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Chapter 1: Introduction

1.1 Applications and control methods of properties of oxide glasses

Oxide glasses are used in a wide range of fields such as window glasses, substrates and cover
materials for display devices, and optical components. The reason why oxide glasses can be applied to
various applications is that the properties and shapes of oxide glasses can be controlled with a high degree of
freedom.

Properties of oxide glasses are mainly controlled by optimization of glass compositions. Table 1.1
shows examples of typical oxide glass compositions for each application that have already been put to

practical use [1-5].

Table 1.1 Typical oxide glass compositions for each application that have already been put to practical use.
M and M" are alkali and alkaline earth elements, respectively [1-5].

Applications Name of glass Main components

- Optical fibers Silica glass - SiO;

- Photomasks for photolithography

- Window glasses for Soda-lime glass - Si0,—Ca0-Na0
buildings and vehicles

- Cover glasses for Aluminosilicate glass - SiO-Al,03-Na,0
smartphones and tablet computers

- Glass substrates for Alumino-borosilicate glass  + SiO>-Al,03-B,03-M"0O
liquid crystal displays

- Heat-resistant glasses Borosilicate glass + Si02-B203-Na:0

- Glasses for vitrification of
nuclear waste

- Sealing glasses Borate glass - B20Os—Pb0O-Zn0O

- Optical filters Phosphate glass - P,0s5-Al,03-M"0

- Rare-earth ion host materials - P20s-Al,05-M;0-M"0
for laser

Phosphate glasses for achromatic optical elements and dispersants in clay processing and pigment
manufacturing were developed about 100 years ago and in the 1950s, respectively [6]. Phosphate glasses
recently have been studied for various applications i.e., materials for laser, sealing, nuclear waste storage,
and healing of the human body.

Phosphate glasses for laser: Figure 1.1 shows the development of commercial laser glass [7].
Commercial laser glasses changed from initial silicate-based glasses to phosphate-based glasses [7].
Phosphate glasses can contain a higher concentration of laser-active rare-earth ions (Er®*, Yb*, Nd*, etc.)
without clustering compared to silica glass, phosphate glass fibers are used for laser sources and amplifiers
[8,9]. The clusters cause guenching of luminescence due to energy transfer between neighboring ions [10].
The use of highly-doped phosphate glasses enables the fabrication of compact devices such as amplifiers
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with lengths of only a few centimeters [11]. In addition, since phosphate glasses have a large stimulated
emission cross section and low nonlinear refractive index, Nd**-doped phosphate glasses are used for high-
power laser applications such as inertial confinement fusion facilities [12-14].
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Fig. 1.1 The evolution of laser glass over roughly 40 years from the first silicate glass of Snitzer to the meter-
class slabs produced for inertial confinement fusion research at the Lawrence Livermore National Laboratory.
Reproduced with permission from Ref. [7]. Copyright 2010, The American Ceramic Society and Wiley
Periodicals, Inc.

Phosphate glasses for sealing: Since glasses containing a large amount of lead have a low melting
point, the glasses have been used as sealing materials for various commercial applications. Lead-free sealing
glasses are necessary because lead deteriorates human health and the environment. Phosphate glasses such as
SnO-ZnO-P,0s, SNO-MgO-P,0s, and SNO—-CaO-P,0s systems are studied as lead-free sealing glasses [15—
18].

Phosphate glasses for nuclear waste storage: Borosilicate glasses are used for vitrification of nuclear
waste because the glasses have excellent thermal shock resistance and chemical durability. In the vitrification
process, the nuclear wastes are mixed with the borosilicate glasses, melted at a high temperature, and then
sealed in a vitrification container. Figure 1.2 shows an example of the vitrification process [19]. Iron
phosphate glasses are studied for a host matrix of nuclear waste disposal process due to higher solubility of
heavy metals with greater waste loadings at a lower melting temperature (950-1100°C) compared to
borosilicate glasses (1150-1200°C) [20]. The low melting temperature of phosphate glasses contributes to
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the reduction of volatilization of radioactive elements.
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Fig. 1.2 Schematic of the vitrification process to be implemented at Hanford site. HLW, LAW, and JHCM are

high-level waste, low activity waste, and Joule-heated ceramic melters, respectively. Reproduced with
permission from Ref. [19]. Copyright 2019, Elsevier B.V.

Phosphate glasses for healing of the human body: Since bioactive glasses were prepared by Hench et
al [21,22], silicate, borate, and phosphate bioactive glasses have been reported in the literature [23]. Standard
commercialized bioactive glasses are SiO,-based glasses. Bioactive phosphate glasses have been studied for
tissue engineering such as regeneration of bones [24] and muscles [25]. Figure 1.3 [26] shows a schematic
illustration of the reaction sequence leading to hydroxy-carbonate apatite (HCA) formation according to
Hench and co-workers [27,28]. The ionic components such as calcium and phosphate ions of phosphate
glasses released during degradation support bone growth [29]. The high solubility of phosphate glasses
compared to silicate glasses can contribute to nucleation and apatite layer formation that is the main factor of
bioactivity of bioactive glasses [30]. Degradation rates of phosphate glasses can be controlled by altering
glass compositions [29]. Phosphate glass fibers are studied as a scaffold for muscle regeneration [25].
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Fig. 1.3 Schematic illustration of the reaction sequence leading to hydroxy-carbonate apatite (HCA)

formation according to Hench and co-workers [27,28], here assuming a melt-prepared CaO-SiO; glass. The
first three stages involve reactions between the silicate surface and the surrounding fluid as follows: (1)
Ca**«H* exchange and (2) breakage of Si—-O-Si bonds, leading to the formation of Si-OH groups; (3)
repolymerization: 2Si-OH—Si-0-Si+H,0. Next follows (4) the formation of amorphous calcium phosphate
(ACP) and (5) ACP—HCA crystallization that involves uptake of additional ions, e.g. OH~, CO3*" and Na".
Reproduced with permission from Ref. [26]. Copyright 2012, The Royal Society.

Properties of oxide glasses are also controlled by post-treatments. Typical post-treatments are
crystallization, phase separation, and strengthening.

The stability of compositions of oxide glasses in crystal states is higher than that in amorphous states.
However, oxide glasses are amorphous states which are thermodynamically metastable because oxide glasses
are produced by solidifying glass melts at cooling rates faster than crystallization. When oxide glasses are
heated at an appropriate temperature above the glass transition temperature (Tg), the oxide glasses gradually
change to thermodynamically stable crystal states. The crystallization is used for the productions of glass-
ceramics with structures in which crystal particles are dispersed in a glass matrix. There are two methods for
producing glass-ceramics: volumetric crystallization in which bulk glasses are heated to generate crystals
inside the glasses and sinter-crystallization in which sintered powdered glasses are heated for surface
crystallization at interfaces of the glasses as shown in Fig. 1.4 [31]. Properties of glass-ceramics are
controlled by optimization of compositions of glass ceramics, types and sizes of crystal particles, and a
fraction of glass matrix and crystal particles. SiO>—-Al,Os-LiO and SiO.—Al,0s—CaO glass systems are
typical compositions of glass-ceramics that have already been put to practical use. Nucleation agents such as
TiO, may be contained in glasses for glass-ceramics to increase crystal-nucleation rates. Glass-ceramics with
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small coefficients of thermal expansion about —10x107"/°C are used for fire-rated windows, tableware, and
cook-top panels [32]. High-strength glass-ceramics are used for building interior and exterior walls [32].
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Fig. 1.4 Schematic illustration of the evolution of microstructure for glass to glass-ceramic through volume
crystallization from a bulk glass or sinter-crystallization from a glass powder compact. Reproduced with
permission from Ref. [31]. Copyright 2011, Springer Science Business Media, LLC.

Phase-separated glasses can be obtained when the melt of oxide glasses with the immiscible region is
cooled. Even if oxide glasses have an immiscible region below the liquidus line, which is called the
metastable immiscible region, homogeneous oxide glasses can be obtained because oxide glasses are
produced by solidifying glass melts at cooling rates faster than phase separation. Phase-separated glasses can
be obtained by keeping oxide glasses with the metastable immiscible region at an appropriate temperature
above Ty Fig. 1.5 shows a schematic phase diagram showing metastable and stable immiscibility regions
with images of phase separation texture [33]. Since SiO>-B20s;-Na;O glass systems have a wide metastable
immiscibility region, phase-separated glasses in this system have already been put to practical use [33]. In
the case of one kind of SiO,—B,03-NaO glass system, phase separation to SiO-rich and B20s—Na;O-rich
phases occurs. Since the phase-separated glass obtained by spinodal decomposition forms a structure in
which two phases are entangled, the B,Os—Na,O-rich phase is eluted when the phase-separated glass is
immersed in an acid solution, and a SiO, porous body can be obtained. When the porous body is heat-treated,

the pores disappear, and it becomes 96% silica glass [1]. Since the silica glass has a small coefficient of
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thermal expansion, it is used as a heat-resistant glass. In the case of the other kind of SiO>—B,03;—Na,O glass
system, phase separation to SiO.-rich and B,Os;—Na;O-rich phases occurs. The phase-separated glass
obtained by the nucleation-growth mechanism forms a structure in which the B,Os—Na,O-rich phase is
dispersed in the SiO»-rich matrix phase [1]. The phase-separated glass is used as laboratory glasses because it
has a high heat resistance and chemical durability.
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Fig. 1.5 Schematic phase diagram showing metastable and stable immiscibility regions with images of phase

separation texture. The spinodal decomposition and nucleation growth mechanism are denoted, respectively,
as “S” and “N”. Reproduced with permission from Ref. [33]. Copyright 2013, The Ceramic Society of Japan.

Although the theoretical strength of oxide glasses estimated from the atomic bond force is 10-20 GPa,
the strength of products of oxide glasses is about 100 MPa as shown in Fig. 1.6 [34,35]. Since flaws exist on
the surface of glass products, crack propagation caused by stress concentration at the tip of cracks results in
lower strength of glass products compared to theoretical strength.
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The strength of oxide glasses can be improved by forming compressive stress layers on glass surfaces
that suppress crack propagation. The compressive stress layers can be formed by chemical strengthening in
which smaller alkali cations in the glass surface are exchanged with larger alkali cations as shown in Fig. 1.7
[36], and thermal tempering in which a glass heated to near softening temperature is quenched to generate
residual stress on the glass surface. Chemically tempered glasses are used for cover glasses for smartphones
and tablet computers. Thermally tempered glasses are used for window glass of vehicles.
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Fig. 1.7 Schematic illustration of ion exchange of alkali silicate glasses. Reproduced with permission from
Ref. [36]. Copyright 2010, Saxon Glass Technologies Inc. Journal compilation, Copyright 2010, The
American Ceramic Society and Wiley Periodicals, Inc.

