fracture, b is the thickness of the specimen. X and Y are given
as the following Eq. (2).

X =@+Vv)In(r,/,)? +[@—V)/2](r, /1)

Y =(@+V)R+In(r /)" T+ A-v)(h/1)° ®

The radii of support circle r;, the piston tip 7>, and the sample »; were 4.8 mm,
0.6 mm, and 0.6 mm, respectively. The poisson’s ratios, v, of most dental ceramics
are reported in the region of 0.20 — 0.25 [18], and those of LS2 glass and GCs are
known as 0.22—0.24, and 0.24—0.27, respectively [19, 20]. In this work, the v value

of 0.25 was taken for the calculation of biaxial flexural strength.

The fracture toughness Kjc of GC samples was determined by the SEVNB

(Single-Edge-V-Notched Beam) using the three-point bending method [21]. The
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rectangular GC samples were shaped to have the dimension of 3 x 4 x 40 mm, and
chamfered flat with 0.1 mm at 45° angle. The specimens were mirror-polished and
notched at the surface of 3 x 40 mm using a razor blade with the diamond
suspension. The depth of notch was about 1 mm and the radius of crack tip was
under 15 pm observed by optical microscopy. The three-point bending test for the
fracture toughness was carried out by a universal testing machine with a span of
30 mm and cross-head speed of 0.5 mm/min. The K;c was calculated by the
following Eq. (3),

PS  3F(a)a®®

Kic = BWS X 2

3)

where P is fracture load, and S is support span. B and W denote the thickness and
width of specimen, respectively. The initial relative length of pre-crack a is the value
of which notch depth a is divided by W. The F(a) with a span of 30 mm is given by
Eq. (4).

F(e) =1.964—2.8370.+13.710" —23.250 +24.130* (4)

The Vickers hardness was measured by a micro-Vickers indenter (Shimadzu,
HMV-2T, Japan) with the load of HV 0.5 (4.903 N) and peak hold time of 10 sec.
The six Vikers indents were made on each sample. The Vickers hardness was
calculated by the applied load P and measured diagonal length of the indentation

d as given by Eq. (5) [1].

H, :1.854><d—P2 )

The quantitative phase analysis using X-ray diffraction was performed using

the Partial or No Known Crystal Structure (PONKCS) method [22, 23] which
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requires the ZMV “calibration constant” of the unknown phase a, the glassy phase
in herein, involving the known standard material S, Al,Os;. The formula was

expressed by the following Eq. (6),

@), =g @MY, ©

where W is the known weight fraction, ZM is mass of unit cell contents, ¥ is the unit
cell volume and S is the scale factor in Rietveld analysis. Details are described in our
previous report [24]. The fitting of the X-ray diffraction pattern was conducted by
the software TOPAS (Bruker, version 4.2). The calculated weight percentage of each

crystalline phase was converted to its volume percentage using theoretical density.

The residual stress was evaluated by the XRD data of crystalline phase for each
sample. The displacement of diffraction peaks represents a difference in the
interplanar spacing of (%k/) planes between stressed sample and stress-free sample

[7]. The strain can be calculated by the following Eq. (7)
& =-0.5A(20) cot@) = Ad,, /dp (7
where enu is the relative strain of crystal lattice normal to (4kl) plane. The

experimental residual stress was obtained by Hooke’s law

Oexp. = Eéiu 3

where Enq is the direction dependent elastic modulus of the crystal. Diffraction
patterns were recorded from 23 to 25.5° with a step time of 1 sec/step and a step
width of 0.008° For the accurate 26 measurement, the XRD data were calibrated by
Si (100) substrate at 26 angle of 69.1709°. The stress-free powder samples were

prepared by crushing bulk samples using a zirconia mortar and pestle and then ball-
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milling with ethanol. Stress-free powder samples were observed by SEM, and their
particle size was close to that of individual crystal, indicating that the minimum
stress is generated at the interface between crystalline phase and residual glassy
phase. The Young’s modulus required for the calculation of residual stress was
obtained by a nano-indenter (Tribolndenter, Hysitron Inc., USA) using the

Berkovich indenter.

Thermal expansion curves of glass and GC samples were collected by the
dilatometer (Netzsch, DIL 402C, Germany) with the heating rate 5 °C/min in air.
Cylindrical shaped samples with a 20 mm in length were prepared. The linear TEC
value of each sample was calculated in the temperature ranging from 100 to 400

°C, and its error is in the range of + 0.5x10%/°C.

4.3 Results

4.3.1 Microstrcture

Fig. 4.1 shows the microstructures of samples heat-treated at 500°C for 1 h as
the nucleation step and subsequently at 800°C for 2 h as the growth step. It is
obvious that the average crystal size decreases with increasing the amount of P,Os
from 1 to 1.5 mol%, which is attributable to an increase in heterogeneous
nucleation sites by LP phase like previous reports [11, 25, 26]. In addition, with
increasing the amount of P,Os, a continuous decrease in the aspect ratio of
crystalline phase is observed, which is also in good agreement with previous report
[25], suggesting that P,Os alters the crystal/liquid interfacial energy as a function

of crystallographic orientation, resulting in more isotopic crystal morphology.
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The microstructures of P1.5Z/K2 samples with different nucleation and growth
conditions are shown in Fig. 4.2. It is obvious that the smallest average crystal size
is achievable using the nucleation temperature of 540 °C as shown in Fig. 4.2(i)
compared with the nucleation temperatures of 460 °C (Fig. 4.2(a)) and 500 °C
(Fig.4.2e)). At the nucleation temperatures of 460 and 500 °C, the increase of growth
temperature from 800 to 850 °C leads to the increase of average crystal size as shown
in Figs. 4.2(a) and (c), and 4.2(e) and (g), respectively. In contrast, for the nucleation
temperature of 540 °C, the increase in average crystal size is less significant with

increasing the growth temperature.

In Fig. 4.3, the aspect ratios versus crystal sizes are plotted for the GC samples
prepared with various heat treatment conditions for glass samples with three different
compositions. Here, it should be noted that both crystal size and aspect ratio values
were assumed to be average values between LS2 and cristobalite phases since these
two crystalline phases were indistinguishable in SEM micrographs as shown in Figs.
4.1 and 4.2. Meanwhile, the LP crystalline phase is well known to exist within LS2
or cristobalite phases as their nucleation sites [27]. First of all, from this figure, we
can see that the average crystal size tends to decrease from ~10 um to 270 nm and
the aspect ratio also decreases from ~5.5 to 1.9 with increasing the amount of P,Os,
implying that the aspect ratios of crystalline phases are governed mainly by the
amount of P,Os additive. The average crystal sizes varied from ~10 to 3 pm, and ~3
to 1 um, and ~1 pm to 270 nm in the P1Z/K1, P1.25Z/K0.7, and P1.5Z/K2 samples,
respectively. Secondly, in accordance with our expectation, the average crystal size
consistently increases with increasing the holding time at the growth stage for given

nucleation and growth temperatures. It must be noted that the smallest crystal sizes

62 ~ & Ui



Chapter 4: Effects of microstructure on the mechanical properties of
lithium disilicate glass-ceramics for the SiO:-Li;0-P,05-K;0-Zn0 system

are obtainable from the nucleation temperatures of 500 °C for P1Z/K1 and 540 °C
for P1.25Z/K0.7 and P1.5Z/K2, implying that the maximum nucleation rates are

increased with increasing the amount of P,Os.

Finally, LS2 GC samples from P1Z/K1 show the most significant variation in
their aspect ratios compared with those from P1.25Z/K0.7 and P1.5Z/K2. Their
aspect ratios are abruptly decreased with increasing the holding time from 2 to 4
h, which might be attributable to relatively lower nuclei density in P1Z/K1
samples since relatively lower nuclei density could facilitate the space for crystal
growth, especially along the short length direction, leading to decreased aspect
ratio. However, relatively higher nuclei densities in both P1.257/K0.7 and
P1.5Z/K2 samples with increasing the amount of P,Os might cause no significant
variation in their aspect ratios not only due to a crystal impingement but also, as
previously mentioned, due to the alteration of crystal/liquid interfacial energy as

a function of crystallographic orientation, resulting in decrease of aspect ratio [38].

4.3.2 Mechanical properties

Fig. 4.4 presents the biaxial flexural strength as a function crystal size for GC
samples which were prepared by varying heat treatment conditions. The biaxial
flexural strengths of P1Z/K1 samples are increased with decreasing the average
crystal size as shown in Fig. 4.4(a). The samples with the smallest average crystal
size reaching ~3 pm exhibits the highest strength among all P1Z/K1 samples. The
biaxial flexural strengths of P1.5Z/K0.7 samples nucleated at 460 °C are increased

with decreasing the average crystal size as shown in Fig. 4.4(b). However, while the
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samples nucleated at 500 and 540 °C and then grown at 800 °C have the average
crystal size of ~1 um, their flexural strengths are highly scattered in the region of
350 — 450 MPa. Interestingly, a severe scattering in flexural strength data is
observable for P1.5Z/K2 samples regardless of average crystal size as shown in Fig.

4.4(c).

For all samples, the dependence of average crystal size on biaxial flexural strength
was replotted as the plot of g versus ' in Fig. 4.4(d) to check whether the data

would follow the Hall-Petch relation given by Eq. (9) [1],
o =0, +kd™? (9)

where o, is the yield stress for the easiest slip system of a single crystal and £, is
constant and d is grain size. While the Hall-Petch relation is roughly observed for
both P1Z/K1 and P1.25Z/K0.7 samples, the flexural strength data are widely
scattered for P1.5Z/K2 samples, indicating that the data seriously deviate from the
Hall-Petch relationship. The reason for this deviation from Hall-Petch relationship
will be discussed later. The g, and £, values of the Hall-Petch relation evaluated from
the data of P1Z/K1 and P1.25Z/K0.7 samples with the crystal sizes ranging from 12
to 1 um were 120.43 MPa and 0.36 MPa-m'?, respectively. It may be interesting to
compare present data with a typical ceramics like alumina. Rice [28] summarized
the flexural strength data of polycrystalline Al,Os. Although a large scattering is
observed in the fine-grain branch data due to a variety of sources like sizes of flaws,
surface finish, and pores, he found that an increasing trend in flexural strength with
decreasing grain size was clearly observed down to nanocrystalline region in size.

The g, and k, values of polycrystalline Al,O3 ceramics with the average grain sizes
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ranging from 10 to 0.7 um were reported to have 156.58 MPa and 0.45 MPa-m'?,

respectively, which are much higher than those of our GC samples.

Fig. 4.5 shows the Vickers hardness of GC samples with various heat treatments. The
Vickers hardness data of P17/K 1 samples are represented in Fig. 4.5(a). In this figure,
when the average crystal size is in the region of 3—5 um, the hardness values are in
the region of 5.0-5.5 GPa and almost independent of the average crystal size.
However, when the average crystal size is larger than ~ 7 um, the data show a
bimodal trend and thus seem to be highly scattered. On the other hand, as shown in
Figs. 4.5(b) and (c), the Vickers hardnesses are increased with decreasing the average
crystal size in P1.257/K0.75 and P1.25Z/K2 samples, and hence the Hall-Petch
relation is reasonably satisfied below the average crystal size of ~ 7 um in Fig. 5(d).

The Hall-Petch relation for hardness is given by Eq. (10),
H=H,+kd™? (10)

where Hj is the initial hardness and k; is the Hall-Petch slope [29]. The Hy and £,
values of the Hall-Petch relation evaluated from the data of P1.25Z/K0.7 and
P1.5Z/K2 samples with the average crystal sizes ranging 4 to 0.27 um were 5.04 GPa
and 6.73x10* GPa-m'?, respectively. We can see the Hy and k, values of our samples
are much lower than those of polycrystalline AlO3 ceramics with the average grain
sizes ranging from 2 to 4 pm [45] since those are reported to have 22.73 GPa and

4.10 x10** GPa-m'?, respectively.

The fracture toughness test was carried out for the samples heat-treated at 500 °C
for 1 h and then 800 °C for 2 h. The fracture toughness, average crystal size, and

aspect ratio are listed in Table 4.2 in three different samples of P1Z/K1, P1.257/K0.7
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and P1.5Z/K2. In contrast to the trend in their biaxial flexural strength and Vickers
hardness data, the variation in their fracture toughness data is insignificant and

almost irrespective of their average crystal sizes or aspect ratios.

4.3.3 Crystallization behavior

The DSC curves for glass samples are presented in Fig. 4.6, and their characteristic
temperatures are summarized in Table 4.3. The samples of P1Z/K1 and P1.25Z/K0.7
reveal one exothermic peak while the sample of P1.5Z/K2 exhibits two exothermic
peaks. To identify the potential phases related to these two DSC exothermic peaks,
in-situ high-temperature XRD (HT-XRD) analyses were performed for the P1Z/K1
sample as shown in Fig. 4.7(a). From Fig. 4.7(a), in addition to strong LS2 peaks,
very weak LS peaks are observable in the early crystallization stage below 600 °C,
very weak cristobalite peak begins to appear at ~ 700 °C, and very weak LP peak
emerges above 850 °C. The amounts of LS, cristobalite, and LP phases are
considered to be insufficient for generating latent heat by their crystallization.
Therefore, the Ty value of the P1Z/K1 sample might be mainly related to the
evolution of LS2 phase. Referring to our previous report [30], while the T, values
of the sample P1.5Z/K2 (the sample ID with Z/K2 in the reference) were identified
as the simultaneous crystallization of LS and LS2 phases, Ty, values were related to
the evolution of cristobalite and solid-state reaction between LS and cristobalite. It
is in good agreement with the previous report from Mortuza et al., [31] that the
disproportionation in glass network from Q° (LS2) to Q7 (LS) and Q* (Si0») is

induced with increasing the amount of P>Os. With 1 mol% of P,Os addition, the glass
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network predominantly consisted of Q° crystallizes directly into LS2 phase. With
increasing P,Os up to 1.5 mol%, the disproportioned Q7 and O are developed as LS
in the early crystallization, and cristobalite phase is formed at higher temperature,
resulting in the solid-state reaction between LS and cristobalite to form the LS2
phase. Moreover, with increasing the content of P,Os from 1.0 to 1.5 mol%, the first
exothermic peak (Tp1) shifts to lower temperature, and also its height (6Tp1) increases,
implying that the nucleation rates of LS2 and/or LS phases might be significantly
increased on the basis of the assumption that the greater shifts of Ty to lower
temperature and higher 0Ty reflect an increase in the concentration of nuclei [32,

33].