1.2 Structures of oxide glasses

Basic structures of oxide glasses are polyhedrons in which oxygen surrounds cations, e.g. SiOs
tetrahedral units in SiO; glass and PO, tetrahedral units in P,Os glass. Three-dimensional network structures
are formed by the polyhedral units sharing oxygens, called bridging oxygens, at their corners. SiO-, P05, etc.
are called glass network formers. Figure 1.8 (a) and (b) show schematic illustrations of network structures
of cristobalite crystal and silica glass composed of only SiO; tetrahedral units. Cristobalite is composed of a
network structure with long-range order, whereas silica glass is composed of a non-regular network structure
without long-range order. On the other hand, alkali oxides (MQO) and alkaline-earth oxides (M'O) are called
glass network modifiers because they are included in the network structure formed by the glass network
formers. Figure 1.8 (c) shows a schematic illustration of the structure of the SiO,—M-0O glass system. The
addition of MO leads to bond breaking of some Si—O-Si bonds in the glass network structure. The oxygens
that bonds are broken are called non-bridging oxygens (NBO). Properties of oxide glasses are changed by
types and the amount of the glass network modifiers. Al,Os, TiO,, ZrO,, etc. are called intermediates
because the oxides do not form glass by themselves, but form glass network structures when coexisting with
glass network formers.



(a) Cristobalite (b) Silica glass
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Fig. 1.8 Schematic illustrations of the structure of (a) cristobalite crystal, (b) silica glass, and (c) SiO—M-0
glass system. The illustrations are drawn according to two-dimensional representations by Zachariasen [37],
and Warren and Biscob [38]. Small (blue), middle-sized (red), and large (green) closed circles represent

phosphorus, oxygen, and alkali cations, respectively.



Figure 1.9 shows PO, tetrahedral units in phosphate glasses. An increase in the amount of MO in
XM20—(1-x)P20s glasses (mol%) causes an increase in the number of NBOs and change of PO, tetrahedral
units from Q" units (PO tetrahedral units with n bridging oxygens) to Q™ units (PO4 tetrahedral units with
n—1 bridging oxygens) (n = 1-3).
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Fig. 1.9 PO, tetrahedral units in phosphate glasses

50M,0-50P,0s glasses (mol%) are called alkali metaphosphate glasses. Alkali metaphosphate glasses
are composed of —-P—O-P— chains and rings formed by Q? units linked each other with two covalent bonds
[6]. Two bonds between P and NBO in the Q? units form resonance structures with single and double bonds
[39]. The chain and ring structures are connected by ionic bonds between alkali cations and oxygens as
shown in Fig. 1.10. Alkali metaphosphate glasses have isotropic structures because the chain and ring
structures are oriented in random directions. On the other hand, alkali metaphosphate crystals are also
composed of chain and ring structures, but the chain structures of alkali metaphosphate crystals are oriented
in the uniaxial direction as shown in Fig. 1.11 [40-42].
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—@—— 00
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Fig. 1.10 Schematic illustration of a structure of mixed alkali metaphosphate glass. Small (blue), middle-

sized (red), and large (green) closed circles represent phosphorus atoms, oxygen atoms, and alkali cations,
respectively. Darker green circles represent alkali cations with a higher force constant between alkali cation
and oxygen (Fum-o).
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KPO; crystal with chain structure

Fig. 1.11 Crystal structures of 50K,0-50P,0s (mol%, KPOs) metaphosphate crystals with chains [40] and
three-membered rings [41]. Yellow tetrahedra and red and green balls are PO, tetrahedra, oxygen atoms, and
K* cations. (Drawn by VESTA ver. 3.5.7 [42])
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1.3 Previous studies on oxide glasses with anisotropic structures
1.3.1 Formation of anisotropic structures in oxide glasses

Table 1.2 shows the birefringence of glass fibers with various compositions prepared above T4 by the
nozzle drawing method and the rod pulling method [43-45]. Birefringence of fibers is defined as the
difference between the refractive indices observed by using light with a plane of polarization parallel and
perpendicular to the fiber axis when observing the fiber from the side [46]. Birefringence is used as a
measure of the degree of orientation of glass structure in the length direction of the fiber. Birefringence
increases with increasing the degree of orientation. The existence of asymmetric hollows in the open silica
glass structure deformed and oriented by the drawing process causes birefringence of the silica glass fiber
[43]. The small birefringence of the silica glass fiber indicates the difficulty of the orientation of three-
dimensional network structures for silica glass in the tensile stress direction. On the other hand, the
birefringence of the alkali metaphosphate, alkaline-earth metaphosphate, and alkali metasilicate glass fibers
is larger than that of the silica glass fiber. The birefringence of the metaphosphate and metasilicate glass
fibers, respectively, results from a high degree of orientation of chain structures of PO, tetrahedral units and
partial chain structures of SiO, tetrahedral units [44,45]. The much larger birefringence of the alkali
metaphosphate glass fiber compared to the other glass fibers indicates that chains of the alkali metaphosphate
glass are, especially, easily oriented in the tensile stress direction.

Table 1.2 Birefringence of glass fibers with various compositions drawn above Ty and shrinkage of the
fibers in the length direction during heating.

Compositions (mol%) Birefringence (nm/mm) Shrinkage (%) References
SiO, 30 3 [43]
25Li,0-25Na,0O-50P,05 10000 3 [44]
25Ca0-25Ba0-50P,05 400 15 [44]
16.7Li,0-16.7Na;0-16.7K,0-50Si0, 1000 11 [45]

Inaba et al. [47,48] investigated relationships between birefringence and compositions of alkali
metaphosphate glass fibers deformed under uniaxial tensile stress above Ty and then rapidly cooled to room
temperature (Fig. 1.12). The birefringence of the fibers becomes larger with increasing the number of types
of alkali cations. The 16.7Li,0-16.7Na;0O-16.7K,0-50P,0s (mol%, (Li,Na,K)POz) and 12.5Li,0O—
12.5Na,0-12.5K,0-12.5Cs,0-50P,05s (mol%, (Li,Na,K,Cs)POs) glasses, especially, have larger
birefringence compared to the other alkali metaphosphate glasses. Structural investigations of the anisotropic
(Li,Na,K)PO3; and (Li,Na,K,Cs)PO; glass fibers by Raman spectroscopy and high-energy X-ray diffraction
showed that the anisotropic glass fibers have —P-O-P— chains oriented along the deformation direction
[47,48].
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Fig. 1.12 Birefringence of alkali metaphosphate glass fibers elongated under uniaxial tensile stress above T,
and then rapidly cooled to room temperature. Reproduced with permission from Ref. [48]. Copyright 2020,
The American Ceramic Society.

Difference of birefringence between the anisotropic 25Li.0-25Na,0-50P,0s (mol%, (Li,Na)POs)
glass fibers prepared in references [44] and [48] results from the difference of preparation methods and
conditions of the fibers. If the anisotropic (Li,Na,K)PO; and (Li,Na,K,Cs)PO; glasses are prepared by the
same methods and similar conditions in reference [44], the birefringence of the glasses must be higher than
that shown in Fig. 1.12.

1.3.2 Huge shrinkage due to entropic elasticity of anisotropic (Li,Na,K,Cs)POs glass

Shrinkage of the glass fibers with various compositions prepared above Ty by the nozzle drawing
method and the rod pulling method during reheating up to around Tg is shown in Table 1.2 [43-45]. The
maximum value of shrinkage shown in Table 1.2 is 11%. Figure 1.13 shows a dimensional change of
isotropic and anisotropic (Li,Na,K,Cs)POs glass fibers during heating above T4 [47]. Shrinkage of the glass
fibers increases with increasing birefringence. The glass fiber with birefringence of 0.0069 (= 6900 nm/mm),
especially, shows huge shrinkage (35% lengthwise).
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Fig. 1.13 Dimensional change of isotropic and anisotropic (Li,Na,K,Cs)POs glass fibers during heating
above Tg. An is the birefringence of the glass fibers. Reproduced with permission from Ref. [47]. Copyright
2014, Nature Publishing Group.

The huge shrinkage is interpreted as being derived from entropic elasticity because the endothermic
phenomenon above Ty which is characteristic of rubbers, is observed during differential scanning
calorimetry of the anisotropic (Li,Na,K,Cs)POs glass as shown in Fig. 1.14 [47]. This is the first observation
of the entropic deformation of an oxide glass [47]. Structural investigations of alkali metaphosphate glasses
by high-energy X-ray diffraction show that the distance between —P—O—P— chains in (Li,Na,K,Cs)POs glass
is larger than that in 50Li,0-50P.Os (mol%) glass [47]. This result indicates that the interchain spacing
attracted by lithium ions in (Li,Na,K,Cs)POs glass should be smaller than that by the other alkali ions, and
the chains attracted by lithium ions should interact strongly with each other [47].
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Fig. 1.14 Differential scanning calorimetry (DSC) curves of anisotropic and isotropic (Li,Na,K,Cs)POs;
glasses. Heat flow difference A¢ (= ¢xd — ¢rst) Of anisotropic and isotropic fibers as a function of temperature.
Inset: DSC upscans (that is, heating scans) of anisotropic and isotropic fibers. Red and black lines are heat
flows ¢ of the first upscan for anisotropic and isotropic fibers, respectively; blue lines are heat flows of
second upscans for both samples. Reproduced with permission from Ref. [47]. Copyright 2014, Nature
Publishing Group.

Figure 1.15 shows the model proposed by Inaba et al. as the mechanism of the orientation and
relaxation of -P—O—P— chains in (Li,Na,K,Cs)POs glass in the temperature range where the entropic
elasticity occurs [47]. According to the model, Li* cations, which have higher interchain force compared to
Na*, K*, and Cs* cations, would act as pseudo-cross-linkage portions between chains during orientation and
relaxation of local structures of —-P—O-P— chains being adjacent to Na*, K*, and Cs* cations, which have

lower interchain force, in the temperature range.
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Fig. 1.15 Schematic illustrations of the model proposed by Inaba et al. as the mechanism of the orientation

and relaxation of —-P—O—P— chains in (Li,Na,K,Cs)POs glass. Reproduced with permission from Ref. [47].
Copyright 2014, Nature Publishing Group.

However, the coexistence of local structures with higher force constant between alkali cation and
oxygen (Fm-o0) and local structures with lower Fu-o in (Li,Na,K,Cs)POs glass as the model proposed by Inaba
et al. has not been proved by experiment. In addition, although chain and ring structures coexist in alkali
metaphosphate glasses, effects of ratios of Q? units in chain structures to total Q? units on ease of orientation
of —P—O—P— chains under uniaxial tensile stress above Ty is still unknown.

The study of the formation of the anisotropic structure of alkali metaphosphate glasses by Inaba et al.
[47] is used for the development of hybrid optical fibers composed of metaphosphate and silica glasses [49].
New hybrid optical fibers composed of new combinations of glasses can be obtained by the pressure-assisted
melt-filling process in which glass melt for the core of the optical fiber is injected into a thin capillary of the
other glass for cladding of optical fiber by the assist of pressure. Since phosphate glass can contain a high
concentration of rare-earth ions, and reaction between phosphate and silica glasses is unlikely to occur
during the pressure-assisted melt-filling process due to the low T4 and melting point of phosphate glasses,
hybrid fiber optical waveguides composed of a core of silver metaphosphate glasses and clad of silica glass
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recently are studied [49,50]. Orientation of chains for silver metaphosphate glass occurs during the pressure-
assisted melt-filling process [49]. Figure 1.16 shows cross-sectional microscopic images of a hybrid glass
fiber composed of a core of silver metaphosphate glasses and clad of silica glass prepared by the pressure-
assisted melt-filling process after heating [49]. A significant decrease in the degree of anisotropy due to
structural relaxation occurs as Tq is approached [49]. This goes in-hand with volumetric shrinkage due to
entropy-induced rearrangements of the molecular chains [49]. The optical properties of hybrid glass fibers
composed of metaphosphate and silica glasses are expected to be controlled by not only compositions but
also anisotropic structures of metaphosphate glasses because —P—-O-P— chains are oriented during the
pressure-assisted melt-filling process.

(heated to 174 “C, 10 K/min)

Fig. 1.16 Microscopic images of a filled sample section after heating to 174 °C (no shrinkage, top) and
263 °C (bottom), respectively (filled at 70 bar, 600 °C, 1 h, and re-heated at 10 K/min). Reproduced with
permission from Ref. [49]. Copyright 2017, AIP Publishing.

1.4 The objective of this thesis

Since mechanical and thermal properties can be improved by the orientation of chain organic polymer
molecules [51-56], the properties of oxide glasses should be improved by forming anisotropic structures in
which chains are uniaxially oriented. In addition, unique properties not found in isotropic glasses should be
obtained in the anisotropic oxide glasses. As mentioned above, it has been reported that birefringence and
entropy elasticity occur due to the orientation and relaxation of chains in (Li,Na,K,Cs)POs mixed alkali
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metaphosphate glass [47]. However, the effects of the anisotropic structures with uniaxially oriented chains
in oxide glasses on properties are still poorly understood.

The objective of this thesis is the clarification of important structural factors for the formation of
significant anisotropy above Tq and the effect of the anisotropic structures on the mechanical properties of
alkali metaphosphate glasses for the development of new anisotropic oxide glasses with new properties not
reported in oxide glasses and new methods to improve mechanical properties of oxide glasses.

1.5 The composition of this thesis

In this thesis, study results about structural factors for the formation of significant anisotropy above Ty
and the effect of the anisotropic structures with uniaxially oriented chains on the mechanical properties of
alkali metaphosphate glasses are described. This thesis is composed of six chapters. The outline of each
chapter is described below.

Chapter 1: The background and objective of this thesis were described.

Chapter 2: Since (A) there is not enough evidence of the large distribution of Fmo for (Li,Na,K)PO3
and (Li,Na,K,Cs)POs glasses as the model proposed by Inaba et al. and (B) difference of the number of Q?
units in —P-O-P— chains for alkali metaphosphate glasses is still unknown, structural features of
(Li,Na,K)POs glass for the formation of highly oriented —P—O—P— chains under uniaxial tensile stress above
Ty was investigated because clarification of the structural features will be useful knowledge for the
development of anisotropic glasses.

Chapter 3: Since (A) there is not enough evidence of the relaxation of the local structures with small
Fwm-o under coexistence with the local structures with large Fu-o which act as pseudo-cross-linked structures
in anisotropic (Li,Na,K,Cs)PO; glass above Ty as the model proposed by Inaba et al. and (B) the relaxation
mechanism of anisotropic (Li,Na,K,Cs)POs glass below Ty is still unknown, relaxation mechanisms of
anisotropic (Li,Na,K,Cs)POs glass in the range from room temperature to above Ty were investigated.

Chapter 4: Since deformation behavior of (Li,Na,K,Cs)POs glass under compressive stress above Ty is
still unknown, the deformation behavior of (Li,Na,K,Cs)POs glass under compressive stress above Ty was
investigated because clarification of the behavior will be useful knowledge for the development of
applications of the glass which shows entropic elasticity above Tj.

Chapter 5: Since the increase in fracture strength and Young’s modulus by anisotropic structures in
oxide glasses as with chain organic polymers has not been reported previously, the effect of orientation of —
P—O—P— chains on fracture strength and Young’s modulus of (Li,Na,K,Cs)POs glass was investigated for the
development of a new method to improve fracture strength and Young’s modulus of oxide glasses.

Chapter 6: The important results and discussion of this thesis were summarized.
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Chapter 2: Structural investigation of alkali metaphosphate glasses
for significant anisotropy by analysis of 3P MAS NMR, Raman, and

FTIR spectra, and DFT calculations

2.1 Introduction

Mixed alkali metaphosphate glasses of 16.7Li,0-16.7Na,0O-16.7K,0-50P,0s (mol%, (Li,Na,K)POs3)
and 12.5Li.0-12.5Na,0-12.5K,0-12.5Cs,0-50P:0s (mol%, (Li,Na,K,Cs)POs) show much larger
birefringence (significant anisotropic structures) compared to 50Li,0-50P,0s (mol%, LiPO3) and 50Na,O—
50P,05 (mol%, NaPOs) metaphosphate glasses due to highly oriented —P—O—P— chains when the glasses
were deformed under uniaxial tensile stress above the glass transition temperature (Tg) [1,2]. As a mechanism
for the formation of the significant anisotropic structures in (Li,Na,K,Cs)POs; glass, Inaba et al. proposed a
model that orientation of local structures with small force constant between alkali cation and oxygen (Fm-o)
adjacent to Na*, K*, and Cs* cations occurs during the suppression of shear flow between chains by local
structures with large Fu-o adjacent to Li* cations which act as pseudo-cross-linked structures [1,2]. However,
there is not enough evidence of the large distribution of Fu.o for (Li,Na,K)POs; and (Li,Na,K,Cs)POs glasses.
In addition, although Q? units form chain and ring arrangement of PO, tetrahedra, ratios of Q? units in chains
to total Q? units for alkali metaphosphate glasses are still unknown. In this study, structures for alkali
metaphosphate glasses were investigated by analyzing 3P magic angle spinning nuclear magnetic resonance
(MAS NMR), Raman, and Fourier transform infrared (FTIR) spectra to clarify structural features causing the
easy orientation of —-P—O-P- chains of (Li,Na,K)POs glass because clarification of the structural features will
be useful knowledge for the development of anisotropic glasses. Assignments of peaks in these spectra are
important to accurately understand the glass structures. The relationships between structure and peak
wavenumbers of phosphate crystals were used for assignments of peaks of IR spectra of phosphate glasses
[3,4]. In this study, we also investigated vibration modes of alkali metaphosphate and pyrophosphate crystals
by density functional theory (DFT) calculations of Raman and infrared (IR) spectra to verify the
interpretation of peak assignments reported in previous studies.

2.2 Experimental Procedure

Starting materials of 50Li,0-50P,0s (mol%, LiPOs), 50Na,0-50P,0s (mol%, NaPOs), and 50K,O—
50P,05 (mol%, KPOs) (> 99.7%, Rasa Industries, Japan) were weighted and mixed to obtain batches with
compositions of either LiPOs, NaPOs, (Li,Na)POs, or (Li,Na,K)POs. The powder batches were melted in a
platinum crucible at 1000°C for 1 h. The melts were cast in a graphite mold. The glass plates of LiPOs,
(Li,Na)POs, or (Li,Na,K)PO3 were annealed at 349, 266, or 237°C, respectively, (i.e., Tq + 15°C) for 1 h and
then cooled gradually to room temperature. The glass plate of NaPO3 was annealed at 250°C (i.e., Tq — 42°C)
for 1 h and then cooled gradually to room temperature to prevent crystallization of NaPO3 glass. The Ty of

the annealed glasses was measured by differential thermal analysis using a thermal analyzer (TG/DTA 6300,
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Seiko Instrument Inc.) at a heating rate of 10 °C min™*. The annealed glasses were analyzed by P MAS
NMR, Raman, and FTIR spectra.

The 3P MAS NMR spectra were obtained with a solid-state NMR spectrometer (JNM-ECA600,
JEOL, Japan). Chemical shifts were referenced to (NH4).HPO4 at 1.6 ppm versus HsPO4 85% solution. All
spectra were acquired at a magic angle spinning speed of 22 kHz and 64 scans were accumulated using a 30°
pulse width and a 240 s pulse delay. The Raman spectra were obtained with a Raman spectrometer
(LabRAM HR Evolution, Horiba, Japan), using a backscattering geometry. The wavelength of the excitation
laser was 532 nm. The FTIR spectra were obtained with an FTIR spectrometer (Nicolet 6700, Thermo Fisher
Scientific, MA) in reflectance mode at quasinormal incidence (10°). The reflectance spectra were analyzed
by the Kramers—Kronig transformation to obtain absorption coefficient spectra [5]. The Raman and FTIR
spectra were deconvoluted by a least square method using the Gaussian function.