Fig. 4.7(b) exhibits the XRD patterns of samples heat-treated at 500°C for 1 h
and 800°C for 2 h. The LS2 and LP phases are detectable in the sample of
P1Z/K1.With increasing the content of P,Os, the intensities of cristobalite and LP
phases are significantly improved. The volume fractions of crystalline phases of
GC samples are presented in Fig. 4.7(c). The standard deviation of LS2 volume
fraction is ~ 3%, and those of LP and cristobalite volume fractions are below 1%
although samples were produced using various heat treatment conditions of total
twelve groups, implying that the volume fractions of crystalline phases are
insensitive to the nucleation temperature, crystal growth temperature, and growth
time used for this study while the average crystal size and morphology are very
sensitive to these processing parameters. The volume fractions of residual glassy
phase in all samples are in the region of 27-30%. However, while the volume
fraction of LS2 phase is decreased with increasing P.Os, those of LP and

cristobalite phases are increased. Therefore, the dependence of biaxial flexural
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strength and Vickers hardness on average crystal size for each composition is
considered to be valid since the variation in the volume fractions of residual glassy
phase is not so significant. Table 4.4 shows the volume fractions evaluated for the
samples heat-treated at 500 °C for 1 h and then 800 °C for 2 h. It is noticeable that
the decrease of biaxial strength with decreasing average crystal size is
accompanied by the increase in the volume fractions of cristobalite and LP phases
when that of main LS2 phase is decreased and the residual glassy phase is
unaltered. Thus, the existence of cristobalite and LP phases seems to be

unfavorable for the enhancement of biaxial strength.

4.3.4 Micro residual stress

The micro residual stress in LS2 phase is considered to be an important factor
for the evaluation of internal residual stresses in GCs. The 26 angles along the
lattice planes of (130), (040) and (111) of LS2 phase in both stress-free powder and
bulk samples are summarized in Table 4.5. The heat treatment conditions of bulk
samples were exactly the same with those of samples for fracture toughness test.
The micro residual stresses were evaluated by measuring the strain and the elastic
modulus along each lattice plane. The elastic modulus of polycrystalline LS2 is
reported as 122 GPa by Mastelaro ef al. [7]. In this study, the elastic modulus of
LS2 GCs was obtained by nano-indentation measurement as the value of 123.7 +
7.5 GPa for P1.5Z/K2 sample, and it was employed to calculate the residual stress
using Eqgs. (7) and (8). The P1Z/K1 sample presents tensile stresses along the (130)

and (040) planes whereas it shows compressive stress in (111) plane, and its
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average stress in those three planes is 0.6 MPa. With increasing the P>Os and Z/K
ratio, the average compressive stresses were increased to -184.2 and -216.4 MPa

for P1.257/K0.7 and P1.5Z/K2, respectively.

4.3.5 Thermal expansion

Fig. 4.8 displays the thermal expansion curves of the samples heat-treated at 500 °C
for 1 h and then 800 °C for 2 h, For a comparison, those of corresponding as-
quenched glass samples are also presented as the insets. The glass samples present a
similar expansion behavior regardless of P,Os and Z/K ratio, while the GCs exhibit
the tendency of increase in thermal expansion with increasing the P»Os and Z/K ratio.
The P1Z/K1 sample without cristobalite phase exhibits the lowest thermal expansion
in the temperatures ranging from 200 to 700 °C among all samples. The thermal
expansion increases with increasing the amount of P,Os and Z/K ratio. Particularly,
the notable hump near ~ 200 °C is observed for the P1.5Z/K sample including a lot
of cristobalite phase, suggesting that the alpha-to-beta transition of cristobalite phase
occurs at ~200 °C. The equilibrium temperature of alpha-to-beta is known to locate
at 220 °C [12], and the transition temperature is highly variable in the region of 170—
270 °C for synthetic cristobalites since the structural substitution along with
associated defects, vacancies and strains hinder the transformation between low-
temperature o-tetragonal phase (p=2.33 g/cm®) and high-temperature B-cubic phase
(p=2.20 g/cm?) [34]. A similar thermal expansion behavior due to the transition of

alpha-to-beta cristobalite was also reported by other researchers [35, 36]. In addition,
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when beta-to-alpha transition occurs, microcracks are known to be induced by 4.9
vol% reduction [37, 38]. Thus, highly scattered flexural strengths observed for the
P1.5Z/K2 sample in Fig. 4.4(c) is presumably attributable to the formation of
microcracks induced by considerable cristobalite phase. The measured TEC data in
the temperature region of 100 — 400°C are listed in Table 4.6. The P1Z/K1 sample
shows the lowest TEC value of 10.54x10°%/°C while the P1.5Z/K2 sample reveals
the highest TEC value of 12.90x10%/°C. Interestingly, as-quenched glass samples
exhibit the variation of TEC values opposite to their corresponding GC samples
although it is not so significant. Furthermore, according to Villas-Boas ef al., [39],
the TEC of residual glass (oures.glass) and average crystallized phases can be estimated
using a rule of mixture using Eq. (11) as follows,

% -fxacr v
Ohosgias= (D)

where fis the volume fraction of crystalline phases measured using XRD and 0ty ¢

is the average TEC of all crystallized phases. The average TECs of LS2, cristobalite
and LP phases were taken as 10.4x10°,10.9 x10%/°C, and 14.5x107/°C, respectively,
referring to the literatures [12, 39]. The calculated TEC values of residual glasses are
remarkably increased from 10.48x10° to 16.84x107/°C with increasing the of P,Os
and Z/K ratio while that of the average crystallized phases (0Lryst.vol) i increased from
10.56x10° to 11.32x10°/°C as listed in Table 4.6. Therefore, the increase of TEC
with increasing of P,Os and Z/K ratio in GCs might be caused not only by the
crystalline phases and also by residual glass phase. Further, the increase of
compressive stress in LS2 phase shown in Table 4.4 might also be associated with

the increase of TEC in residual glass phase surrounding the crystal phase.
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4.4 Discussion

4.4.1 Identification of crystalline phases in the microstructures

InFigs. 4.1 and 4.2, it is impossible to distinguish three different crystalline phases
of LS2, LP, and cristobalite, existing in GC samples as shown in Fig. 4.7(b), and
thus all crystals in each sample were included to evaluate the average crystal size
shown in Table 4.2 and Figs. 4.3-4.5. However, as shown in Fig. 4.7 and Table 4.4,
the P1.5Z/K2 samples contain the considerable LP and cristobalite phases although
the major phase is LS2 phase. At the growth temperature of 850 °C, a significant
growth of crystals is observed in Figs. 4(c), (d), (g), (h), (k) and (l), which is
accompanied by an increase in the aspect ratio. However, we can also observe some
equiaxed submicron-sized crystals in Fig. 4(g). These equiaxed submicron crystals
are suspected as cristobalite since LS2 phase is known to have growth anisotropy,

resulting in rod-like crystals [25, 40].

However, it is important to differentiate the LS2 and cristobalite phases since
the crystal morphology or distribution of cristobalite might affect the mechanical
properties. Thus, we performed the TEM-EDS mapping to distinguish the LS2,
and cristobalite phases for P1.5Z/K2 sample heat-treated at 500 °C for 1 h and
then 800 °C for 2 h as shown in Fig. 4.9. In this figure, the dark gray represents
the LS2 or cristobalite phases, and the bright gray denotes residual glassy phase
or the LP phase since the heavy atom is brighter than light atom. As shown in Fig.
4.9(b), the additives of Zn and K for the crystallization are located in the residual
glassy phase, and P resides in LP phase or residual glassy phase. Referring to

previous reports [27, 41], the nano-sized LP phase could be observed as a
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heterogeneous nucleation center for LS, LS2, and cristobalite phases. Likewise,
nano-sized phases pointed by the arrows in Fig. 4.9(a) are believed to be LP phase.
Unfortunately, however, as shown in Fig. 4.9(b), LS2 phase is indistinguishable
from cristobalite phase via TEM-EDS analysis since Li in LS2 is undetectable. As
a result, except P1Z/K1 sample with no cristobalite, the measured average crystal
sizes in Table 4.2 and Figs. 3—5 might include the cristobalite crystals, producing
the considerable errors in the average crystal size of LS2, especially for the

P1.5Z/K2 sample with appreciable amount of cristobalite.

4.4.2 Factors affecting mechanical properties of LS2 GCs

As shown in Fig. 4.4, while the biaxial flexural strength data of P1Z/K1 and
P1.25Z/K0.7 samples satisfy the Hall-Petch relation, those of P1.5Z/K2 samples
seriously deviate from this relation. Such a serious deviation from the Hall-Petch
relation for the P1.5Z/K2 sample, because of severely scattered flexural strength data,
is primarily ascribed to the existence of a significant amount of cristobalite (~ 8.4
vol%) since its beta-to-alpha transformation can generate microcracks during the
cooling process. Another factor affecting the mechanical properties of GC samples
might be a significant difference in TEC between LS2 crystal and residual glassy

phase which can generate micro stresses at the interface [42].

To further understand the above difference in the behaviors of flexural strength vs
crystal size between P1Z/K1 and P1.5Z/K2 samples, we observed their fracture

surfaces as shown in Fig. 4.10. The fracture surface of P1Z/K1 sample is smoother
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than that of P1.5Z/K2 sample. It can be seen from Fig. 4.10(c) that the cracks might
randomly propagate through LS2 crystals in the P1Z/K1 sample, suggesting
intragranular fracture mechanism. On the contrary, in the P1.5Z/K2 sample, the
microcracks might propagate with the curving and intersecting paths represented by
the arrows in Fig. 4.10(d), indicating that the cracks might propagate through
residual glassy phase, which is pretty similar to intergranular fracture mechanism in
fine-grained ceramics, where the intergranular fracture occurs due to a highly
concentrated stress at the grain boundary facet that makes crack propagation easier
along the grain boundary [43]. These results also indicate that the micro tensile
stresses generated in residual glassy phase are gradually increased with increasing
the P,Os and Z/K ratio because of TEC increment in residual glassy phase. The micro
tensile stress in residual glassy phase can be confirmed by the counterpart
compressive stress in LS2 crystal as presented in Table 4.5. Enhanced tensile stress
in residual glassy phase promotes the crack propagation in residual glassy phase
rather than crystalline phase when the external tensile stress is applied during the

biaxial flexural strength test.

Li et al. [44] investigated the effect of LS2 crystal size on the mechanical
properties of LS2 GCs (crystallinity of 66%). They found that the 3-point bending
strength was gradually enhanced with increasing LS2 crystal size to a certain size
due to the interlocking effect but it was decreased with further increasing crystal
size due to an increased micro residual tensile stress in residual glassy phase,
which was called as the dual effects of interlocking and micro residual stress. They
suggested that higher micro residual tensile stress was caused by increased LS2

crystal size and crystal aspect ratio.
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Unlike their report, however, the biaxial flexural strengths are improved with
decreasing average crystal size in this study, following the Hall-Petch relation. With
further refining crystal size, the flexural strengths are severely scattered mainly due
to the formation of appreciable amount of criostbalite phase as previously mentioned.
Furthermore, the micro tensile stress in residual glassy phase caused by a large
difference in TEC between crystalline and residual glass phases can decrease the

flexural strength as well.

According to the Hall-Petch relation in ceramics, the flexural strength is governed
by the microplasiticity failure in large grain branches and the flaw failure in fine
grain branches [43]. Therefore, the initial enhancement of flexural strengths for
P1Z/K1 samples in Fig. 4.4(d) is considered to follow the microplastic failure where
the crystal size might be larger than flaw size. while, for P1.5Z/K2 samples with
finer crystal size, the fracture mechanism is considered as flaw failure. However, in
GC samples, the Hall-Petch relation may be more complicated since the crystals are
embedded in glassy matrix. A micro stress at the interface between crystal and
residual glass matrix may also affect the failure mechanism determining fracture
mode if the surface finishing, pores, and impurities in LS2 crystal are excluded.
According to Hall-Petch relation, with decreasing crystal size, the flexural strength
is expected to increase. However, the flexural strengths not only negatively deviate
from the Hall-Petch relation but also highly scatter in Fig. 4.4 (d). The negative
deviation of flexural strength with decreasing the crystal size might be due to the
micro tensile stress in residual glassy phase, and the severe scattering of flexural
strength might be due to the microcracks induced by cristobalite. Consequently, it

can be suggested that the biaxial flexural strength may be further improved with
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decreasing the crystal size if the formation of cristobalite phase in GCs can be
avoided or at least suppressed below a certain amount, and also if the micro tensile
stress in residual glassy phase due to the difference of thermal expansion between

crystalline phase and residual glassy phase can be minimized.

Interestingly, as shown in Fig. 4.5, the Hall-Petch relation in Vickers hardness is
preserved even for P1.5Z/K2 samples unlike their biaxial flexural strength data in
Fig. 4.4, implying that it is almost independent of the microcracks induced by the
structural transition of cristobalite and higher micro tensile stress in residual glassy
phase. This result is in good agreement with the previous report by Li ef al. [44] in
that the nano-indentation hardness decreased with increasing the LS2 crystal size.
They reported the hardness values ranging from 7 to 9 GPa which is higher than our
Vickers hardness values ranging from 4.5 to 6 GPa. This discrepancy in the hardness
values is most probably due to the intrinsic size effect that the contact depth of micro-
indentation is always higher than that of nano-indentation, resulting in lower
hardness values in micro-indentation [45-47]. Meanwhile, they also suggested that
higher residual tensile stress in glassy matrix, formed in the GC samples with the
LS2 average crystal sizes in the region of 1 — 5 pm, caused lower hardness because
of reduced deformation-resistance. In contrast, in our work, higher residual tensile
stress in glassy matrix was generated in the P1.5Z/K2 samples with the average
crystal size ranging from 0.3 to 1 um. These samples exhibited no degradation in
Vickers hardness. Instead, it was consistently increased with decreasing the average
crystal size as shown in Fig. 4.5(d), which is probably due to finer crystals which
might reinforce the resistance for microplastic deformation by the retardation of

dislocation motion [48]. In addition, enhanced deformation-resistance in the GCs
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due to finer crystals might diminish the negative effect of residual tensile stress in

glassy matrix on hardness.