Calculations of plane wave DFT of LiPOs;, NaPOs, and KPOs; metaphosphate crystals with chains
composed of Q? units, and 67Na,0-33P,0s (mol%, NasP.O7) pyrophosphate crystal with dimers composed
of Q' units were performed using the Quantum ESPRESSO (v6.6) package [6,7]. The Perdew-Zunger
exchange-correlation functional of the local density approximation (LDA) was used. Pseudopotentials were
norm-conserving scalar relativistic types. The pseudopotentials (Li.pz-n-vbc.UPF, Na.pz-n-vbc.UPF, K.pz-n-
vbc.UPF, P.pz-bhs.UPF, and O.pz-mt.UPF) are listed in the pseudopotential table at www.quantum-
espresso.org under the sub-category “original QE PP table.” LDA is known to reproduce frequencies of
Raman and IR spectra for oxides in good agreement with experiments [8]. The plane-wave energy cutoffs
(ecutwfc) for the wave functions and the charge density (ecutrho) were set at 150 Rydberg and 600 Rydberg
(4 x ecutwfc), respectively. The k-point mesh was 2x2x2. A structure relaxation including optimization of
the lattice parameters and the atomic positions in a cell with keeping the Bravais lattice of experimental
crystals [9-11] was carried out. Figure 2.1 shows structures of the experimental crystals [9-11]. Raman and
IR spectra were calculated using the relaxed structures. The calculated spectra were analyzed using
Winmostar v10.5.4 software (X-Ability Co., Ltd., Japan).
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LiPO; crystal with chain

25



KPO; crystal with chain

Fig. 2.1 Crystal structures of LiPOs, NaPOs;, KPOs; metaphosphate glasses with chains, and NasP,O-
pyrophosphate crystal with dimers [9-11]. Yellow tetrahedra and red and green balls are PO, tetrahedra,
oxygen atoms, and alkali cations. (Drawn by VESTA ver. 3.5.7 [12])
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2.3 Results and Discussion
2.3.1 Determination of local structure by analysis of 3:P MAS NMR spectra

Figure 2.2 shows 3P MAS NMR spectra of LiPOs;, NaPOs, (Li,Na)POs; and (Li,Na,K)PO;
metaphosphate glasses. The NMR spectra of LiPOs, (Li,Na)POs, and (Li,Na,K)POs glasses in Fig. 2.2 are
reported in our previous study [1]. Prominent peaks observed around —20 ppm and low-intensity peaks
observed around —2 ppm are assigned to Q? and Q! units, respectively [13]. The NMR spectra suggest that
Q? units are the majority units building the network structure of the alkali metaphosphate glasses. There was
no detectable Q! peak for NaPOs glass. Since Q2 units do not exist in alkali metaphosphate glasses because
of pseudo-reaction represented as 2Q? + R,O — 2Q* [13,14], no peak derived from Q?® units was observed in
the 3P MAS NMR spectra in this study. Table 2.1 summarizes the relative peak area of Q! and Q? peaks in
the NMR spectra. The number of Q? units, therefore, increases in the order of LiPOs, (Li,Na)POs,
(Li,Na,K)POs, and NaPOs glasses because the glasses are composed of the same number of PO, units and
relative fraction of Q? units increases in the order of LiPOs, (Li,Na)POs, (Li,Na,K)POs, and NaPOs glasses.

() Q*

E{ N Q! (Li,Na,K)PO, A
é AN NaPO; A
N\ (Li,Na)PO, A~
AN PO o~
100 50 0 -50 -100 -150

3P chemical shift (ppm)
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Fig. 2.2 (a) 3P MAS NMR spectra of LiPOs, NaPOs, (Li,Na)POs, and (Li,Na,K)PO3; metaphosphate glasses.
(b) The enlarged figure of (a). Peaks observed around 70 ppm and —110 ppm are spinning sidebands.
Reproduced with permission from Ref. [1]. Copyright 2014, Nature Publishing Group.

Table 2.1 Relative peak area of Q' and Q? peaks in NMR spectra for LiPOs, NaPOs, (Li,Na)POs, and
(Li,Na,K)PO; glasses.

LiPOs NaPOs LiNaPO3  LiNaKPO3;
Q! units 3.4% 0% 2.7% 1.3%
(Not detected)
Q? units 96.6% 100% 97.3% 98.7%

2.3.2 Determination of local structure by analysis of Raman spectra

Raman spectra normalized by the intensity of peaks in the range 620-820 cm™ of LiPOs, NaPOs,
(Li,Na)POs, and (Li,Na,K)POs glasses are shown in Fig. 2.3 (a). The peaks in the range 620-820 cm™ and
1070-1220 cm™ are assigned to symmetric stretching vibrations of -P-O-P— and NBO-P-NBO bonds,
respectively (Fig. 2.4) [15]. Figure 2.3 (b) shows measured spectrum and deconvoluted peaks of
(Li,Na,K)PO; glass in the range 600-850 cm™. The measured spectrum is deconvoluted into three peaks
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assigned to symmetric stretching vibrations of —-P—O—P— bonds in chains, large rings, and small rings in
ascending order of Raman shift [16]. Figure 2.3 (c) shows measured spectrum and deconvoluted peaks of
(Li,Na,K)POs glass in the range 1050-1250 cm™*. The measured spectrum is deconvoluted into three peaks
assigned to symmetric stretching vibrations of NBO-P—NBO bonds of small rings, large rings, and chains in
ascending order of Raman shift [16]. In addition, peaks associated with Q! units appear near 760 cm™ and
1050 cm™ in Raman spectra of phosphate glasses [17,18]. The influence of the peaks associated with Q!
units for LiPOs, (Li,Na)POs;, and (Li,Na,K)PO; glasses on deconvolution of Raman spectra was quite small
because the relative fraction of Q? units was much larger than that of Q! units for the glasses as shown in
Table 2.1.

(a)

(Li,Na,K)PO,

A
N
A LiPO,

600 700 800 900 1000 1100 1200 1300 1400
Raman shift (cm ™)

(Li,Na)PO,

Intensity (a.u.)
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—Small ring

Intensity (a.u.)
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(c)
(Li,Na,K)PO,
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—Chain
—Large ring

—Small ring
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1050 1100 1150 1200 1250
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Fig. 2.3 (a) Raman spectra of LiPOs, NaPOs, (Li,Na)POs, and (Li,Na,K)POs; metaphosphate glasses. Raman

spectrum and deconvoluted peaks of (Li,Na,K)POz; metaphosphate glass in the range (b) 600-850 cm™ and
(c) 1050-1250 cm™™.
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Fig. 2.4 Symmetric stretching vibrations of -P—-O—-P— and NBO-P-NBO bonds

From deconvoluted peaks in the range 600-850 cm™ and 1070-1220 cm™?, relative peak area (Ar),

which is relative fraction of Q? units in chains to total Q2 units, was calculated using the following equation:
Ac

B Ac + AR + Asr

where Ac, Alr, and Agsr are peak areas assigned to symmetric stretching vibrations of —-P—O-P— bonds in

Ar x100  (2.1)

chains, large rings, and small rings, respectively, and symmetric stretching vibrations of NBO—-P—-NBO bonds
in chains, large rings, and small rings, respectively. Figure 2.5 shows Ar of LiPOs;, NaPOs, (Li,Na)POs, and
(Li,Na,K)POs metaphosphate glasses. Az of NaPO3 and (Li,Na,K)POs glasses is larger than that of LiPO3 and
(Li,Na)POs glasses.
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Fig. 2.5 Relative peak area (Ar) calculated by deconvoluted peaks of Raman spectra for LiPOs;, NaPOs,
(Li,Na)POs3, and (Li,Na,K)PO3; metaphosphate glasses.

2.3.3 Determination of local structure by analysis of FTIR spectra in the mid-infrared region

Figure 2.6 (a) shows absorption coefficient spectra of LiPOs;, NaPOs, (Li,Na)POs, and (Li,Na,K)POs
metaphosphate glasses in the range 800-1400 cm™. Figure 2.6 (b) shows the absorption coefficient
spectrum and deconvoluted peaks of (Li,Na,K)POs glass. The measured spectrum is deconvoluted into seven
peaks assigned to vibration of Q" units (n = 1-3) according to peak assignment in literature [19,20]. Table
2.2 summarizes assignments for the deconvoluted peaks. Since Q* units do not exist in LiPOs, NaPQOs,
(Li,Na)POs, and (Li,Na,K)PO; metaphosphate glasses as mentioned above [13,14], peak 7 in Table 2.2 was
not used for the deconvolution.
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Fig. 2.6 (a) Absorption coefficient spectra of LiPOs, NaPOs, (Li,Na)POs, and (Li,Na,K)POs; metaphosphate
glasses in the range 800-1400 cm™. (b) Absorption coefficient spectrum and deconvoluted peaks of
(Li,Na,K)PO; metaphosphate glass in the range 800-1400 cm™. Open circles represent values of summation

of deconvoluted peaks.
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Table 2.2 Assignments of deconvoluted peaks of absorption coefficient spectra of LiPOs, NaPOs, (Li,Na)POs,
and (Li,Na,K)POs; metaphosphate glasses in the range 800-1400 cm ™.

Peak  Assignment

vas(P—O—-P), Q? units in chains
vas(P—-O-P), Q? units in large rings
vas(P—O-P), Q? units in small rings
vas(PO3%"), end group of Q* units
vs(PO2"), Q? units

vas(PO2"), Q2 units

~N o o B~ WO N -

v(P=0), Q® units

Relative peak area (Ar), which is the relative fraction of Q? units in chains to total Q? units, was

calculated using the following equation:

Ay
T A+ A+ A,
where Ai, Az, and As, respectively, are peak areas assigned to asymmetric stretching vibrations of Q? units in

Ar x 100 (2.2)

chains (deconvoluted peak 1), large rings (deconvoluted peak 2), and small rings (deconvoluted peak 3).
Figure 2.7 shows Ar of LiPOs;, NaPOs, (Li,Na)POs, and (Li,Na,K)PO3; metaphosphate glasses. Ar of NaPOs;
and (Li,Na,K)POs glasses is larger than that of LiPO; and (Li,Na)POj; glasses.
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Fig. 2.7 Relative peak area (Ar) calculated by deconvoluted peaks of absorption coefficient spectra of LiPOs,
NaPOs, (Li,Na)POs, and (Li,Na,K)PO3; metaphosphate glasses.
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From the analysis of 3'P MAS NMR, Raman, and FTIR spectra, the number of Q? units in chains for
NaPO3 and (Li,Na,K)POjs glasses is equivalent because the number of Q? units and Ar for those glasses are
comparable.

2.3.4 Determination of the distribution of force constant (Fm-0) by analysis of FTIR spectra in the far-
infrared region

Since peaks in far-infrared absorption spectra are sensitive to the force constant between alkali cation
and oxygen (Fm-0), the peaks were analyzed to investigate compositional dependence of the distribution of
Fwm-o. Wavenumbers of cation motion peaks become higher with increasing Fu-o0, and those of LiPOs;, NaPOs,
and KPO3z; metaphosphate glasses are around 400, 212, and 147 cm™, respectively [21]. Figure 2.8 (a)—(d)
show absorption coefficient spectra of LiPOs;, NaPOs, (Li,Na)POs, and (Li,Na,K)PO3 glasses, respectively.
The cation motion peaks of LiPO3; and NaPOs glasses are composed of one peak assigned to Li and Na
motions, respectively. On the other hand, deconvoluted cation motion peaks of (Li,Na)PO3 and (Li,Na,K)POs
glasses are composed of two peaks assigned to Li and Na motions and three peaks assigned to Li, Na, and K
motions, respectively. This result is consistent with the tendency of previous studies that cation motion peaks
in far-infrared absorption spectra of metaphosphate glasses containing alkaline earth cation and one kind of
other modifier-cations are composed of multiple peaks [19,20,22]. In addition, a difference of peak
wavenumbers between a peak originated from Li-O motion and a peak observed below 300 cm™ for
(Li,Na,K)PO; glass (dpw = 210 cm™) is larger than that for (Li,Na)POs glass (dpw = 192 cm™?). These
observations indicate that the distribution of Fm.o becomes larger with increasing the number of types of
alkali cations in alkali metaphosphate glasses.

(a)

Absorption coefficient (a.u.)

100 200 300 400 500 600

Wavenumbers (cm™!)
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Fig. 2.8 Absorption coefficient spectra and deconvoluted peaks of (a) LiPO; and (b) NaPOs, (c) (Li,Na)POs,
and (d) (Li,Na,K)PO; metaphosphate glasses in the range 100-600 cm™. Open circles represent values of
summation of deconvoluted peaks.

2.3.5 DFT calculations of Raman and IR spectra

Although analysis of the 3P MAS spectra for LiPOs, NaPOs, (Li,Na)POs, and (Li,Na,K)POs glasses
showed that amount of Q! units for the glasses were equal to or less than 3.4% as shown in Table 2.1,
distinct peaks assigned to Q* units (Peak 4 in Table 2.2) were observed in the absorption coefficient spectra
for the glasses. The interpretation of the assignments of the Raman and absorption coefficient spectra were
verified by DFT calculation of Raman and IR spectra for LiPO3;, NaPOs, and KPO3; metaphosphate crystals
with chains, and NasP,O7 pyrophosphate crystal. Deviations of lattice parameters between the experimental
and relaxed structures were equal to or less than 3.2% as shown in Table 2.3.
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Table 2.3 Lattice parameters of experimental [9-11] and relaxed structures of LiPO3z;, NaPQOs, and KPOs3
metaphosphate crystals with chains, and NasP,O7 pyrophosphate crystals

Crystal Lattice Experimental Relaxed Deviation
parameters structure structure (%)
LiPOs a(A) 13.086 12.905 -1.4
Chain
b (A) 5.405 5.274 -2.4
c(A) 19.356 19.057 -1.5
a (°) 90.000 90.000 0.0
B (°) 122.905 122.852 0.0
7 (°) 90.000 90.000 0.0
NaPOs a(A) 7.640 7.770 1.7
Chain b (A) 6.020 6.069 0.8
c(A) 13.249 13.597 2.6
a (°) 90.000 90.000 0.0
B(°) 121.118 120.881 -0.2
7 (°) 90.000 90.000 0.0
KPOs; a(A) 10.280 10.310 0.3
Chain b (A) 4,540 4,547 0.2
c(A) 14.020 14.200 1.3
a (°) 90.000 90.000 0.0
B(°) 101.500 101.035 —0.5
7 (°) 90.000 90.000 0.0
NasP,0~ a(A) 9.367 9.663 2.4
b (A) 5.390 5.522 3.2
c (A) 13.480 13.728 1.8
a (°) 90.000 90.000 0.0
B(°) 90.000 90.000 0.0
7 (°) 90.000 90.000 0.0

Figure 2.9 shows the calculated Raman and IR spectra of the crystals. Assignments of peaks of the
calculated Raman and IR spectra are listed in Table 2.4. Figure 2.10 and 2.11 show schematic illustrations
of stretching vibrations of Q2 and Q! units, respectively. Three or four peaks were observed in the Raman
spectra of the alkali metaphosphate crystals. The peaks around 680 cm™ in the Raman spectra were assigned
to symmetric stretching vibrations of —-P—O—P— bonds (vs(P—O—P)) with symmetric stretching vibrations of —
O-P-0O- bonds (vs(O—P-0)). The peaks around 1175 cm™* and 1300 cm™* in the Raman spectra, respectively,
were assigned to symmetric (vs(PO;")) and asymmetric (vas(PO27)) stretching vibrations of P-NBO bonds of
Q? units. On the other hand, three peaks were observed in the Raman spectrum of the pyrophosphate crystal.
The peak at 718 cm™ in the Raman spectrum was assigned to symmetric stretching vibrations of -P—-O-P—
bonds (vs(P-O-P)). The peaks at 1039 cm™ and 1133 cm™ in the Raman spectrum, respectively, were
assigned to symmetric (vs(POs?)) and asymmetric (vas(PO3s?")) stretching vibrations of P-NBO bonds of Q!
units.

Six or eight peaks were observed in the IR spectra of the alkali metaphosphate crystals. The peaks in
the range 676-725 cm™* were assigned to symmetric stretching vibrations of —-P—O—P— bonds (vs(P-O-P))
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with symmetric stretching vibrations of ~O—-P-O- bonds (vs(O-P-0)). The peaks around 780 cm™ were
assigned to symmetric stretching vibrations of —P—O—P— bonds (vs(P—O-P)) with asymmetric stretching
vibrations of ~O—P—O- bonds (vas(O—P-0)). The peaks around 900 cm™ and at 1011 cm™* were assigned to
asymmetric stretching vibrations of —P—O—P— bonds (vas(P-O-P)) with asymmetric stretching vibrations of —
O-P-0O- bonds (vas(O—P-0)). The peaks at 1018 cm™* and 1032 cm™* were assigned to asymmetric stretching
vibrations of —P—O—P— bonds (vas(P—-O-P)) with symmetric stretching vibrations of —O-P-O— bonds (vs(O-
P-0)). The peaks around 1100 cm™ were assigned to symmetric stretching vibrations of P-NBO bonds
(vs(PO2Y)) and asymmetric stretching vibrations of —-P—O—P— bonds (va.s(P-O-P)) with symmetric stretching
vibrations of -O-P-O- bonds (vs(O—P-0)). The peaks around 1160 cm™ and 1290 cm™ were, respectively,
assigned to symmetric (vs(PO2)) and asymmetric (vss(PO2")) stretching vibrations of P-NBO bond of Q?
units. On the other hand, three peaks were observed in the IR spectrum of the pyrophosphate crystal. The
peak at 717 cm™ and 918 cm ™t in the IR spectrum were, respectively, assigned to symmetric (vs(P-O-P)) and
asymmetric (vas(P—O—P)) stretching vibrations of -P—O—P— bonds. The peak at 1142 cm™ in the IR spectrum
was assigned to asymmetric stretching vibrations of P-NBO bonds of Q* units (vas(PO3?)).

Reported assignments of peaks of Raman and IR spectra of phosphate crystals and glasses are listed
in Table 2.4 [3,17,22-25]. The assignments of peaks of the calculated Raman and IR spectra are consistent
with reported assignments of phosphate crystals and glasses except for the assignment of the peaks around
1100 cm™? of the calculated IR spectra for the alkali metaphosphate crystals. Peaks around 1100 cm™ of IR
spectra for phosphate crystals and glasses have been assigned to v.s(POs?") of Q! units. However, the
calculated IR spectra showed that the peaks around 1100 cm™? result from not only v.s(POs?") of Q! units but
also vs(PO2") and vas(P-O-P) with v(O-P-O) of Q? units. Peak 4 around 1100 cm™ in the absorption
coefficient spectra for LiPOs, NaPQs, (Li,Na,K)POs, and (Li,Na,K)POj3 glasses, therefore, must mainly result
from stretching vibrations of Q? units because Q? units are majority units building network structure of the
alkali metaphosphate glasses as shown in Table 2.1.
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Fig. 2.9 Calculated (a) Raman and (b) infrared spectra of LiPOs, NaPOs, and KPO3z; metaphosphate crystals
with chains, and NasP,O- pyrophosphate crystal
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Table 2.4 Assignments of calculated Raman and infrared (IR) spectra of LiPOs, NaPOs;, and KPOs
metaphosphate crystals with chains, and NasP,O7 pyrophosphate crystal, and reported assignments of Raman

and IR spectra of phosphate crystals and glasses [3,17,22—-25]. vs and vas in the assignment are symmetric and

asymmetric stretching vibrations, respectively.