On the other hand, the fracture toughness is almost unaltered with the crystal
size, existence of cristobalite and higher TEC of residual glassy phase when the
volume fractions of crystalline phase are similar to each other. It is known that the
main factor for the toughening in GCs is the volume fraction of crystal phase [49,
50]. However, Hill et al., [51] reported that the fracture toughness increases with
increasing the aspect ratio of crystal phase in baria-silicate GCs. They
demonstrated that while toughing occurred in the samples with the aspect ratio
values ranging from 1.4 to 3.6 due to a crack deflection, resulting in an increase
in fracture toughness from 1.0 + 0.1 to 1.4 + 0.2 MPa-m*?, additional toughening
mechanism could be found in the sample with higher aspect ratio of 8.1 most
probably due to crack bridging, leading to fracture toughness of 2.2 + 0.6
MPa-m*2, In our case, the aspect ratio of GCs varied from the 1.9 to 4.1 as shown
in Table 2, indicating that the crack deflection might occur, however, there is no
difference in fracture toughness. Moreover, it has been reported that the fracture
toughness of GCs is affected by the TEC mismatch between crystal and residual
glass phases, leading to a variation in the crack propagation path [49]. However,
the effect of residual stress on fracture toughness is complicated in GCs with high
volume fraction of crystal phase since the state of stress around the crystal can be
very complex [52]. This complex stress state might be responsible for unaltered

fracture toughness in our sample.
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4.4 Summary

The total volume fractions of LS2, LizPO4, and SiO (cristobalite) crystalline
phases in GC samples were in the region of 0.70—0.73 regardless of various heat
treatment conditions. The Hall-Petch relation was obtainable from the dependence
of biaxial flexural strength on average crystal size for the samples without
cristobalite phase_and with negligibly small micro stresses generated at the interface
between LS2 crystal and residual glassy phase. In the GC samples having
appreciable amount of cristobalite like 8.4 vol%, however, the biaxial flexural
strength data as a function of average crystal size were significantly scattered and
hence largely deviated from the Hall-Petch relation, which may be caused by the
microcracks induced by beta-to-alpha transition of cristobalite during the cooling
process after crystallization. In addition, an abrupt increase in TEC of residual glassy
phase is considered to deteriorate the flexural strength by introducing a micro tensile
stress in residual glassy phase. Interestingly, for the sample with 8.4 vol% cristobalite,
unlike the flexural strength data, Vickers hardness data followed the Hall-Petch
relation quite well since the micro tensile stress in residual glassy matrix might be
diminished by the enhanced deformation-resistance. The fracture toughness was not
sensitive to the factors like crystal size, existence of cristobalite, and significant
tensile stress in residual glassy phase. Instead, it was mainly dependent on the total
volume fraction of crystalline phases. Further improvement of the mechanical
strength of LS2 GCs may be possible if the formation of cristobalite can be avoided
or suppressed to a negligibly small amount, and also if the difference of thermal

expansion between crystalline phase and residual glassy phase can be minimized.
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Table 4.1. Table 1. Nominal compositions of glass samples (in mol %).

Sample ID SiO, Li,O P,0s KO ZnO
P1Z/K1 66.27 27.73 1 2.5 2.5
P1.25Z/K0.7 66.27 27.73 1.25 2.75 2
P1.5Z/K2 66.27 27.73 1.5 1.5 3
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Table 4.2. Fracture toughness (Kic), average crystal size (along the long length), and
aspect ratio for the samples heat-treated at 500°C for 1 h and then 800°C for 2 h.

Sample ID Kic (MPa-m®3)  Average crystal size (um) Aspect ratio
P1Z/K1 2.76 £0.14 7.3+£2.2 41+1.4
P1.257/K0.7 2.43+0.35 1.0+0.3 29+09
P1.5Z/K2 2.65+0.39 0.4+0.1 1.9+0.7
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Table 4.3. DSC characteristic temperatures of the glass samples measured with a
heating rate of 10 °C/min in air, where Ty is the glass transition temperature, 7 is the
onset temperature of the crystallization peak, 7, is the crystallization peak
temperature, 07, is the height of crystallization peak, and Tnis the melting peak
temperature.

Glass s . nd . Melting
transition 1%t exothermic peak 2" exothermic peak peak
Sample ID
Txt Tp1 o0Tp1 Txe Tp2 0Tp2
Tg (°C, Tm (°C
WO g e O ro eo o MY
P1Z/K1 462.8 613.8 648 0.8 - - - 987.6
51'252/}(0' 465.1 604.1 623 1.6 — — - 985.5
P1.57/K2 465.6 583.1 597 2.6 722.1 729.3 0.4 993.2
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Table 4.4 Calculated volume fractions of crystalline phases by the PONCKS method
in the samples heat-treated at 500°C for 1 h and then 800°C for 2 h.

Volume fraction of phases (vol%)

Sample ID

Residual glass LS2 LP Cristobalite
P1Z/K1 26.7+0.9 69.1£0.9 32+0.1 -
P1.257/K0.7 26.1+0.7 65.3+0.7 45+£03 1.6+£0.3
P1.5Z/K?2 28.6+1.1 56.6+1.1 6.4+02 8.4+0.3

81



Chapter 4: Effects of microstructure on the mechanical properties of
lithium disilicate glass-ceramics for the SiO:-Li;0-P,05-K;0-Zn0 system

Table 4.5. X-ray diffraction data, and experimental internal strains and stresses

calculated by Eq. (7).

Sample ID (hkD)  20p0uder dzgler 200k douk () £(x107) (;;p;)
P1Z/K1 (130)  23.7563 3.7423 23.7537 3.7427 0.11 13.50
(040)  24.2999 3.6598  24.2972 3.6602 0.11 13.69
(111)  24.8041 3.5865  24.8093  3.5858 -0.21 -25.38
P125Z/K0.7 ~ (130)  23.7576 3.7421 23.7891 3.7372 -1.31 -161.65
(040) 243091 3.6584  24.3485 3.6526 -1.60 -197.47
(111)  24.8054 3.5863 24.8448 3.5808 -1.56 -193.39
P1.5Z/K2 (130)  23.7576 3.7421 23.8007 3.7354 -1.79 -221.18
(040) 243169 3.6573 24.3601 3.6509 -1.75 -216.44
(I11) 24,8133 3.5852 24.8564 3.5791 -1.71 -211.49
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Table 4.6. Measured linear TEC of the glass and GCs, and calculated TEC values of

residual glass and crystalline phases based on the rule of mixture in the temperature

region of 100 — 400 °C.

TEC (10°%/°C)

Average TEC of crystalline

Sample ID Glass GCs Residual glass phases (derstvol)
P1Z/K1 12.43 10.54 10.48 10.56
P1.25Z/K0.7 12.31 11.58 13.67 10.74
P1.5Z/K2 12.23 12.90 16.84 11.32
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Fig. 4.1. SEM micrographs of (a—b) P1Z/K1, (c—d) P1.25Z/K0.7, and (e—f) P1.5Z/K2
with low (left) and high (right) magnifications. All samples were heat-treated at
500°C for 1 h and then 800°C for 2 h. The residual glassy phase was etched by 15
vol% HF solution for 10 sec
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Fig. 4.2. SEM micrographs of P1.5Z/K2 samples nucleated at (a) — (d) 460 °C, (e) —
(h) 500 °C, and (i) — (1) 540 °C. At the growth temperature of 800 °C, the GC samples
(@), (e) and (i) were grown for 2 h, and (b), (f) and (j) for 4 h, respectively. At the
growth temperature of 850 °C, the samples (c), (g) and (k) were grown for 2 h, and
(d), (h) and (1) for 4 h, respectively. The residual glassy phase was etched by 15 vol%
HF solution for 10 sec.
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Fig. 4.3. Aspect ratio versus average crystal size (along the long length) of GC
samples. Vertical and horizontal error bars represent standard deviations. The symbol
was designated with the heat treatment conditions for nucleation (460, 500, 540 °C)
for 1 h and crystal growth (800, 850 °C) for 2 h and 4 h. Closed symbols and opened
symbols denote the holding times of 2 h and 4 h, respectively, at the growth stage.
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Fig. 4.4. Biaxial flexural strength versus average crystal size of GC samples (a)
P1Z/K1, (b) P1.257/K0.7, (c) P1.5Z/K2, and (d) all data points in reciprocal of
crystal size. Vertical and horizontal error bars represent standard deviations. The
vertical and horizontal error bars were removed in (d) to easily differentiate each
data point. The symbol was designated with the heat treatment conditions for
nucleation (460, 500, 540 °C) for 1 h and crystal growth (800, 850 °C) for 2 h and 4
h. Closed symbols and opened symbols denote the holding times of 2 h and 4 h,
respectively, at the growth stage. The red dashed line in (d) is the linear regression
line of Hall-Petch relation given by Eq. (9) for the P1Z/K1 and P1.25Z/K0.7 samples
(R=0.802).
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Fig. 4.6. DSC curves for glass samples with the heating rate 10°C/min in air.
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Fig. 4.8. Thermal expansion curves of GC samples heat treated at 500°C for 1 h and
800°C for 2 h The insets are the curves for corresponding glasses.
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Fig. 4.9. TEM-EDS of (a) Electron image, (b) layered mapping for P (yellow), K
(blue), Zn (green) and Si (red) elements. The arrows in (a) designate the LP phase.
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Fig. 4.10. SEM micrographs of the fracture surfaces for the GC samples after biaxial
flexural test: (a) and (c) P12/K1, (b) and (d) P1.5Z/K2. The samples were heat-
treated at S00°C for 1 h and then 800°C for 2 h.
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Chapter 5

Coloration mechanism in lithium disilicate glass-
ceramics

5.1 Introduction

In this chapter, we investigated the effect of V;Os colorant on the optical properties
and crystallization of LS2 GCs. The V205 additive was selected as the colorant since
it is known to impart a yellowish color (positive b*) to GCs with the combination of
CeOz and TiO2 [1]. In addition, to achieve a fine interlocking microstructure for high
mechanical properties, additives are needed for crystallization. The P,Os is a typical
nucleating agent for LS2 GCs, and the glass modifier Al.O3 is known to promote
crystallization of the LS phase, which is a transient phase of LS2, while ZnQ is known
to induce the LS2 phase directly [2-4]. These additives can affect the composition of
the residual glassy matrix after crystallization. We anticipated that a continuous
change in a local composition of the multicomponent LS2 system during
crystallization would alter the valence state of the vanadium colorant ion and crystal
field splitting in the residual glassy matrix, and thus affect the coloration. Therefore,
we varied the ratio of additives for crystallization such as K,O, ZnO, and Al,O3; both

the ratios of Al,03/K>0 (Al/K) and ZnO/K;0 (Zn/K) from 0.5 to 2, respectively. The
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amounts of base glass matrix composed of Li>O and SiO,, and nucleating agent, P20s,

and oxide colorant, V.0s were fixed to have 93.5, 1.5, and 0.5 mol%, respectively.

5.2 Experimental

The precursor materials were SiO (99%, Daejung Chemical Co., Ltd, Korea),
Li,COs (98%, Daejung Chemical Co., Ltd, Korea), (NH4),HPO4 (98.5%, Daejung,
Korea), K,CO3 (99%, Kojundo Chemical Lab. Co., Ltd, Japan), ZnO (99%, Kojundo
Chemical Lab. Co., Ltd, Japan), and V>0s (99.9%, Kojundo Chemical Lab. Co., Ltd,
Japan). The precursors were weighed to have the glass compositions listed in Table
5.1, mixed by 3D-mixer (Korea machine engineering, KMC-T2, Korea) for 30 min,
and melted in a platinum crucible at 1400 °C for 2 h in air using an elevator furnace.
The melts were poured into a crusher to obtain a glass frit. The glass frit was re-
melted twice to improve its homogeneity at 1400 °C for 1 h, and then cast in a
graphite mold with the diameter of 13 mm diameter and the thickness of 20 mm. As-
cast glasses were annealed at 450 °C for 30 min to remove a residual stress. For the
fabrication of GCs, the two-stage heat treatment was conducted for all samples at
500 °C for 1 h as the nucleation stage and at 600 °C, 700 °C, and 800 °C for 2 h as

the growth stage.

The thermal characterization of glass crystallization was conducted with
differential scanning calorimetry (DSC, SDT Q600, TA instruments, USA) using a
Pt cell up to 1100 °C with the heating rate of 10 °C/min in air. The glass frits larger
than 400 um were used in order to prevent the effect of surface crystallization on the

characteristic DSC temperatures, which can induce the shift of exothermic
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crystallization peaks toward lower temperatures because of increased nucleation

sites on the surface when the size of the glass is small [5]..

X-ray diffraction (XRD, D/max 2500, Rigaku, Japan) was carried out to analyze
the crystalline phases with Cu Ko (A = 1.5401 A) produced at 40 kV and 100 mA.
The scan range was from 10° to 80° with a step size of 0.02° and a scan speed of
5°/min. To monitor the crystallization sequence, high-temperature X-ray diffraction
(HT-XRD, D/max 2500, Rigaku, Japan) with Cu Ko (A = 1.5401 A) radiation
produced at 40 kV and 200 mA was also conducted. Monolithic glass samples with
a dimension of 12 mm x 19 mm x 1.6 mm were used for HT-XRD analyses. Samples
were initially heated to 460 °C with a heating rate of 20 °C/min and maintained for 5
min. HT-XRD analyses were performed at temperatures ranging from 460 to 600 °C
at 20 °C intervals and 600 to 900 °C at 25 °C intervals with a 26 scan from 10 to 50°

with a scan speed of 2°/min.