LiPO; crystal NaPO, crystal KPO; crystal Na,P,0; crystal Phosphate glasses and crystals
(Assignments in literature)
Raman IR Raman IR Raman IR Raman IR Assignment Raman IR Assignment
(em™) (em™) (em™) (em™) (em™) (em™) (em™)  (em™) (em™)  (em™)
674 686 685 684 676 v,(P-O-P) 635— 650— v(P-O-P),
725 with 835 850 QLQ!
1,(0O-P-0).
2
718 717 v (P-O-P)
Ql
791 764 v(P—-O-P)
with
1,,(0O-P-0)
2
929 894 881 1,.(P-O-P) 850— v, (P-O-P)
1011 with 1055 @7
1,,(O-P-0)
2
918 v, (P-O-P) 900— v, (P-O-P)
Q! 950 Q!
1039 v(PO,>). 1006— v(PO;>)
Q! 1048 Q!
1018 1032 1,,(P-O-P) 850— v, (P-O-P)
with 1055 2
1,(O-P-0),
Q2
1099 1125 1108 (PO, Not Not  Not
and reported reported reported
1,,(P-O-P)
with
1,(O-P-0).
Q2
1133 1142 +, (PO, 1090—  1070— v, (PO,
Q! 1107 1145 Q!
1184 1148 1165 1165 1176 1169 ,(PO,7), 1134— 1134— +(POy).
1174 Q? 1245 1245 Q7
1273 1284 1289 1292 1293 1293 1, (PO, ). 1167—  1194— v, (PO;).
1321 1335 1319 2 1286 1293 @7
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Fig. 2.10 Schematic illustrations of stretching vibrations of Q? units.
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Fig. 2.11 Schematic illustrations of stretching vibrations Q* units.
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2.3.6 Structural features of mixed alkali metaphosphate glass

Table 2.5 summarizes values related to glass structure for LiPOs, NaPOs (Li,Na)POs;, and
(Li,Na,K)POs glasses. Although the birefringence of (Li,Na,K)POs glass is much larger than that of NaPOs
glass, only Ty and 4pw notably differ between NaPOs and (Li,Na,K)POs glasses. According to Gibbs-
DiMarzio theory, T4 of alkali metaphosphate glasses decreases with decreasing intermolecular force between
chains, which is associated with average Fum-o, and/or increasing flexibility of chains [26]. The flexibility of
chain for (Li,Na,K)POs glass is higher than that for NaPOs glass because (A) Ty of (Li,Na,K)POs glass
(222°C) is lower than that of NaPQOj3 glass (292°C) and (B) average Fu-o of (Li,Na,K)POs glass is equivalent
to that of NaPOs glass. It has been reported that higher flexibility of chains for (Li,Na)POs glass compared to
NaPOs; glass is caused by weakening of Na—O bonds in Li-NBO-Na pairs due to the greater field strength of
Li* ions (Fig. 2.12) [2], hence the higher flexibility of chains in (Li,Na,K)PO; glass compared to NaPO;
glass can result from weakening of Na—O bonds in Li-NBO-Na pairs and K-O bonds in Li-NBO-K pairs.

From the above discussion, notable structural differences between (Li,Na,K)POs; and NaPO; glasses
are chain flexibility and distribution of Fum.o. The effect of chain flexibility and distribution of Fu.o on the
development of anisotropy is considered below. Fig. 2.13 and 2.14, respectively, show schematic
illustrations of chain structures for NaPOs and (Li,Na,K)POj3 glasses before and after application of uniaxial
tensile stress above Tg. In the case of NaPOs glass under uniaxial tensile stress above Tg, chain orientation is
small because of the low flexibility of chains and shear flow between chains due to the small distribution of
Fwm-o. In the case of (Li,Na,K)POs glass above T4, PO4 units with high Fum.o which act as pseudo-cross-linked
structures suppress shear flow between chains during application of uniaxial tensile stress because the
distribution of Fm.o for (Li,Na,K)POs glass is large. In addition, highly flexible chains composed of
connected PO, units with low Fum-o for (Li,Na,K)POs glass are easily oriented by uniaxial tensile stress above
Ty. The pseudo-cross-linked structures and high flexibility of chains, therefore, result in remarkable chain
orientation of (Li,Na,K)PO; glass under uniaxial tensile stress above Ty.

Chain flexibility for (Li,Na)POs glass is higher than that for NaPOs glass as mentioned above [2]. In
addition, PO, units with high Fm.o which act as pseudo-cross-linked structures suppress shear flow between
chains in (Li,Na)POs glass during application of uniaxial tensile stress as with (Li,Na,K)POs glass. The
higher flexibility of chain and the pseudo-cross-linked structures, therefore, result in higher chain orientation
of (Li,Na)POs glass compared to NaPOs glass when applying uniaxial tensile stress above Ty.

Metaphosphates are composed of not only chains, but also PsOg, P4O12, PsO1s, and PsOa4 rings [3]. As
with rings in silica glass [28] and silica nanotube [29], the surface of rings in alkali metaphosphate glasses
may tend to orient and/or deform parallel to stress direction during applying uniaxial tensile stress above Tj.
Hence rings in alkali metaphosphate glasses may contribute to the development of anisotropy. The flexibility
of rings in silica nanotube increases with increasing members of rings [29]. The deformation of rings in alkali
metaphosphate glasses may be much smaller than that of chains because the deformation behavior of chains
may be similar to that of infinite huge rings. The contribution of rings to the development anisotropy,
therefore, may be much smaller than that of chains.
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Table 2.5 Birefringence, Tg, average force constant between alkali cation and oxygen (Fm-o), the difference
of peak wavenumbers between a peak originated from Li—O motion and a peak observed below 300 cm™
(dpw), the relative fraction of Q? units, and relative fraction of Q? units in chains to total Q? units (Ag) for
LiPOs, NaPOs, (Li,Na)POs, and (Li,Na,K)PO3z; metaphosphate glasses.

LiPOs NaPO3 (Li,Na)POs  (Li,Na,K)POs

Birefringence Glass fiber elongated 39? 233 519° 1679%
(nm/mm) at tensile stress

of 40MPa above Ty
Ty (°C) 334 292 251 222
Average Fu.o 0.269° 0.177° 0.223° 0.186°
(N/cm)
Apw (cm™) Absorption 0 0 192 210

coefficient spectra in

the range

100-600 cm™
Relative fraction 3P MAS NMR 96.6 100 97.3 98.7
of Q2 units (%) Spectra (no

detectable
Q" peak)

Ar (%) Raman spectra 21 36 28 36

in the range

600-850 cm™?
Ar (%) Raman spectra 37 48 42 48

in the range

1050-1250 cm™*
Ar (%) Absorption 13 28 20 27

coefficient spectra in

the range

800-1400 cm™

aBirefringence are values reported in the literature [2].

bFy.o for (Li,Na)POs and (Li,Na,K)POj3 glasses was calculated by using Fu-o values for LiPO3 (0.269
N/cm), NaPQOs (0.177 N/cm), and KPO;3; (0.112 N/cm) metaphosphate glasses reported in the literature
[21].
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Breaking point I
during elongation

Fig. 2.12 Schematic description of mixed alkali effect in lithium sodium metaphosphate glass based on
Dietzel's model [27]. The Na*...Or...Na* distance changes by replacing one Na* with Li*, which leads to the
induction of a breakable weaker bond during elongation. Reproduced with permission from Ref. [2].
Copyright 2020, The American Ceramic Society.
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Fig. 2.13 Schematic illustration of chain structures for NaPOs glass. Small deep blue, middle-sized red, and
large green represent phosphorus, oxygen, and sodium cation, respectively.

48



I[sotropy

Pseudo-cross-linked structure composed
of PO, units with large Fy,

Flexible structure composed of
connected PO, units with small Fy,

Application of
uniaxial tensile stress
above T,

Significant anisotropy
Pseudo-cross-linked structure composed

of PO, units with large Fyo

Direction of - Direction of

tensile stress E I _ i.‘f l tensile stress
B ° Na’ Tr ., oL .=
el @ o oie
I
| o | ] o !
i | .c“” ® @ ® | 9 _

Flexible structure composed of
connected PO, units with small Fy o

Fig. 2.14 Schematic illustration of chain structures for (Li,Na,K)POs3 glasses. Small deep blue, middle-sized
red, middle-sized purple, large green, and large light blue circles represent phosphorus, oxygen, lithium
cation, sodium cation, and potassium cation, respectively.
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2.4 Conclusions

(Li,Na,K)POs glass applied uniaxial tensile stress above Ty has remarkably oriented chain structures.
Structural features causing the formation of the significant anisotropic structure in (Li,Na,K)PO3 glass were
investigated by analyzing 3P MAS NMR, Raman, and FTIR spectra. We also investigated vibration modes
of alkali metaphosphate and pyrophosphate crystals by DFT calculations of Raman and IR spectra to verify
the interpretation of peak assignments reported in previous studies.

The assignments of peaks of the calculated Raman and IR spectra were consistent with reported
assignments of phosphate crystals and glasses except for the assignment of the peaks around 1100 cm™ of
the calculated IR spectra for the alkali metaphosphate crystals. The calculated IR spectra showed that the
peaks around 1100 cm™ result from not only asymmetric stretching vibrations of P-NBO bonds of Q! units
but also symmetric stretching vibrations of P-NBO bonds and asymmetric stretching vibrations of -P-O-P—
bonds of Q? units.

The analysis of 3P MAS NMR, Raman, and FTIR spectra showed that (A) the number of Q? units in
chains for NaPO3 and (Li,Na,K)PO; glasses is equivalent because the number of Q? units and Ar for NaPOs;
and (Li,Na,K)POs glasses are comparable, and (B) an increase in the number of types of alkali cations for
alkali metaphosphate glasses results in larger distribution of Fm-o. According to Gibbs-DiMarzio theory, Tq of
alkali metaphosphate glasses decreases with decreasing intermolecular force between chains and/or
increasing flexibility of chains. The flexibility of chain for (Li,Na,K)POs glass is higher than that for NaPO3
glass because Tq of (Li,Na,K)POs glass is lower than that of NaPOs glass and Fu-o of (Li,Na,K)POs glass is
equivalent to that of NaPOs glass. Formation of the significant anisotropic structure of (Li,Na,K)PO; glass
under uniaxial tensile stress above T, therefore, results from orientation of highly flexible local structures
with small Fu.o during the suppression of shear flow between chains by local structures with large Fu.o. The
results support the adequacy of the model of the orientation of chains under uniaxial tensile stress above Ty
proposed by Inaba et al.
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Chapter 3: Relaxation of anisotropic alkali metaphosphate glass

3.1 Introduction

Anisotropic  12.5Li,0-12.5Na,0-12.5K,0-12.5Cs,0-50P.0s (mol%, (Li,Na,K,Cs)PO3) meta-
phosphate glass prepared by elongation above the glass transition temperature (Tg) and rapid cooling from
above T, to room temperature shows huge shrinkage when the anisotropic glass is heated above Tg [1]. The
huge shrinkage results from relaxation of oriented —P—O-P— chains to disordered —P—O-P- chains due to
entropic elasticity because endotherm is observed during the huge shrinkage [1]. As a mechanism for the
huge shrinkage of anisotropic (Li,Na,K,Cs)PO; glass, Inaba et al. proposed a model that relaxation of local
structures with small force constant between alkali cation and oxygen (Fwm-o) adjacent to Na*, K*, and Cs*
cations in oriented -P—O—P— chains occur during the suppression of shear flow between chains by local
structures with large Fm-o adjacent to Li* cations which act as pseudo-cross-linked structures [1]. However,
there is not enough evidence of the relaxation of the local structures with small Fu.o under coexistence with
the local structures with large Fu.o which act as pseudo-cross-linked structures above Tgy. In addition, the
relaxation mechanism of anisotropic (Li,Na,K,Cs)POs glass below Ty is still unknown. In this chapter, the
relaxation mechanism of anisotropic (Li,Na,K,Cs)POs glass in the range from room temperature to above Ty
was investigated.