The quantitative phase analysis using X-ray diffraction was performed by the
Partial or No Known Crystal Structure (PONKCS) method. The fitting of the X-ray
diffraction pattern was conducted by the software TOPAS (Bruker, version 4.2). The
microstructures of GCs were observed using a field emission scanning electron
microscope (FE-SEM, JSM6701F, Jeol, Japan) after etching samples in 15 vol% HF
solution for 5-10 sec. The local compositions in the microstructures were analyzed
by energy dispersive spectroscopy (EDS) equipped in a field emission transmission
electron microscope (FE-TEM, JEM2100F, Jeol, Japan) operated at 200 kV. The
TEM specimens were prepared by a focused ion beam (FIB, SII Nanotechnology,

SMI3050E) system.
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For optical analysis, glass and GC samples with the thickness of 1.2 mm were
mirror-polished with a diamond suspension of 1 um. The colors of the glass and GC
samples were measured in the wavelength region of 380 — 780 nm by a UV-vis
spectrometer (Shimadzu Corp, UV-2600, Japan) using CIE color coordination
(CIE1976, illuminant D65, 10° Standard Observer function). Optical density was
obtained from the ratio of absorbance relative to the sample thickness in the region
of 220 — 1400 nm with a resolution of 0.5 nm. Commercial software (PeakFit, v4.12)
was used for the Gaussian deconvolution of the absorption peaks.
Photoluminescence spectra of samples were measured using a Xe flash lamp (PSI

Co. Ltd, Korea) of 500W.

5.3 Results

5.3.1. Color analysis

Fig. 5.1 shows the photographs of the glass and GC samples. The V,Os-undoped
GZ5 glass and GC samples are transparent and colorless. The translucency
decreases with increasing the growth temperature. While all the V,Os-doped glass
samples are light greenish, the V,0s-doped GCs show diverse colors which are
dependent on their glass composition and growth temperature. When the glass
samples are heat-treated at 600 °C, GVAl: s, GVAls, and GVZ, 5 are violet in color
while GVZ; is bluish. The colors of GVAl, s and GVAl; maintain violet with high
translucency up to 700 °C while those of GVZ; s and GVZ; reveal a bluish color with
low translucency. When the glass is heat-treated at 800 °C, both GVAl; s and GVZ, 5

are greenish. However, GVZ, s shows lower translucency than GVAl, s, and GVAI;3
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is dark bluish. The brownish color of GVZ3 is notably different from other samples.
The color coordination for the samples based on CIELab color space are summarized
in Table 5.2, where L* denotes lightness, the chromaticity parameter, a*, represents
the green (negative) — red (positive) value, and the parameter b* indicates the blue
(negative) — yellow (positive) value. The L* values of all samples are increased with
the growth temperature, implying that the reflection of the incident light is enhanced
by the crystallization. For GVZ s and GVZ3, the b* values move to positive with
increasing the growth temperature, and reach to 11.4 for GVZ; heat-treated at 800 °C.
From the sample GVZ; heat-treated at 800 °C, the color appropriate for dental

application is obtainable since it possesses L* of 62.2, a* of 0.6 and b* of 11.4.

5.3.2. Absorption and photoluminescence

The absorption spectra of all samples are represented in Fig. 5.2. All V,0s-doped
glass samples reveal an intensive absorption in the UV region with UV cut-off at 365
nm. On the other hand, undoped glass exhibits lower UV absorption compared with
V»0s-doped glasses as shown in Fig. 5.2(a). At the growth temperature of 600 °C,
the absorption bands for GVAl; s and GVAl; samples are observed at 17,600 and
10,300 cm™', and additional bands are detectable at 22,000 and 13,800 cm™ in GVZ; s
and GVZ; as shown in Fig. 5.2(b). In Fig. 5.2(c), when the growth temperature is
700 °C, it is shown that the intensities of absorption bands at 22,000 and 17,600 cm
! for GVAl; are increased compared with those for GVAL, s, Similarly, the intensities
of absorption bands at 22,000, 17,600 and 13,800 cm™ for GVZ; are higher than
those for GVZ;s. At the growth temperature of 800 °C, the absorption bands at

17,600 and 10,300 cm™ for both GVAl;s and GVAl; are diminished while the
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intensity of absorption band at 22,000 cm™ is enhanced as shown in Fig. 5.2(d). For
GVZ, s, the intensities of absorption bands at 17,600 and 13,800 cm™ are unaltered.
The intensity of absorption band at 22,000 cm™! is, however, significantly increased

for GVZi 5, and it is more significantly increased for GVZs.

The color of glass can be understood by the absorption bands generated by
vanadium ions with specific oxidation states, and those absorption bands can be
analyzed on the basis of the Tanabe-Sugano model [6]. Generally, the vanadium ions
are known to exist as octahedrally coordinated V**, V4", and V°* ions in oxide glass
due to the ligand field of glass. The existence of V>* ion in oxide glass is quite rare
[7, 8]. Therefore, the possible vanadium ions in LS2 GCs are believed to be V', V¥,
and V°* ions. In the glass samples shown in Fig. 5.2(a), the broad absorption bands
observed in the UV region and no additional absorption band beyond the UV region
strongly support the charge transfer transition by V> ions which has no electrons in
d shell, suggesting that all glass samples possess V" ions only regardless of the AI/K

and Zn/K ratio.

The V* ion, having one electron in d shell, is known to have one absorption band
from the ground state of *T> to °E [9]. However, due to its ligand field of adjacent
oxygen ions, the complex is tetragonally distorted, and its ground states are split into
B, (ground) and ’E, and ’E states into ’B; and A, revealing three different
absorption bands, respectively. The absorption bands from ground *B, to 2By, °E, and
%A, are reported at 9,200, 16,400, and 23,800 cm!, respectively, in sodium silicate
glass, and 9,600, 16,340, and 23,236 cm™!, respectively, in sodium borosilicate glass
[10, 11]. For the V** ion, having two electrons in d shell, it has three spin-allowed

transitions from the ground *T; (F) to *T> (°F), °T: (°P), and *A, (*F). The transition
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from ground *T; (°F) to 3T, and T, were observed at 14,700 and 22,000 cm,
respectively, in sodium silicate glass, and 13,812 and 21,786 cm™, respectively, in
zirconium fluoride glass, and 21,786 and 13,812 cm’!, respectively, in phosphate

glass [10, 12, 13]

Referring to previous reports [19-25], we could interpret the valency of vanadium
ion in our samples. Deconvoluted absorption bands for the samples with distinct
colors from violet, bluish, greenish, and brownish are represented in Fig. 5.3. As
shown in Figs 5.3(a) and (b), the violet and bluish colors in GVAIl; and GVZ3 samples,
respectively, possess mainly V#" ion and relatively lower content of V** ion while
the greenish color in GVALl s and GVZ, s samples exhibits a decrease in V4" ion but
an increase in V** ion as shown in Fig. 5.3(c). It is noteworthy that, compared with
the samples with relatively higher translucency grown at 600 °C, the samples with
relatively lower translucency grown at 700 °C show higher optical densities even
though their colors are identical as shown in Figs. 5.3(b) and (c), which might be
ascribed to a light scattering from the crystalline phase which can enhance the
extinction coefficient without altering the absorption bands. Finally, as shown in Fig.
5.3(d), the brownish color in GVZ; exhibits the largest content of V** ion among all
samples with enhanced absorption intensities at 22,000 cm™. In addition, all GCs
show a charge transfer in UV region, indicating the co-existence of V" with V3" and
V# ions. Consequently, while the light greenish color of as-quenched glass indicates
the existence of the V°* ion only, the violet and bluish colors of GCs indicate the
existence of the V** ion primarily, and the brownish color of GCs indicates a large
portion of the V**ion, implying that that the V°* ion in as-quenched glass is first

reduced into V** and then V** further with progressing crystallization.
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The photoluminescence (PL) spectra of samples are presented in Figs. 5.4(a) and
(b). We can see that there exist excitations in the wavelength region of 345 — 348 nm
and broad emissions in the region of 505 — 515 nm. As mentioned previously it, the
charge transfer occurs by the V°* ion in the glass, showing intense absorption in UV
region, and the absorbed energy through the charge transfer from V** to O* ligand
is released at about 500 nm as a reverse radiative decay process [11, 14, 15]. Thus,
the broad emission in the region of 505 — 515 nm is assumed be caused by the V°*
ion. The intensities of both excitation and emission PL spectra of GVAl,s are
increased with increasing the growth temperature as shown in Fig. 5.4(a). It is known
that the PL spectra of a transition metal ion in glasses are very weak due to a non-
radiative decay process, and they can be enhanced by doping the transition metal ion
into a crystalline phase to promote a radiative decay [16]. Thus, the enhanced PL
spectra imply that the V3" ion can be doped to the crystalline phase of GCs. The PL
spectra of the GC samples heat-treated at 800 °C, which show various colors of dark
bluish, greenish and brownish, are illustrated in Fig. 5.4(b). The intensities of both
excitation and emission PL spectra of GVAIl; and GVZ; are lower than those of
GVAlis and GVZ; s, suggesting that the green color of GVAl;s and GVZ; s heat-
treated at 800 °C might be derived not only from the absorption but also from the
photoluminescence with the maximum intensity in the wavelength region of 505-

515 nm.

In Fig. 5.4(c), the maximum intensities of PL excitation spectra at ~350 nm are
plotted as a function of the heat treatment temperature. It is obvious that the
maximum intensities are increased with increasing the growth temperature for all
samples except the intensity drop of GVZ; at 800 °C. This intensity drop is

attributable to a decrease in the amount of V>* ion doped to the crystalline phase of
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GCs. In addition, the intensities of PL emission spectra of GVAIl; and GVZ; are lower
than those of GVAlis and GVZ,s, suggesting that, as the AI/K and Zn/K ratios
become higher, the doping content of V>* ion to glass or crystalline phase becomes
lower, clearly indicating that the ratios of Al/K and Zn/K additives affect the extent
of fluorescence by controlling the doping content of V> ion to glass or crystalline

phase.

5.3.3. Crystallization behavior

As previously mentioned, the LS2 GCs are fabricated by the molding/pressing
process or CAD/CAM technique. Particularly, the GC composed of the LS phase and
residual glass, normally formed at relatively lower growth temperature (~ 600 °C in
general), is currently adapted as a machinable CAD/CAM block. After milling the
block to have an aimed shape, the LS phase is converted into the LS2 phase which
is stable at higher growth temperature of ~850 °C. If the V,0s colorant assists to
form the LS phase rather than the LS2 phase at relatively lower growth temperature,
it can be used for CAD/CAM process. Oppositely, if it assists to the formation of the
LS2 phase rather than the LS phase, the LS2 GCs with the V,0s colorant should be
shaped by the molding/pressing process. In addition, it may change the resultant
microstructures of GCs, affecting optical and mechanical properties. Thus, it is

essential to identify the effect of V2Os colorant on the crystallization behavior.

Fig. 5.5 shows the DSC curves of all glass samples. Two exothermic peaks are
observable in all samples except GVZ, s having a shoulder peak. The characteristic

DSC temperatures are listed in Table 5.3. The T, Tx2 and Tiy values of GVAl, s are
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similar to those of GVAIl; except Txi which is 25 °C higher than that of GVAL,
implying that crystallization is promoted with increasing the ratio of AI/K at lower
growth temperature below 600 °C. Similarly, the T value of GVZ1 5 is 10 °C higher
than that of GVZs. However, its Ty, value is 36 °C lower than GVZ;. In the previous
chapter 3 [3], V20s-undoped GZ:s (with sample ID of Z/K0.5) showed three
different exothermic peaks corresponding to the crystallization of LS and LS2 phases,
that of cristobalite, and solid state reaction between LS and cristobalite phases,
respectively. The third exothermic peak moved to lower temperature might result in
the shoulder peak for GVZ, s, suggesting that V,Os promotes the solid state reaction

between LS and SiO; phase in lower temperature.

The crystallization sequence is the reaction sequence of the whole crystallization
path which might include a metastable phase or secondary phase, affecting the
nucleation or growth rate of a stable phase and also final microstructure. The LS2
GCs are known to have three different types of crystallization sequence, including
the metastable LS phase in the early crystallization stage at relatively lower
temperature which can disappear by reaction with SiO; to form the LS2 phase at
higher temperature [17]. To investigate the effect of V,0s on crystallization sequence,

the HT-XRD analyses were carried out for GVAl; s and GVZ3 as shown in Fig. 5.6.

The color bar displays the X-ray diffraction intensity. For GVAl, s, the LS phase
is crystallized in the early stage, followed by the formation of both cristobalite and
LS2 phases at higher temperature. The XRD intensity of the LS2 phase is increased
while those of the LS and cristobalite phases disappear at high temperatures over
780 °C, indicative of a type II crystallization sequence [17-19]. On the other hand,

for GVZ;, Both the LS and LS2 phases are crystallized simultaneously in the early
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crystallization stage, and the diffraction intensities of the LS2 phase are aggressively
increased as the LS phase is dissolved and the cristobalite phase emerges, indicating
the type I crystallization sequence. In the final step, the intensity of cristobalite phase
decreases with the formation of the quartz phase at ~ 850 °C. In the previous chapter
3 [3], V20s-undoped GZ;3 showed relatively higher XRD intensity of the LS2 phase
in the early crystallization stage than V,0s-doped GVZs, suggesting that 0.5 mol%
of V,0s addition tends to induce the LS phase rather than the LS2 phase, and hinder
type I crystallization sequence. Although not presented here, V>Os-undoped GAl, s
showed type Il crystallization sequence, implying that the effect of V2Os colorant on

type II crystallization sequence is negligible.

In addition, it is noteworthy that the GVAl, s sample shows the LS phase in the
early crystallization stage with the highest (111) diffraction peak located at 26.9° as
shown in Fig. 6(a). On the other hand, the GVZ3 sample presents the suppression of
the maximum (111) main peak and the second peak of (200), resulting in the third
peak of (310) as the main peak of LS phase, as shown in Fig. 6(b). In the previous
chapter 3 [3], the Zn?>" ion (0.6 A) might substitute the Li* ion (0.59 A) together with
a formation of vacancy to maintain the electrical charge neutrality. However, the Al**

(0.39 A) ion may not be incorporated into the LS crystalline phase.

Fig. 5.7 shows the XRD patterns of the samples which were nucleated at 500 °C
for 1 h and subsequently raised to 600, 700, and 800 °C for 2 h. The LS phase is
observed for GVAl; s and GVAl; samples heat-treated at 600 and 700 °C. A small
peak of the LS2 phase is detectable in GVAI; at 700 °C. At 800 °C, the LS2 and
lithium phosphate (LP) phases are observed for GVAl,s whereas a considerable

quartz peak is observed in GVAl; along with the LS2 and LP phases. On the other
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hand, the LS and LS2 phases are simultaneously crystallized at 600 °C for GVZi s
and GVZ3 as shown in Figs. 5.7(c) and (d), respectively. At 700 °C, the LS phase

disappears, the LS2 phase is dominant, and also the cristobalite phase is formed.

Interestingly, the cristobalite phase survives after the solid state reaction at 800 °C
in GVZ, s while the quartz phase is remarkably pronounced in GVZs. As it can be
seen in Fig. 5.7(b), the cristobalite phase is detectable for GVZ;3 in the temperature
range from 750 to 900 °C, and its XRD intensity starts to decrease with the formation
of quartz above 830 °C, suggesting that the residual glassy phase or cristobalite phase
transform to the stable quartz phase in the temperature above 800 °C with increasing

the ratio of AI/K and Zn/K.

The quantitative phase analyses are presented in Table 5.4. With increasing the
growth temperature, the volume fraction of residual glassy phase decreased and the
that of LS2, LP, cristobalite and quartz phases increased. The cristobalite phase is
found in GVZ,s and GVZ3 samples heat-treated at 600 and 700 °C, the while the
quartz phase is detectable in GVZ; and GVAIl; sample heat-treated at 800 °C.
Interestingly, the GVZ; heat-treated at 800 °C shows the smallest volume fraction of

residual glassy phase among the samples.

5.3.4. Microstructures

The microstructures of the GCs after etching the residual glassy matrix are
presented in Fig. 5.8. In Figs. 5.8 (a), (b) and (d), (e), nano-sized LS phase can be
observed for the GVAI s and GVAI; samples, respectively, after the growth stage at
600 and 700 °C. When heat-treated at 800 °C, the acicular LS2 phase with the length
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below 1 pm is observed for GVAI, 5 in Fig. 5.8(c) while the tens-of-nanometers LS2
of irregular shape is observed for GVAI; in Fig. 5.8(f). For the GVZ;s and GVZ;
samples, the nano-sized LS2 phase is observed at the growth temperature of 600 °C
in Figs. 5.8 (g) and (j), respectively, and it grows into the size of hundreds-of-
nanometers at 700 °C as shown in Figs. 5.8 (h) and (k). At 800 °C, GVZ;s is
composed of acicular crystals with the length of ~1 um in Fig. 5.8 (i). Compared
with previous chapter 3 [22] on V,0s-undoped GZ, s (with sample ID of Z/K0.5) and
GZ;3 (Z/K2) having the LS2 crystal sizes of ~500 nm and ~300 nm, respectively,
V,0s-doped samples of this study exhibit much larger size, suggesting that the

addition of V,0Os colorant increases the growth rate of LS2 crystalline phase.

It is known that the maximum light scattering occurs when the grain size is close
to the wavelength of incident light, and the light scattering decreases if it becomes
smaller than the wavelength of the incident light [20]. In addition, the difference in
refractive index between crystalline and glassy phases is the source of the light
scattering at the phase boundary of crystal and glass. The refractive indices of the
LS2 phase and matrix glass are known to be 1.55 and 1.5, respectively [1]. If the
additives are located only at the residual glassy phase, it may be possible to increase
the refractive index of residual glassy phase to match the refractive index of the LS2
phase, resulting in a reduced light scattering. Hence, the reason for high translucency
in the GVAL s and GVAl; samples heat-treated at 600, 700 and 800 °C is ascribable
to the nano-sized crystalline phase with the grain sizes smaller than the wavelength
of visible light, and also to the minimal mismatch of refractive index between
crystalline phase and residual glassy phase. On the other hand, although the GVZ, s
and GVZ; samples heat-treated at 700 °C reveal the crystal size of hundreds-of-

nanometers, it is less translucent than the GVAI,; s and GVAIl; samples heat-treated at
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800 °C, suggesting that ZnO may be less effective for minimizing the mismatch of
refractive index between crystalline phase and glassy phase compared with AL,Os,
leading to lower translucency. However, for dental application, the translucency
evaluated with lightness L* should be close to natural teeth with L* (67.6 +7.0), and

hence ZnO is favored for the appropriate translucency.

5.4 Discussion

5.4.1. The origin for the formation of different colors in GCs

While the color of glasses in all V,0s-doped samples is light greenish, the color
of GCs is remarkably affected by the growth temperature as shown in Fig. 5.1. In
particular, with increasing the growth temperature, the light greenish color of glasses
changes continuously to violet, bluish, greenish, and brownish colors of GCs, which
is attributable to a significant difference in relative proportions of V3*, V4" and V°*
ions existing in each sample. Also, the PL emission spectra at ~500 nm (green) are
improved with increasing the growth temperature, suggesting the existence of V°>*
ions in crystalline phase, and their intensities are higher in the samples with lower
ratios of Al/K and Zn/K (= 0.5) compared with those with higher AI/K and Zn/K
ratios (= 2). Therefore, it is important to identify the valence sates of vanadium and
their locations in order to understand absorption and photoluminescence properties

of samples

To identify the exact location of vanadium ions in the GCs, TEM analyses were
conducted on the GVZ; sample grown at 800 °C as a representative of all samples.

Fig. 5.9 shows the TEM micrographs and selected area diffraction patterns of this
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sample. As shown in Figs. 5.9(b) and (c), the sample consists of a crystalline phase
and a residual glassy matrix, respectively. The TEM-EDS point analysis data and
compositional mapping are presented in Table 5.4 and Fig. 5.10, respectively. The
point spectra of 1 and 4 are considered to originate from the LS2 and SiO; phases,
respectively. From the point 1 spectrum for the LS2 phase in Fig. 5.10 (a), not only
the P and K elements were detected from the additional additives of P,Os and K>O
but also a small amount of V element from V,Os colorant was detectable as listed in
Table 5.4. From the point 4 spectrum for the SiO; phases of quartz and cristobalite,
a very small amount of V was detected in Table 5.4. The small amount of V doped
to the crystalline LS2 and SiO, phases can account for an increase in the PL emission
spectra at ~ 500 nm with progressing crystallization, where the V>* ions (0.355 A)
are assumed to substitute the Si** (0.26 A) sites either in the LS2 phase or the SiO,
phases. The possible substitution of vanadium ion for the Si*' site has been suggested
on the basis of the X-ray diffraction and X-ray absorption near edge structure by
Paszkowicz et al. [21], and the vanadium ion was expected to be V** although higher
valence state was not completely excluded. In our samples, the small amount of V>*
ion might substitute the Si** site in LS2 or SiO, phases which is evidenced by the

increase in the PL emission spectra at ~ 500 nm.

On the other hand, much larger amounts of V are distributed in the residual glassy
phases (spectrum points of 2, 3, 5 and 6 in Fig. 5.9) compared with those in
crystalline phases as shown in Table 5.5. In addition, EDS-mapping image shows
that the P, K, and Zn elements are distributed inhomogeneously in the residual glassy
phases and LP phase with the size of ~ 100 nm (where phosphorus is green color) is
detectable as shown in Fig. 5.10(d). As the crystallization progresses, these additives

for crystallization are ejected by newly grown LS2 crystalline phase unless those
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have a sufficient solubility in the LS2 phase. This local compositional gradient in the
residual glassy matrix may lead to a variation in the valence states of vanadium ion
or crystal field splitting, resulting in various absorption bands including spin-
forbidden band. The spin-forbidden band can appear when a strong distortion occurs
by the adjacent cation which affects the charge density of oxygen ligands. According
to Angell et al. [22, 23], the presence of cations of high polarizing power such as
Zn*" and Mg*" favors a distortion of [NiCls] group from tetrahedrality in molten KCI-
ZnCl, mixtures and MgCl,-H,O solutions, respectively. Therefore, the strong
distortion due to high content of Zn>" ion in residual glassy might cause the spin-
forbidden bands of V** ion which is responsible for main absorption bands of the
brownish color in GVZ3 sample. Furthermore, Morimoto et al. [24] also reported a
drastic color change from emerald green to deep pink during crystallization of LS
GCs with Cr,0s colorant. While the valence state of Cr** ion was not varied with
progressing crystallization, the absorption intensity in GCs was significantly
enhanced, and the several spin-forbidden bands were appeared. They suggested that
one Cr*" ion replaces the three Li* ions in the LS crystal lattice, which might cause
a large distortion of octahedral symmetry in the ligand polyhedral of Cr** leading to
spin-forbidden transition. Unlike their report, in our study, the vanadium ion is
expected to have various valence states with progressing crystallization of LS2 GCs,
and the amount of V doped to LS2 or SiO; phases is much lower compared with than

remaining in the residual glassy phase.

The concept of the optical basicity of glass, firstly proposed by Duffy et al. |25,
26] provides information on the electron donation power of glass matrix. If the
optical basicity of the surrounding glass matrix consistently changes with

progressing crystallization, the valence states of vanadium ions will be affected. It
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is, however, very difficult to accurately estimate the optical basicity of the residual
glassy matrix after crystallization because of its compositional fluctuation, and thus
further study is required for better understanding. Instead, we suggest a qualitative
explanation for the vanadium reduction as follows. Generally, the increase of basicity
by addition of alkali oxide in glass cause the redox ion into higher oxidation state
[27]. If both Si0O, and Li,O are consumed to transform into LS and/or LS2 phases,
and both Li>O and P,Os are used to form LP phase, cristobalite or quartz phase are
formed in the residual glassy phase. Therefore, the concentration of oxides such as
K,0, ZnO, and Al,Os together with V,0Os is increased in the residual glassy phase,
and the proportion of alkali oxide is decreased relatively because of the consumption

of L1,0O, which is considered to cause the reduction of vanadium ion.

5.4.2. Effect of the V1,05 colorant on the crystallization behaviors of glasses

The V,0s colorant turned out to assist the crystallization sequence type Il which is
appropriate for the CAD/CAM technique. Also, the quartz phase was formed in the
samples with the Al/K and Zn/K ratios of 2 when they were heat-treated at 800 °C.
The size of LS2 and SiO- phase in GCs with the V05 colorant was found to increase.
Therefore, one can see that the V205 colorant affects not only the optical properties
of GCs but also their crystallization behaviors, significantly influencing their

microstructures and mechanical properties.

The nucleation rate can be estimated by the inverse temperature of DSC
exothermic peak, T,!, which is proportional to density of nuclei. Compared with

previous report [3] for the V2Os-undoped samples, it can be seen that the T, values
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of undoped GZ;5 (1.65) and GZs (1.67) are increased in V,0s-doped GVZ;5 (1.73)
and GVZ; (1.76), suggesting that the nucleation rate was enhanced by the V,0s
addition. When the V,0s is assumed as a glass network former in silicate, the V>*
ion has relatively high ionic field strength value (z/a’=2.04, with coordination
number of IV) similar to P>* ion (2.1) and contains the additional positive charge
compared with neighboring Si* ion (1.57) [28]. It may induce a significant distortion
in Si-O-Si bond and lead to the phase separation to reduce the free energy [29]. The
phase separation caused by V»>0s were also reported in Li,O-SiO; glass [30], Na,O-
B»0s-Si0; glass [31] and cordierite glass-ceramics [32]. The nuclei are analyzed to
be LS rather than LS2 phase in the GVZ3 sample since the diminished LS2 peak in
early crystallization stage is detectable in HT-XRD (Fig. 5.6(b)) compared with
previous reported V,Os-undoped GZs sample [3]. This means that the crystallization
sequence type I gradually changes to type Il with V,Os addition in GVZ; 5 and GVZ3
samples while type II maintains in GVAl;s and GVAl; samples. Further, the T,
value of GVAI; (1.83) is the highest among all samples indicating the highest
nucleation rate of the LS phase. However, the size of LS2 and SiO; phase increased
with the V,0s addition when they were heat-treated at 800 °C. It is attributable to the
enhanced growth rate by V,0s, which is in good agreement with the fact that V,0s
is likely to form a very fluid melt [33], implying that the viscosity of glass is lowered
so that the crystal growth rate can be enhanced. Similarly, in our samples grown at
800 °C for 2 h, 0.5 mol% V:0s addition to the GVZ, s and GVZ;3 samples resulted in
larger LS2 crystal size (~ 1 um) compared with its size below 500 nm for the samples
without the addition of V20s, supporting that V,0Os might enhance the growth rates

of the LS2 phase.

However, in GVAlis and GVAI; samples exhibit relatively smaller crystal size
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than GVZ: s and GVZ; samples suggesting that Al,O3; causes higher viscosity of
glass matrix than ZnO and also accompanies the high nucleation rate, leading to
impingement of the crystal. Therefore, for the matching with natural teeth of L*
by increasing the incident light scattering, the nucleation rate of the LS and/or LS2
phase should be moderate, and the growth rate of LS2 must be enhanced to reach

its crystal size of ~ 1 pm.

5.5 Summary

All glass samples were greenish, and they possessed only V3 ions regardless of
the AI/K and Zn/K ratios. With increasing the growth temperature, the contents of
V*# and V** ions were increased while the content of V°* ion was monotonously
reduced, which caused continuous change from light-greenish color of glass samples
to violet, bluish, greenish and brownish colors of GCs. With progressing
crystallization, while most of vanadium ions were inhomogeneously distributed in
the residual glassy matrix of GCs, a small amount of V>* ion (less than 0.02 mol%)
was doped to the crystalline phases of LS2 and SiO,, which induced the greenish
fluorescence. In particular, the brownish color of the GVZs3 (Zn/K of 2) sample heat-
treated at 800 °C, which is desirable for dental application, possessed a* of 0.6 and
b* of 11.4. Those color could be obtained by increasing the amount of V** ion in the
residual glass matrix of GCs, where the high polarizing power of Zn*" ion caused the

distortion of ligand polyhedral of V** ion, resulting in the spin-forbidden bands.