3.2 Experimental procedure

The (Li,Na,K,Cs)PO; metaphosphate glass was prepared by melting a mixture of 50Li,O-50P,0s,
50Na,0-50P,0s, 50K,0-50P,0s (mol%) (>99.7%, Rasa Industries), Cs,CO3 (>95%, FUJIFILM Wako Pure
Chemical Corporation), and NH4H2PO4 (>99%, FUJIFILM Wako Pure Chemical Corporation) in a 95%Pt—
5%Au crucible at 1000 °C for 1 h. An isotropic (Li,Na,K,Cs)POs glass fiber was prepared by quickly
drawing up a silica rod inserted into the glass melt. To prepare an anisotropic (Li,Na,K,Cs)PO3; glass fiber,
the as-drawn isotropic glass fiber was elongated under an initial nominal tensile stress of 5 MPa at 230 °C for
about 10 min and then cooled rapidly from 230 °C to room temperature.

Birefringence (An) of the fibers was determined from phase retardation measured with a polarization

microscope using a quartz wedge and a de Sénarmont compensator. The birefringence is given by

AD
An= — 3.1
" nd 31)

where d, ¢, and / are the fiber diameter, the phase retardation, and the light wavelength, respectively. The Ty
of the fibers was measured by differential thermal analysis using a thermal analyzer (TG/DTA 6300, Seiko
Instrument Inc.) at a heating rate of 10 °C min™. The T, for the isotropic and anisotropic glasses was 209 and
207 °C, respectively.
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When a sine wave strain (e = &oSinwt) is applied to materials, the stresses of the elastic, viscoelastic,
and viscous bodies, respectively, are expressed by the following equations:

Elastic body 0 =0y sin wt (3.2

Viscoelastic body g =apsin(wt +8) (0<§<?) (33)
. s

Viscous body 0 =g, sin(wt + 5) (3.4)

where o= 2xf and f is the frequency of periodic strain.

The phase difference between a strain and stress of the elastic, viscoelastic, and viscous bodies,
respectively, are 0, 0 (0 < ¢ < w/2), and «/2 radian. Figure 3.1 shows the relationship between a sine wave
strain and stress of the elastic, viscoelastic, and viscous bodies.

Equation (3.3) can be converted to the following equation.

o= <@c056)s sinwt+(@sin6>e sin(wt+z) (3.5)
&o 0 &o ° 2 .

Storage modulus (E"), loss modulus (E’"), and loss factor (tand), respectively, are defined as the
following equations:

0o
E = —cosé (3.6)
€o
Op .
E’"=—sinéd (3.7)
€o
siné E’’
= = — 3.8
tand cosé E’ (38)

The temperature dependence of storage moduli (E") and loss factors (tand) were evaluated by
dynamic mechanical analysis (DMA) using a dynamic viscoelastic analyzer (DVA-200, IT Keisoku Seigyo,
Japan) at 10 Hz with a longitudinal dynamic tensile strain of 0.01%. Glass fibers with a diameter of 300-340

um and length of 1.3 mm were heated from room temperature to 250 °C at a rate of 5 °C min2.
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Temperature dependence of Raman spectra in the range from room temperature (25 °C) to 260 °C was
evaluated by a micro Raman spectrometer (LabRAM HR, Horiba, Ltd., Japan) using a backscattering
geometry. The wavelength of the excitation laser was 457 nm. The polarization direction of the excitation
laser and length direction of the glass fibers was parallel as shown in Fig. 3.2.

_ o Glass fiber
Incidental radiation —

Scattered radiation
Polarization direction Length direction
of radiation of glass fiber

Fig. 3.2 Polarization direction of incidental and scattered radiation and the length direction of glass fiber

3.3 Results and Discussion

Figure 3.3 shows the temperature dependence of E” and tand for the anisotropic and isotropic glasses.
The former has a An of 3200 nm-mm™, which suggests partially oriented -P-O—P— chains. Both glasses
were confirmed not to crystallize below 270 °C using differential scanning calorimetry. Although both
glasses showed nearly the same T, and dynamic mechanical properties below 160 °C (Region 0), significant
differences were observed in the range from 160 to 225 °C (Regions 1 and 2). The E’ for the isotropic glass
monotonically decreased with increasing temperature, whereas for the anisotropic glass it dropped quickly in
the range from 160 °C to Ty (Region 1), and thereafter increased to the value of the isotropic glass in the
range from Ty to 225 °C (Region 2). Such unusual E” behavior has not been observed in oxide glasses. The
tano for the isotropic glass monotonically increased with increasing temperature, whereas for the anisotropic
glass it increased in the lower temperature range (Region 1) to a much larger value than that the isotropic
glass, remained approximately constant throughout region 2, and tracked the increase of the isotropic glass
above 225 °C (Region 3).
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Fig. 3.3 Temperature dependence of storage moduli (E") and loss factors (tand) for isotropic and anisotropic
(Li,Na,K,Cs)PO;3 glasses measured by DMA at 10 Hz.

To investigate the structural change related to the dynamic mechanical properties, the temperature
dependence of Raman spectra was evaluated in the range from room temperature to 260 °C, shown in Fig.
3.4 (a) and (b). The bands at 620-820 cm™ and 1070-1220 cm™* are assigned to symmetric stretching
vibrations of in-chain —-P—O-P- and out-of-chain O—P-0", respectively [2].
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Figure 3.5 shows the temperature dependence of the peak position for the band between 1070-1220
cm™ (vmax). The vmax for alkali metaphosphate glasses is known to depend on the force constant between
alkali cation and oxygen (Fwm-0) and the out-of-chain O"—P-O" bond angle (¢#) shown in Fig. 3.6. The value
shifts toward lower wavenumber with decreasing Fm-o and/or with increasing ¢ [3]. The Fuo for the
anisotropic glass must be nearly equal to that for the isotropic glass at room temperature because both had
nearly the same E” at room temperature. Since the ¢ for the alkali metaphosphate crystals with oriented —P—
O-P- chain structures is larger than that for isotropic alkali metaphosphate glasses [3-5], the higher
orientation of the chain may lead to larger ¢; i.e., the anisotropic glass has a larger ¢. The lower vmax for the
anisotropic glass at room temperature likely resulted from the larger ¢ compared with the isotropic glass.

1166 ¢ - e
~ 1165 [ Region 0 R
g E | 50 1’5ol BD
S 1164 F R IR &
= 1163 | | -
S e | | ‘
= 1162 F i
5 F I
= 1161 F '
A4 - :
S 6o E O Isotropic glass
- E | @ Anisotropic glass

1159 04—t

0 50 100 150 200 250

Temperature (°C)

Fig. 3.5 Temperature dependence of peak position for a band between 1070-1220 cm™ (vmax) for isotropic
and anisotropic glasses.
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Fig. 3.6 Schematic illustration of the structure of alkali metaphosphate glass. Small (blue), middle-sized
(red), and large (green) closed circles represent phosphorus, oxygen, and alkali cations, respectively.

Figure 3.7 shows the temperature dependence of peak intensity between 1100-1200 cm™, normalized
by peak intensity between 620-820 cm™ (Ig) for both glasses. The larger number of —P—O-P— chains
oriented in the polarization direction of the excitation laser for the anisotropic glass resulted in smaller Ir at
room temperature compared to the isotropic glass, as reported previously (Fig. 3.8) [1].
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Fig. 3.7 Temperature dependence of peak intensity between 1100-1200 cm* normalized by peak intensity
between 620-820 cm™ (Ir) for both glasses.
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Fig. 3.8 Polarized Raman scattering parallel (VV) and perpendicular (HH) to the longitudinal axis of (a)
isotropic (Li,Na,K,Cs)PO;3 fiber and (b) anisotropic (Li,Na,K,Cs)POs fiber with birefringence of 0.0133 (=
13300 nm/mm), respectively. Reproduced with permission from Ref. [1]. Copyright 2014, Nature Publishing
Group.
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The monotonic decrease in the peak position vmax With increasing temperature in region 0 for both
glasses (Fig. 3.5), and the constant difference of vmax between the two glasses, may be caused by a decrease
in Fmo and a constant ¢ for both glasses. Since the peak intensity Ir for alkali metaphosphate glasses is
reported to decrease as the P-O~ bond becomes more ionic [2], the decrease in Ir in region 0 is likely caused
by increasing ionicity of the P-O~ bond, with no coincident increase in the number of oriented —P—-O-P—
chains.

Constant vmax for the anisotropic glass in regions 1 and 2 may be due to the onset of a decrease in ¢. In
these regions, the Fu.o of some of the O—P-O~ M* local structures becomes smaller than the threshold Fuv-o
for maintaining the chain orientation (Fireshold), and hence ¢ becomes smaller. The number of local structures
with these smaller Fm-o (Nis) should increase with increasing temperature because there is a distribution of
Fm-o depending on the different alkali cations and each Fu.o becomes smaller than Fineshoid in order of
weakness of Fu.o with increasing temperature (Fig. 3.9 (b) and (c)). Consequently, the decrease in Fu-o and
¢ leads to the constant vmax. The increase in Ir for the anisotropic glass in regions 1 and 2 indicates a decrease
in the number of oriented -P—O—P— chains, and an increase in the P-O~ bond strength, i.e. a decrease in the
ionicity of P-O™ bond, with the decrease in Fm.o. These changes lead to entropy relaxation from the
anisotropic to the isotropic structure. Since shrinkage is small below T4 [1], a large proportion of the
anisotropic structures must be maintained in region 1, but they convert rapidly to the isotropic structure in
region 2. Therefore, the remarkable decrease in E” and increase in tanod for the anisotropic glass in region 1
was caused by the formation of local structures with small Fum.o and small ¢, which enabled easy deformation
of the oriented chain direction for the anisotropic glass in region 1 (Fig. 3.9 (b)). The highly oriented
structure cannot be maintained in region 2 due to the increase of Nis, and hence the glass shrinks in the
direction of the oriented chains (Fig. 3.9 (c)). Therefore, the unusual increase in E” for the anisotropic glass
in region 2 was caused by this significant shrinkage. Consequently, the relaxation of the anisotropic glass is
induced by a partial loss of cross-linking between the oriented chains in region 1 and by a disordering of the
oriented chain in region 2.
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circles represent alkali cations with higher Fm-o. Large open circles represent alkali cations with Fu.o smaller
than the Fthresho|d.