The V205 colorant gradually changed from the crystallization sequence of type I
(LS+LS2) to that of type II (LS) in the GVZ,5 and GVZ3 samples, and the type II

was maintained in GVAl, s and GVAIl; samples. The nucleation rate of the LS phase
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in both ZnO- and Al,Os—containing samples was enhanced by the addition of V,0s
because of amorphous phase separation. At the growth temperature of 800 °C. the
growth rate of LS2 increased by lowering the viscosity of the glass matrix, and thus
the LS2 crystal size for the GVZis and GVZ;3 samples became larger (~ 1 um)
compared with its size below 500 nm for the samples without the addition of V,0s.
On the other hand, the GVAI,; s and GVAI; samples exhibited smaller LS2 size (< 1
pm) than GVZ; s and GVZ3 samples due to higher nucleation rate of LS and lower
growth rate of LS2, leading to undesirable higher translucency for the dental
application. The translucency appropriate for dental application was achievable by
the addition of ZnO (in GVZ;3) rather than Al,O; due to the LS2 crystal size of ~1
pm at 800 °C with and mismatch of refractive index between crystalline phase and

residual glassy matrix.
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Table 5.1. Nominal compositions (in mol%) of the glass samples.

Sample ID Si0, LiO P,0s K,O ALO; ZnO V,0s
GVAl;s 65.92 27.58 1.5 3 1.5 0 0.5
GVAL; 65.92 27.58 1.5 1.5 3 0 0.5
GVZ:s 65.92 27.58 1.5 3 0 1.5 0.5
GVZ; 65.92 27.58 1.5 1.5 0 3 0.5
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Table 5.2. CIElab chromaticity values of L*, a* and b* of the samples where L*
denotes lightness, the chromaticity parameter, a*, represents the green (negative) —
red (positive) value, and the parameter b* indicates the blue (negative) — yellow
(positive) value.

Heat treatment

Sample ID conditions L* a* b*
GVAl 5 As-quenched 29.82 0.42 1.07
600 °C 10.48 3.17 -13.13
700 °C 34.37 6.67 -25.02
800 °C 53.25 -8.63 -12.40
GVAIL As-quenched 23.24 -1.12 -2.40
600 °C 16.46 1.86 -4.84
700 °C 27.81 3.72 -13.11
800 °C 44.87 -4.85 -11.88
GVZis As-quenched 27.5 -1.64 -1.34
600 °C 38.46 1.93 -34.76
700 °C 55.08 -8.40 -21.08
800 °C 71.65 -6.43 3.69
GVZ; As-quenched 14.55 -0.88 -2.09
600 °C 25.63 0.82 -16.24
700 °C 55.14 -7.29 -20.85
800 °C 62.17 -0.46 11.40
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Table 5.3. Characteristic temperatures analyzed by DSC. Ty is the glass transition
temperature, Ty is the inverse temperature of the first exothermic peak, Ty is the
onset temperature of the first exothermic peak, Ty, is the onset of the second
exothermic peak, and T, is the melting peak temperature.

Sample ID T, (°C) Tx (°C) Tt (x10°%/°C) Tx2 (°C) Tm (°C)
GVAl s 470.2 572.3 1.75 780.3 979.1
GVAL; 473.7 547.9 1.83 777.2 976.7
GVZis 465.7 576.9 1.73 676.5 974.8
GVZ; 458.3 567.6 1.76 712.3 986.5
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Table 5.4. Calculated volume fraction of residual glassy and crystalline phase with
growth temperature based on Partial Or No Known Crystal Structure (PONKCS)

method.
Sample Growth Glass LS Ls2 LP Cristobalite Quartz
Temp. (°C)
GVZis 600 6257287 2441£192  13.02£090 0 0 0
700 3074032 0 6031+146 624019 271158 0
800 2003037 0 59.630.18  6.71£0.15 4.62+0.21 0
GVZs 600 6757177 18414044 1401£132 0 0 0
700 19.57£1.09 0 66714108 651+045 721180 0
800 1608379 0 60034271 682021  140+040  15.66+0.82
GVAlis 600 7176 £0.04  2824+001 0 0 0 0
700 69414459  27.86+3.77 273+186 0 0 0
800 36024212 0 58.03+£2.02  594+031 0 0
GVAL 600 772840.56 22724055 0 0 0 0
700 7491090 22464048 2.63+138 0 0 0
800 2825091 0 $325+036 5764047 0 12.74 + 1.01
.'-'i: ;: I_. ! -
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Table 5.5. Compositional analyses of the GVZ; sample heat-treated at 800 °C by

TEM-EDS.

Spectrum points 1 2 3 4 5 6
o) 70.66 69.71 82.27 68.53 75.38 67.89
Si 29.26 28.66 15.08 31.43 23.15 30.54
P 0.03 1.49 2.02 0.01 1.2 0.41
K 0.03 0.05 0.2 0.00 0.1 0.6
Zn 0.00 0.00 0.00 0.02 0.05 0.34
\Y 0.02 0.1 0.44 0.01 0.12 0.22

Predicted phase LS2 glass glass Si0O, glass glass
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GZ,; GZ, GZ,
-Glass 600°C 700°C

«

GVAl

Fig. 5.1. Photographs of glass and glass-ceramics samples. The first column of left
side are glass samples and the right side are GCs samples with the growth temperature.
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Fig. 5.2. Optical densities as a function of wavenumber for the samples (a) as-
guenched and heat treated at (b) 600 °C, (c) 700 °C and (d) 800 °C.
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Fig. 5.3. Deconvolution of the optical densities for (a) GVAI; (600 °C), (b) GVZs
(600 °C), (c) GVAI15 (800 °C), (d) GVZ3 (700 °C), (e) GVZ15 (800 °C) and (f) GVZ3
(800 °C). The spectra were subtracted by a spectrum of the undoped GCs heat-treated
at same conditions.
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Fig. 5.4. Photoluminescence spectra of (a) GVAI1s samples as-quenched and grown
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Fig. 5.5 DSC curves of the glass samples (a) GVA1s, (b) GVAI. s, (¢) GVZy5, and (d)
GVZs.
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Fig. 5.6. In-situ HT-XRD patterns of the glass samples (a) GVAI.s and (b) GVZs. D:
Li,Si2Os (LS2), M: LizSiOs (LS), P: LisPO4 (LP), C: cristobalite, Q: Quartz (ICDD
PDF number of references: LS2 [01-070-4856], LS [00-029-0829], LP [04-006-8566],

cristobalite [00-039-1425], Quartz [01-089-8937])
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Fig. 5.7. Room-temperature XRD patterns of glasses and glass-ceramics heat treated
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GVZ;. (e: LS2, @: LS, V:LP, A: cristobalite, »: Quartz)
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Fig. 5.8. Microstructures of the GCs heat-treated at 500 °C for 1 h as the nucleation
stage and subsequently raised to 600, 700, and 800 °C for 2 h as the growth stage.
Horizontal arrangement of micrographs indicates the samples with the same
composition but with different growth temperatures: (a) 600 °C, (b) 700 °C, and (c)
800 °C for GVAIys, (d) 600 °C, (€) 700 °C, and (f) 800 °C for GVAIs, and (g) 600 °C,
(h) 700 °C, and (i) 800 °C for GVZ;s, and (j) 600 °C, (k) 700 °C, and (I) 800 °C for
GVZ.
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Fig. 5.9. TEM images of GVZ3 heat treated at 800 °C. Low magnification image in
(&) and high magnification images and their selected area diffraction patterns of
crystalline phases in (b) and residual glass phase in (c).
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Fig. 5.10. TEM-EDS images of sample GVZ3 heat treated at 800 °C. (a) and (b) are
EDS point analysis images, and (c) and (d) are EDS-mapping images. (orange is
vanadium, yellow is potassium, purple is zinc and green is phosphorus)
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Chapter 6

Optimization of coloration for dental application

6.1 Introduction

Optimization of coloration in LS2 GCs for dental application can be achieved by
considering the base glass composition and redox reaction between colorant ions.
First, the lightness (L*) is the reflected light from the sample. It is known that the
lightness of LS2 GCs is controlled by the difference in refractive index between the
residual glassy phase and LS2 crystal, and also by the volume fraction of the
crystalline phase and crystal size [1]. The refractive index of the LS2 crystalline
phase is known to be about 1.55 and that of the matrix glass is ~1.5. Nb2Os, Ta,Os,
and Eu,0; are expected to modify the refractive index of the residual glass matrix
due to its high ionic polarizability [2]. Meanwhile, the chromaticity of GCs is
governed by the valency and concentration of the colorant ion. As we confirmed in
the previous chapter, during crystallization, the colorant ion becomes incorporated
in the residual glassy matrix unless it forms a solid solution in the LS2 crystal. The
valency of the colorant ion predominantly depends on the composition of the residual
glassy matrix. To mimic the coloration of human teeth, various colorants are needed
since each colorant ion possesses a specific absorption band and the combination of

colorants could impart a color similar to human teeth.
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As previously mentioned, human teeth possess chromaticity with an L* of 67.6 £
7.0, an a* of 4.3 + 2.1, and a b* of 12.1 &+ 3.3 [3]. To reproduce a color similar to
human teeth, CeO, and TiO, are selected to increase the b* parameter (yellowish)
since it is known that the characteristics of a yellow-orange color is caused by the
formation of chromophoric centers containing products from the interaction of

cerium and titanium ions [4, 5].

In addition, when a lot of colorant ions are added, light absorption is increased
and reflected light is reduced, hence the L* value is reduced. Therefore, a glass base
composition was designed to minimize the reduction of L* due to the addition of
colorant ions. The decrease in L* occurs when the difference between the refractive
index between the residual glassy matrix and the LS2 crystal is small. When a
colorant ion is added, it is mainly located in the residual glassy matrix and improves
the refractive index of the glass matrix, resulting in the decrease in the difference of
refractive index with LS2 crystal. As the difference in refractive index is made
smaller, less scattering occurs and L* decreases. ZnO added for chemical durability
of the residual glassy matrix has a refractive index of ~2 and Al,O3 having the same
role is ~1.69 [6]. Therefore, the effect of ZnO and Al,Os on translucency with the

addition of CeO; was investigated.

Furthermore, as mentioned in the previous chapter, the vanadium ion also exhibits
a yellowish color when it is reduced to V**. Therefore, V,Os is selected to increase
the b* parameter with the addition of CeO,. For the a* parameter, MnO, and Er,Os3
are considered since Mn** exhibits a purple color [7-9] and Er** exhibits a pink color
[2, 10]. In addition, the colorant may affect the crystallization behavior of LS2 GCs

such as nucleation and crystal growth, causing the alteration of microstructure and
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mechanical properties. Thus, in this chapter, we investigate the colorants CeOs,

MnO,, V,0s, and Er,O3 on the coloration and crystallization behavior in LS2 GCs.

6.2 Experimental

Table 6.1. shows the glass composition doped with CeO, and TiO». The base glass
composition is identical to the sample ID of P1.25Z/K0.7 shown in the previous
chapter 4 (66.27S10,-27.73L1,0-1.25P,05-2.75K,0-2Zn0). The glasses were
designed as a two series. Series 1 is the single addition of each CeO, and TiO», and
the increasing TiO, content from 0 to 1 mol% when CeO, was fixed to have 0.5
mol%. Series 2 is the combination of CeO, and TiO, with CeO, content varying from
0 to 2 mol% when TiO; was fixed to have 0.5 mol%. To produce the glass-ceramic,
the glass block samples were nucleated at 500 °C for 1h in air with the heating rate
of 10 °C/min, and subsequently heated up to 800 °C for crystal growth with the
heating rate of 30 °C/min for 2h. The temperature for nucleation was chosen by

Marotta’s method which determines the temperature of maximum nucleation rate

[11].

6.3 Results and discussion

6.3.1 Coloration in CeOyTiOz-doped lithium disilicate glass-ceramics

Fig. 6.1 shows the photographs of glass and GCs samples. For series 1 glass
samples in Fig. 6.1(a), the base, Ce0.5 and Ti0.5 are colorless while the Ce0.5Ti0.5
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and Ce0.5Til.0 are weak yellowish. In GC samples, the base, Ce0.5 and Ti0.5 are
white and translucent whereas the Ce0.5Ti0.5 and Ce0.5Til.0 are yellowish and
highly translucent compared with single addition of CeO, and TiO». For series 2
glass samples in Fig. 6.1(b), with increasing CeO, content, the glass samples become
more yellowish. On the other hand, in GC sample, the translucency is maintained
until the addition of CeO, up to 0.75 mol%, however, addition of CeO; over 1.0 mol%

leads to become completely opaque.

The L*a*b* color parameters of GC samples are listed in Table 6.1. L* describes
lightness from black (0) to white (100) and a* denotes the green (negative) — red
(positive) value, and b* indicates the blue (negative) — yellow (positive) value.
Compared with Base sample, L* of the Ce0.5 and Ti0.5 sample slightly decrease and
increase, and a* and b* values of that decrease. In contrast, when the CeO; and TiO;
is added simultaneously such as Ce0.5Ti0.5 and Ce0.5Ti1.0 samples, it can be seen
that the L* and a* values are decreased and the b* values are increased. It
corresponds with the observation in Fig. 6.1(a) that the Ce0.5Ti0.5 and Ce0.5Til.0
GC samples becomes more yellowish and translucent. For series 2, when the TiO> is
fixed to have 0.5 mol%, the L* values initially drops in Ce0.5Ti0.5 and increases
with further CeO, addition, reaching the maximum value of 90.81 in Cel.0Ti0.5
sample. The a* values initially shows the maximum negative value of -3.45 in
Ce0.5Ti0.5 sample and it increases with increasing the CeO» addition, however, it
ended up the negative value as -1.24 for the maximum. On the other hand, the b*
values are constantly increased until the 0.75 mol% of CeO; is added, and it

gradually decreased with further addition of CeO,.
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Fig. 6.2 shows the transmittance and absorption coefficient of glass and GCs
samples for series 1. In Fig. 6.2(a), the maximum transmittance of all glass samples
in series 1 presents over 80%. The UV cut-off for Ti0.5 glass lies at 290 nm and that
for Ce0.5 glass locates at 350 nm. The combination of CeO, and TiO, such as
Ce0.5Ti0.5 and Ce0.5Til.0 presents the shift of the UV cut-off to 380 nm and
decrease in slope. This is in good agreement with the previous report that the cerium-
and titanium containing glasses shows the long-wavelength shifts of the spectra and
decreases slope with increasing cerium and titanium contents [5]. According to
Trusova et al. [4], long wave-length shifts of the spectra with addition of CeO; and
TiO; can be caused by high field strengths of Ce*" and Ti*" ion in glass, polarizing
the surrounding oxygen ions and resulting in the weakened the electric field of Ce*
and Ti*" ions. Thus, the absorptions are shifted to longer wavelength. Likewise, the
shifts of UV cut-off to longer wavelength in this study might be attributable to the

addition of CeO; and TiO..

For GC samples, the maximum transmittance is different for each sample as
shown in Fig. 6.2(b). The lowest transmittance is obtainable in Base sample and
followed by Ce0.5, Ti0.5, Ce0.5Ti0.5 and Ce0.5Ti1.0 samples. It is seen that those
decrease in transmittance is caused by the reflection in crystalline phase after
crystallization. The UV cut-off for Ti0.5, Ce0.5, Ce0.5Ti0.5 and Ce0.5Til1.0 samples

are similar to that of corresponding glass samples.

Figs. 6.2(c) and (d) shows the absorption coefficient of glass and GC samples.
For glass samples in Fig. 6.2(c), Base sample presents absorption with low slope
below 300 nm which can be identified as optical band gap. Ti0.5 sample exhibits

the absorption peak at 300 nm. It is reported that Ti** with electronic configuration
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3d! shows absorption bands at 500-600 nm of the ?T, — 2E transition [12]. Ti*
has a 3d° electronic configuration with no electrons in the d orbital, hence no d-d
transition is observable and only absorption occurs in the UV region by charge
transfer and its absorption locates at 250 and 290 nm [13, 14]. Therefore, the
titanium ion can be assigned as Ti** for Ti0.5 sample. For the samples containing
CeO», two peaks are observable at 250-290 nm and 350 nm, respectively. The
absorption bands of Ce*" and Ce’" ions are reported to be placed at 240 and 314
nm in silicate glass, 250 and 324 nm in barium aluminosilicate glass, respectively
[15-19]. Thus, cerium ion is determined to be present in two valence states as Ce**
and Ce*" in the glass and its location is different with the literature due to the
different host i.e. glass matrix [19, 20]. The absorption peak location of Ce’* is
seem to be fixed at 350 nm whereas that of Ce*" constantly varies with addition of
TiO; from the 250 nm to 270 and 290 nm. Furthermore, while the absorption peak
intensity of Ce*" is maintained, that of Ce*" is gradually increased with addition

of TiO,, implying that the Ce*" is reduced to Ce*" by Ti*" as the following,

Ce" +Ti* =Ce* +Ti*" (1)

These redox reactions between cerium and titanium ion has been reported with
respect to the glass, GCs and CeO;-TiO; film [21-26]. Interestingly, the absorption
peak intensities of Ce*" at 350 nm is significantly increased in GC sample compared
with glass samples, suggesting that the extent of reduction from Ce*" to Ce*" is
enhanced. It might be attributable to the change of composition in residual glassy

matrix after crystallization compared with original glass composition.

Fig. 6.3 shows the transmittance and absorption coefficient of glass and GCs

samples for series 2. With increasing the CeO, content, the slope of UV cut-off in
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transmittance in glass are decreased as shown in Fig. 6.3(a). On the other hand, for
GC samples in Fig. 6.3(b), the highest transmittance is achieved in Ce0.5Ti0.5
sample and followed by the samples with increasing the CeO,. In particular, samples
added over CeO; of 1.0 mol% exhibits remarkably low transmittance. For absorption
behavior in glass, the absorption peak intensities are increased with increasing CeO»
content and it is announced in Ce** than in Ce*. However, in GC samples, the abrupt
increase in absorption is observable in the samples added over CeO; of 1.0 mol% as

shown in Fig. 6.3(d).

Fig. 6.4 illustrates the DSC curves of all glass samples. One exothermic peak was
observable in all samples. The characteristic DSC temperature are listed in Table 6.2.
For series 1 samples in Fig. 6.4(a), it is seen that the single addition of CeO>
negligibly affects the glass transition temperature (Tg) whereas single addition of
TiO; and combination with CeO, lead to increase in T,. In general, when the ratio of
glass modifier is increased by addition of alkali oxide, T, decreases due to the
weakening of glass structure by formation of non-bridged oxygen. On contrary, when
the ratio of glass former is enhanced, T, increase [27]. It suggests that the Ti*" act as
glass former, leading to strengthening of glass structure by forming [TiO4] group in
glass and resulting in the increase of T,. It is in accordance with the report of Matusita
et al. [28] that T, is increased by addition of TiO, in LS2 glass. With respect to the
exothermic peaks, the single addition of CeO, shows a slight increase in onset (Tx)
and peak temperature (T,) for crystallization and a small decrease in height of
crystallization peak (8T,). For single addition of TiO., while the Tx and T, is
unaltered, 0T, is enhanced 10 °C compared with base sample. According to previous

report [29-31], the nucleation rate can be estimated using the DSC characteristic
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temperature, 6T, and T, which predict the number of nuclei and density of nuclei in
glass, respectively. Thus, it implies that the total number of nuclei is increased by
addition of TiO2. It is in good agreement with previous report that TiO, is well
known nucleating agent for GCs for lithium aluminosilicate [32-35], and is known
to induce surface crystallization for LS2 glass [36]. However, combination of CeO>
and TiO» for Ce0.5Ti0.5 and Ce0.5Ti1.0 sample present the increase in Tx and Tp,

and decrease in 6T}, indicating that number of nuclei is decreased.

For series 2 sample in Fig. 6.4(b), the Tx and T, shift to higher temperature and
the 8T, decrease with increasing the CeO, content. It is previously reported that CeO»
is nucleation inhibitor in LS2 glass [37] and the growth velocities is significantly
reduced with addition of CeO, and TiO, [38]. It signifies that the nucleation and

crystal growth might be reduced with increasing the CeOs.

Fig. 6.5 shows the XRD patterns of the glass and GCs samples. All glass
samples are fully vitrified without any crystalline phase as shown in Figs. 6.5(a)
and (b). For series 1 samples, the LS2 and Li;PO4 (LP) crystalline phases are
detectable in all GC sample whereas cristobalite phase is only observable in base
sample as shown in Fig. 6.5(c). On the other hand, for series 2 samples, CeO:
phase is detectable in addition of CeO, over 1.0 mol% as shown in Fig. 6.5(d).
Table 6.3 presents the calculated volume fraction of phases in GC samples.
Compared with base sample, the volume fraction of glass phase is reduced ~ 20%
in Ti0.5 and Ce0.5Ti0.5 samples. For series 2 sample, while the volume fractions
of LS2 and LP phases are gradually decreased with increasing the CeO2 content,

that of residual glassy matrix and CeO; is increased.
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Fig. 6.6 shows microstructure of GC samples for series 1. It is seen that the single
addition of CeO2 and TiO; and the combination of CeO; and TiO; insignificantly
affect the crystal morphology. Thus, it is noticed that maximum biaxial flexural
strength obtained in Ti0.5 sample might be attributable to lowest volume fraction of
glassy phase among the samples. In addition, it should be noted that the Ce0.5Ti0.5
and Ce0.5Til1.0 GC sample was highly translucent compared with base, Ce0.5 and
Ti0.5 samples as shown in Fig. 6.1(a) although the variation of microstructure is
negligible and volume fraction of glass phases are in the range of 21-26%. It
suggests that these high translucency is not related to the microstructure or volume
fraction of crystalline phase in GC sample. In general, it is known that the
translucency of GCs generally depends on the volume fraction and size of crystalline
phase and the difference of refractive index between crystalline phases and residual
glassy phase [1]. The refractive index of the LS2 crystalline phase is reported be
~1.55 and that of the matrix glass is ~1.5 and the Nb,Os, Ta;Os and Eu,Os are
believed to modify the refractive index of residual glass matrix due to its high ionic
polarizability [2]. The refractive index of CeO; and TiO; are reported to be 2.08—
2.23 and 2.3, respectively [39]. Therefore, it is speculated that the high translucency
in Ce0.5Ti0.5 and Ce0.5Ti1.0 sample might be caused by combination of CeO, and
TiO; located in residual glassy matrix after crystallization enhancing the refractive
index of residual glassy matrix. It leads to cause low scattering at the interface

between residual glassy matrix and LS2 crystal.

Fig. 6.7 exhibits microstructure of GC samples for series 2 with backscattered
electron mode. One can see that white crystals with a size of 300 nm or less is

observable from 0.75 mol% of CeO,, and number of nano-sized particles were

146 N &= U



Chapter 6: Optimization of coloration for dental application

increased and randomly distributed as the amount of CeO, increased. Furthermore,
the crystal size of LS2 crystal is increased with increasing the CeO, content. It
coincides the fact that the CeO, act as nucleation inhibitor as previously mentioned,
which is also supported by the DSC results showing the shift of Ty and T, to higher

temperature and the decrease in 67).

To identify the nano-sized white crystal in Fig. 6.7, SEM-EDS analysis is
conducted in Cel.0Ti0.5 GC sample as shown in Fig. 6.8. The cubic morphology is
observable in nano-sized white crystal as shown in Figs. 6.8(a) and (b). It was found
that the white crystal is determined as CeO; phase based on EDS point spectrum
analysis in Fig. 6.8(c), which agrees well with XRD results in Fig. 6.5 showing the
CeO; precipitation when CeO, added over 1.0 mol%. Since cubic CeO; has a very
high refractive index of 2.3 [39] compared with LS2 glass (~1.5) and LS2 crystal
(~1.55), and also the CeO, phase of 300 nm or less is smaller than visible light, it
increases Rayleigh scattering which is the elastic scattering of light described by the

following equation [40],

92 4

I IO 2d2/14( m2_|_2

= Y(I+cos'd) (2)

where /; is the intensity of scattered light, / is incident light, V' is the volume of the
particle, d is the distance to the particle, 4 is the wavelength of light, m is the
refractive index, and @ is the scattering angle. It suggests that the increased scattering
of light due to CeO, phase is responsible for the decreased translucency of the
samples containing 1-2 mol% CeO; for series 2 as described by the abrupt increased

L* value in Table 6.1.
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Fig. 6.9 shows biaxial flexural strength and Vickers hardness of GC samples. For
series 1, it can be seen that the single addition of CeO; and TiO, improves the biaxial
flexural strength compared with the base sample, and a particularly highest strength
of 503.61 + 21.49MPa among the sample is obtainable in Ti0.5 sample. When both
CeO; and TiO; are added, the flexural strength decreases compared with single
addition of CeO, and TiO,. However, the Vickers hardness is consistently enhanced
by the single addition and the combination of CeO; and TiO,. It might be ascribable
to the fact that the Ce and Ti ions are distributed in the residual glassy matrix and
causes a strengthening of the glassy matrix [15, 16]. For series 2, the biaxial flexural
strength and Vickers hardness are gradually decreased with increasing the CeO-
content. It is attributable to the increase in the size of the LS2 crystals as shown in
Fig. 6.7. In addition, the precipitated nano-sized CeO, might affects the stress
distribution, resulting in the decrease in biaixial flexural strength and the Vickers

hardness.

Based on these results, it was concluded that CeO, should be added to an amount
that does not crystallize into nanocrystals, and TiO, should not be included because
TiO; rapidly decreases the L* value below the that of human teeth. Still, a* parameter
was not achieved by addition of CeO and TiO,. Therefore, it needs additional

colorant for the increasing a* parameter.
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6.3.2 Coloration in CeOx/V:0s5-, CeOMnQO;-, and CeOV>:05/MnO;z-doped

lithium disilicate glass-ceramics

To obtain an adequate a* parameter, varying amounts of MnO> ranging in 0, 0.05,
0.1, 0.25, 0.5, and 1 mol% were added with a fixed amount of CeO,, designated as
CM. Since an acceptable b* parameter could not be obtained with CeO, alone,
varying amounts of V,0s ranging in 0, 0.05, 0.1, 0.25, and 0.5 mol% were added
with a fixed amount of 0.5 mol% CeO., denoted as CV. Finally, to satisfy both the
a* and b* parameter varying amounts of MnO, ranging in 0, 0.05, 0.1, 0.25, 0.5, and
1 mol% were added with a fixed amount of 0.5 mol% CeO; and 0.05 mol% V-,0s,
designated as CVM. All samples were heat treated at 500 °C for 1 h followed by
800 °C for 2 h for crystallization. The photograph of the CM, CV, and CMV GC

samples are shown in Fig. 6.10 (a).

The L*a*b* color space is shown in Fig. 6.10 (b) and (c) in order to quantitatively
compare the L*a*b* parameters of the samples. When MnO, was added alone,
denoted with MO0.5, it had a purple color due to the presence of Mn**. When CeO,
was added simultaneously, the increase in a* was not dramatic. When V,0s was
added alone, denoted with V0.5, it showed a greenish color. When CeO, was added
with V»0s, b* increased dramatically, and a* also decreased. In CV0.5, although b*
of more than 20 and a* of 0 were obtained, the value of human teeth was not satisfied
because the L* was as low as 42. This is attributable to the high concentration of
V05 which absorbs light. When CeO;-V;0s was fixed and varying amounts of
MnO; was added to improve a*, a* and b* were improved, however, an appropriate

a* value approximating human teeth was still not achieved (Fig. 6.10(c)).
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The absorbance of glass and GCs is shown in Fig. 6.11. As shown in Fig. 6.11(a),
MO.5 shows a broad absorption band at 500 nm, which is due to Mn>". It can be seen
that Mn*" is reduced to Mn*" (colorless) due to the presence of Ce by the following

equation,
Ce* + M** =Ce** +Mn** (3)

When Ce and Mn are co-doped, a* increases slightly as the amount of Mn?*
increases, but it can be seen that the increase is not large. In Fig. 6.11(b), V0.5 shows
a broad absorption band in the UV region below 400 nm because of V°* which has a
3d° electronic configuration [41]. As the amount of V,Os increased, it was observed
that V> was reduced to V** and V** by CeO, as shown by the following redox

reaction,

Ce* +V** =Ce* +V*

4
ce* +V* =Ce" +V* @

Fig. 6.12 shows the XRD patterns of the CM, CV, and CVM GC samples. Only
the LS2 and LP phases were crystallized. It can be seen that the addition of CeOs,
V705, and MnO, did not significantly affect crystallization. Similarly, the
microstructure was not significantly varied with the addition of CeO,, V»0s, and
MnO; as shown in Figs. 6.13-15. It was found that the change in crystal size was

negligible.

150 ; 1 - LH



Chapter 6: Optimization of coloration for dental application

6.3.3 Control of translucency in ZnQO;-, A;O3-, and ZnOy/Al;0s-doped

lithium disilicate glass-ceramics

In 6.3.2 chapter, it was found that b* was satisfied using a combination of CeO,
and V,0s, however, a* was not achieved. Therefore, since the improvement of the
refractive index of the residual glassy matrix is relatively suppressed, three base
compositions including ZnO, Al,Os, and both ZnO and Al,O3 were fabricated and
are denoted as samples Z, A, and ZA, respectively. Table 6.4 shows the glass
compositions. All samples were added with 0, 0.5, 0.75, 1.0, and 1.5 mol% CeQ»,
and were crystallized by heat treatments at 500 °C for 1 h followed by 800 °C for 2
h.

Fig. 6.16 shows the photographs and L*a*b* color space. As shown in Fig. 6.16(b),
sample Z had the lowest L*, sample A showed an L* of ~72, and ZA showed an L*
similar to A at 1 mol% CeO,. In addition, the highest a* and b* parameters were
satisfied in the ZA sample at 1 mol% CeO, with adequate value of L* for imitation
of human teeth, as shown in Fig. 6.16(c). Therefore, the ZA composition was

determined to the base glass composition.
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6.3.4 Coloration in CeOxV:05Er:03-doped lithium disilicate glass-

ceramics

For the optimization of coloration for dental application, CeO; and V,0s were
selected for b* enhancement, and Er,O; was selected for a* enhancement to perform
the CeO,-V,0s-Er,O3; mixture experiment. The amount of CeO is fixed, Er,Os is set
at 0, 0.05, and 0.1 mol%, and V,0Os is varied from 0-0.05 mol%. The samples are
shown in Fig. 6.17(a). All samples of L* value were within the human teeth value
range. With increasing the V,0s, b* increased from ~3 to ~15. a* increased with the
addition of Er,Os as shown in Figs 6.17(a) and (b). When Er,Os was added up to 0.1
mol%, it was confirmed that the color achieved the targeted human teeth range of L*
of 67.6 £ 7.0, an a* of 4.3 + 2.1, and a b* of 12.1 + 3.3 [3]. Fig. 6.18 shows the
absorbance with the addition of V,0s and Er,Os. It can be seen that, when Er is added,
an absorption peak exists at 520 nm, thereby improving the value of the
complementary color a*. XRD analysis was conducted to confirm the effect of the
colorants on crystallization as shown in Fig. 6.19, and it was confirmed that the the

crystallization behavior was unaltered.

Finally, biaxial flexural strength was checked for the CeO,-V205-Er2O3 mixture
GCs. When a small amount of V,0s was added (sample Er0), the strength increased
slightly, and when Er increased to 0.05 and 0.1 mol%, a consistent decrease in biaxial
flexural strength was obtained. This is due to the more open glass structure caused
by the addition of Er;Os; which might weaken the residual glassy matrix [42].
Nevertheless, the high biaxial flexural strength value of 400 MPa or more was

achieved with the satisfaction of coloration in GCs for dental application.
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6.4 Summary

Ce*" was reduced to Ce** by Ti**, and the absorption band of Ce*" was located in
350 nm, which resulted in an increase in b* parameter and a decrease in a* parameter.
Nano-sized CeO; crystals precipitated when over 1.0 mol% CeO, was added,
causing significant light scattering by Rayleigh scattering mechanism, and resulting
in an increase of L* over that of human teeth. CeO, addition reduced the nucleation
rate of LS2 crystals, resulting in an increase in LS2 crystal size, and a decrease in
biaxial flexural strength and Vickers hardness. Although the redox agent TiO»
increased the b* parameter, it also decreased the a* parameter, and the translucency
of GCs exceeded the range of the translucency of human tooth, resulting in low
lightness. V" was reduced to V** (yellow) by Ce** ion and the color parameter b*
increased with the increase in amount of V,0s. Mn*" was reduced to Mn** (colorless)
by Ce*" ion and the color parameter a* increased with an increase in the amount of
MnO,. The combination of Ce0,-V,0s-MnO, colorants was unable to mimic the
color of human teeth since the a* parameter was insufficient. The base composition
of glass affected the lightness because it may enhance the refractive index of residual
glassy matrix, resulting in a lower difference of refractive index with the crystalline
phases. By adjusting the base glass composition and the use of proper colorants for
chromaticity, appropriate colors for dental application was obtained by the

optimization of colorant concentrations.
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Table 6.1. Amount of CeO; and TiO; (in mol%), and CIElab color parameters L*
(lightness), a* (green to red) and b* (blue to yellow) of the GCs samples.

Sample CeO; TiO, L* a* b*
Series 1:

Base 0 0 69.18 0.24 -1.77
Ce0.5 0.5 0 68.73 -0.70 -2.54
Ti0.5 0 0.5 70.79 -1.26 -3.73
Ce0.5Ti0.5 0.5 0.5 57.10 -3.45 3.65
Ce0.5Til.0 0.5 1.0 49.31 -4.37 6.90
Series 2:

Ti0.5 0 0.5 70.79 -1.26 -3.73
Ce0.5Ti0.5 0.5 0.5 57.10 -3.45 3.65
Ce0.75Ti0.5 0.75 0.5 70.81 -2.72 5.02
Cel.0Ti0.5 1.0 0.5 90.81 -2.89 4.82
Cel.5Ti0.5 1.5 0.5 89.41 -1.76 3.96
Ce2.0Ti0.5 2.0 0.5 87.07 -1.24 3.08
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Table 6.2. DSC characteristic temperatures of the glass samples measured with a
heating rate of 10 °C/min in air, where Ty is the glass transition temperature, 7 is the
onset temperature of the crystallization peak, 7, is the crystallization peak

temperature, 67, is the height of crystallization peak, and Ty is the melting peak

temperature.
Glgs§ Exothermic peak Melting
Sample ID transition peak
Ty(°C) (O T (°O) 0T (°C) Tn (°C)
Series 1:
Base 466.8 611.0 630.0 67.6 982.2
Ce0.5 467.1 614.5 633.1 65.0 978.8
Ti0.5 473.9 612.4 629.5 78.0 979.4
Ce0.5Ti0.5 476.3 616.7 635.0 72.4 975.7
Ce0.5Til.0 473.6 623.3 642.9 67.3 973.3
Series 2:
Ti0.5 473.9 612.4 629.5 78.0 979.4
Ce0.5Ti0.5 476.3 616.7 635.0 72.4 975.7
Ce0.75Ti0.5 471.8 613.7 632.6 72.2 974.7
Cel.0Ti0.5 470.2 628.6 650.0 61.6 973.0
Cel.5Ti0.5 4725 632.4 654.8 55.4 968.0
Ce2.0Ti0.5 473.2 640.3 666.5 46.4 968.0
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Table 6.3. Calculated volume fraction of phases by the PONCKS method in the GCs

samples.
Sample ID Glass LS2 LP Cristobalite CeOs
Series 1:
Base 23.7+1.8 703+1.5 46+02 14+1.2 0
Ce0.5 255+1.1 707+1.1 3.8+0.1 0 0
Ti0.5 214+2.1 729+1.6 52+0.1 0 0
Ce0.5Ti0.5 19.7+2.1 757+£2.0 4.6+0.1 0 0
Ce0.5Til.0  255+24 70.1+£23 43+02 0 0
Series 2:
Ti0.5 214+2.1 729+1.6 52+0.1 0 0
Ce0.5Ti0.5 19.7+2.1 757+£2.0 4.6+0.1 0 0
Ce0.75Ti0.5 29.0+19 66918 4.1+0.1 0 0
Cel.0Ti0.5 263+£1.2 68.7+1.0 4.0+0.1 0 0.9+0.1
Cel.STi0.5 264+0.6 685+£0.6 3.6+0.1 0 1.6+0.2
Ce2.0Ti0.5 272+1.8 67.8+1.7 24+02 0 2.6+0.1
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Table 6.4. Compositions of the glass samples (mol%)

Sample 1D SlOz LIQO P205 KzO ZHO A1203

z 66.27 27.73 1.5 3 1.5 0
A 66.27 27.73 1.5 3 0 1.5
ZA 66.27 27.73 1.5 3 1.5 1.5
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Fig. 6.1. Photographs of (a) mixture of CeO; and TiO, and (b) mixture of TiO, and
with increasing the amount of CeO,. The first low are glass samples and second low
are GCs samples nucleated at 500 °C for 1 h and subsequently grown at 800 °C for

2 h.
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Fig. 6.6. Microstructures of GCs
Ce0.5Ti0.5 and (e) Ce0.5Til.0.

samples (a) Base, (b) Ce0.5, (c) Ti0.5, (d)
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Fig. 6.7. Backscattered electron images of GCs samples (a) Ti0.5, (b) Ce0.5Ti0.5, (c)
Ce0.75Ti0.5, (d) Cel.0Ti0.5, (e) Cel.5Ti0.5 and (f) Ce2.0Ti0.5.
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Fig. 6.8. (a) SEM micrograph and (b) back-scattered electron images and (c) SEM-
EDS spectrum of Cel.0Ti0.5 samples. The inset in (c) is quantitative analysis of
point spectrum.
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Fig. 6.13. Microstructures of (a) CMO0, (b) CMO0.05, (c) CMO0.1, (d) CMO0.25, (e)
CMO.5, (f) CM1 and (g) M0.5
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Fig. 6.14. Microstructures of (a) CVO0, (b) CV0.05, (c) CV0.1, (d) CV0.25, (e) CV0.5,
and (f) V0.5
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Fig. 6.15. Microstructures of (a) CVMO, (b) CVMO0.05, (¢) CVMO.1, (d) CVMO0.25,
(e) CVMO.5, and (f) CVML1.
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Chapter 7

Conclusion

The purpose of this study was to improve the strength of LS2 GCs with
microstructure engineering by changing the crystallization sequence of the GCs. The
crystallization sequence was controlled from sequence type II (LS) to type I
(LS+LS2) through Z/K ratio. As a result, at a low Z/K ratio, crystallization sequence
type 1l is induced, and the metastable LS phase is first crystallized and reacts with
the SiO; phase at high temperatures to form LS2, thereby obtaining a needle-shaped
crystal with a large aspect ratio. At high Z/K ratio, crystallization sequence type I
was induced to improve the nucleation of LS2, resulting in fine crystal morphology

of equiaxed crystals.

It was investigated the effect of the fine microstructure of the GCs on the
mechanical properties and found that when the crystal size decreased from 10 pum to
270 nm, the biaxial strength and the Vickers hardness increased in accordance with
the Hall-Petch relation. However, when 8.4 vol% of cristobalite was included, severe
scattering occurred in strength regardless of crystal size. This was due to the beta-to-
alpha phase transformation of cristobalite. In addition, it was found that when the
thermal expansion coefficient of the residual glass material is increased and larger
than the thermal expansion coefficient of the LS2 crystal, tensile stress is generated

in the residual glass material which lowered the mechanical strength. It was
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suggested that the cristobalite should not be included as much as possible, and that
the mechanical strength could be improved by controlling the thermal expansion

coefficient of the residual glass and causing the crystal size smaller.

Since it is necessary to mimic the color of human teeth in order to use dental
applications, the coloration mechanism and coloration of LS2 GCs have been studied.
As aresult, it was found that the colorant ion is mainly located in the residual glassy
matrix and the composition of the residual glassy matrix changes as the
crystallization progresses, affecting the valency of the colorant ion and altering
absorption i.e. color. Therefore, it was found that even the same colorant can develop

different colors after crystallization.

Since yellowish color is required to mimic the color of human teeth, the effect of
CeO; and TiO; colorants on coloration, crystallization and mechanical properties
was investigated. Although Ti*" reduced Ce*" to Ce™, it was effective to obtain
yellowish color, however, the translucency was excessively improved, causing it
more transparent than that of human teeth. When a large amount of CeO, was added
exceeding 1 mol%, CeO; nanocrystals precipitated, resulting in Rayleigh scattering
and significantly lowered the translucency. The CeQO, colorant lowered the
nucleation rate of the LS2 crystals, thereby increasing the size of the LS2 crystals,
thus reducing strength and hardness. Thus, it was suggested that the addition of CeO»

is minimized not to cause the precipitation of CeO: nanocrystal.

For optimization of coloration for dental application, CeO, and V,0s was selected
for yellowish color and MnO, was selected for reddish color to investigate the effect
on coloration and crystallization. As a result, the yellowish color was satisfactory,

however, the reddish color was insufficient. Therefore, Er,O; was selected for
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reddish color and CeO,-V,0s5-Er,O3 mixture experiment was performed. As a result,
it was possible to derive additive ratios that can reproduce human teeth while

showing mechanical strength of 430 MPa.
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