3.4 Conclusions

To clarify the relaxation mechanism for anisotropic (Li,Na,K,Cs)POs3 glass, the change of dynamic
mechanical property and structure was investigated from room temperature to above Tq for both anisotropic
and isotropic glasses. Although E” for the isotropic glass gradually decreased with increasing temperature, E’
for the anisotropic glass dropped markedly in region 1, and then increased to the value for the isotropic glass
in region 2. From Raman spectra it was found that some local structures, which have smaller Fu.o than
Finreshold, and smaller ¢, appeared in oriented —P-O-P— chains around 160 °C. The N.s increased with
increasing temperature in regions 1 and 2. These results suggest that the relaxation mechanism for the
anisotropic glass in region 1 was the partial loss of cross-linking between the oriented chains as some portion
of the Fum-o exceed the Finesnoia. At higher temperatures, in region 2, the ordering of the —-P—O-P— chains was
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largely lost as most of the Fu.o exceed the Finresnola. The coexistence of local structures with Fuy.o smaller than
Finreshold @and local structures with Fu.o larger than Freshold Was play an important role in the unique relaxation
of anisotropic (Li,Na,K,Cs)POs glass. The results support the adequacy of the model of relaxation of oriented
chains in anisotropic (Li,Na,K,Cs)POs glass above Tq4 proposed by Inaba et al.

References

1. S.Inaba, H. Hosono, and S. Ito, Entropic shrinkage of an oxide glass, Nat. Mater. 14 312-317 (2015).

2. B.N. Nelson and G. J. Exarhos, Vibrational spectroscopy of cation-site interactions in phosphate glasses,
J. Chem. Phys. 71 2739-2747 (1979).

3. G.B. Rouse, P. J. Miller, and W. M. Risen, Mixed alkali glass spectra and structure, J. Non-Cryst. Solids
28 193-207 (1978).

4. D.E.C. Corbridge, Crystallographic data on some Kurrol salts, Acta Crystallogr. 8 520 (1955).
E. V. Murashova and N. N. Chudinova, Synthesis and crystal structures of lithium polyphosphates,
LiPOs, LisH(PO3)s, and LiMn(POs)s, Crystallogr. Rep. 46 942-947 (2001).

64



Chapter 4: Unusual indentation behavior of alkali metaphosphate

glass above the glass transition temperature

4.1 Introduction

Oxide glass can be formed into various shapes by applying compressive stress above the glass
transition temperature (Ty) because glass exhibits viscous deformation above T,. For example, there are cases
that glasses are formed around 30-50°C higher than Ty in cutting-edge technologies, such as microlens
molding [1], hot embossing [2,3], and nanoimprinting [4]. The shape of formed glasses is typically
maintained in the annealed or cooled process above Tq after removing the forming stress.

Unique deformation behaviors due to entropic elasticity of 12.5Li,0-12.5Na,0-12.5K,0-12.5Cs,0-
50P,0s (mol%, (Li,Na,K,Cs)POs) metaphosphate glass under uniaxial tensile stress above T4 was observed
[5]. On the other hand, although chains of (Li,Na,K,Cs)POs glass is expected to orient by compressive stress
and to show self-restoring behavior above Ty during removal of the compressive stress, deformation
behaviors of (Li,Na,K,Cs)POs glass under compressive stress above Ty is still unknown.

Depth-sensing indentation (DSI) technigues, in which the indentation load (P) and penetration depth
of indentation probe (h) are monitored during both loading and unloading, have been used to measure not
only the elastic—plastic behavior of oxide glasses at room temperature [6-12] but also the viscoelastic
behavior of oxide glasses above Ty [13-15]. The merit of DSI techniques for materials showing viscous,
elastic, and plastic deformation is that these deformations during indentation can be clarified by analyzing
the P—h curves [16].

In this study, deformation behaviors of (Li,Na,K,Cs)POs glass under compressive stress above Tq
were investigated by analyzing viscoelastic—plastic behaviors during indentation above Ty because
clarification of the behaviors will be useful knowledge for the development of applications of the glass
which shows entropic elasticity above Tq

4.2 Experimental procedure

(Li,Na,K,Cs)POs glass shows much larger birefringence (significant anisotropic structures) compared
to 50Li,0O-50P,0s (mol%, LiPO3s) metaphosphate glass due to highly oriented —P—O-P— chains when the
glasses were deformed under uniaxial tensile stress above T [5]. In this study, to investigate the deformation
and self-restoring mechanism during indentation, the (Li,Na,K,Cs)POs glass and LiPOs glass as a reference
were used. Both glasses were prepared by melting mixtures of LiPO3s;, 50Na;0-50P,0s, 50K,0-50P,05
(mol%) (>99.7%, Rasa Industries), Cs,CO3z (>95%, FUJIFILM Wako Pure Chemical Corporation), and
NHsH2PO4 (>99%, FUJIFILM Wako Pure Chemical Corporation) in a 95%Pt-5%Au crucible at 1273 K for
1 h. To prepare the (Li,Na,K,Cs)POs and LiPOs glasses, the melts were cast in a graphite mold, annealed at
503 or 613 K for 1 h, respectively, and then gradually cooled to room temperature. For the (Li,Na,K,Cs)PO3
and LiPOs glasses, the transition temperatures measured by differential scanning calorimetry are 482 and 607
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K, respectively.

The columnar sample of 4.95 mm in diameter and 5.57 mm in thickness for the annealed
(Li,Na,K,Cs)POs glass was compressed with a universal testing machine (Autograph AGS-X, Shimadzu Co.,
Ltd., Kyoto, Japan) to a load of 2.5 kN at a crosshead speed of 0.2 mm/s at 513 K and then cooled to room
temperature maintaining their compressed lengths. The compressed glass with 3.11 mm in thickness and
uncompressed glass were heated in a furnace from room temperature to above Ty to measure the change in
the length during heating. For the measurement of the change in length, the contact load of the crosshead was
0.1N.

Annealed (Li,Na,K,Cs)PO; and LiPO; glass samples of 10 mm in diameter and 3 mm in thickness
were used to measure load—displacement (P-h) curves during indentation with a Berkovich indenter [14,15]
above Tg. Figure 4.1 shows a schematic illustration of the Berkovich indenter. The loading and unloading
rate during indentation was 10 mN/s. The indentation load was monitored by a water-cooled load cell with a
precision of 5 mN. The penetration depth is detected by an electro-optical extensometer via monitoring the
separation of the slit made by a pair of silicon nitride tabs cemented at the side surfaces of the test specimen
and indenter. Measurement of this slit-separation is very essential to eliminate undesirable displacements and
mechanical clearances resulting from compliant test frames, test fixtures, and mechanical joints involved in
the test system [6,14]. The precision and reproducibility of the measured penetration depth are within +0.5
um. The peak load was 2 N. Viscous, elastic, and plastic deformation was analyzed using the P—h curve.
Figure 4.2 (a) and (b) shows the geometry of Berkovich and Vickers indenters, respectively [6]. Since the
Berkovich geometry is easier to fabricate with a sharp tip than that for Vickers, the Berkovich indenter is
widely utilized in depth-sensing nanoindentation systems than Vickers is [6].
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67



(a) Berkovich indenter

— 2 — o — o]
a= tanﬁh,ﬁ =24.7°,y=T77.1
(b) Vickers indenter

—_ \/E _— o —_— o —_— o]
a—mh, o =136.0 ,,8—220 ,}/—7405

Fig. 4.2 Geometry of (a) Berkovich and (b) Vickers indenters. Reproduced with permission from Ref. [6].
Copyright 1999, Materials Research Society.
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4.3 Results

Figure 4.3 shows the change in length of the (Li,Na,K,Cs)POs glass uniaxially compressed at 513 K
and uncompressed (Li,Na,K,Cs)PO;z glass during heating. In the case of the compressed (Li,Na,K,Cs)PO3
glass, a large increase in the length is observed above Tg. The recovery of the compressed length (2.46 mm)
is about 11% (i.e., 0.28 mm). In the case of the uncompressed (Li,Na,K,Cs)POs glass, a decrease in length
caused by a decrease in viscosity is observed above Ty.
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Fig. 4.3 Change in the height of (Li,Na,K,Cs)PO; glass compressed at 513 K and uncompressed
(Li,Na,K,Cs)POs glass during heating.

Figure 4.4 shows load—displacement (P-h) curves of (Li,Na,K,Cs)POs glass at 493-523 K and LiPOs;
glass at 613 K. The penetration depth during loading increases with increasing temperature. The initial slopes
of the unloading curves of (Li,Na,K,Cs)POs glass at 503-523 K and LiPOs glass at 613 K are negative. The
negative slopes are caused by viscous deformation. The recovery in the penetration depth of
(Li,Na,K,Cs)POs glass at 513 K during unloading is much larger than that of LiPOs3 glass at 613 K, although
the penetration depth at the peak load of (Li,Na,K,Cs)POs glass at 513 K is almost the same as that of LiPOs
glass at 613 K.
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Fig. 4.4 Load—displacement curves of (Li,Na,K,Cs)POs glass at 493, 503, 513, and 523 K, and LiPO; glass at
613 K.

Figure 4.5 shows P-h curves normalized by the penetration depth at the peak load for both glasses.
The recovery in the penetration depth of (Li,Na,K,Cs)POs glass during unloading decreases with increasing
temperature. The recoveries of (Li,Na,K,Cs)PO; glass are larger than that of LiPOs glass, although the T
(K)/Tq (K) values of (Li,Na,K,Cs)POs glass at 493-523 K are higher than that of LiPOs glass at 613 K
(Table 4.1). The differences in the normalized P-h curves during unloading can be attributed to different
contributions of elastic and permanent deformation (i.e., plastic and viscous deformation) to total
deformation during unloading.
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Fig. 4.5 Normalized load—displacement curves of (Li,Na,K,Cs)PO; glass at 493, 503, 513, and 523 K, and
LiPO; glass at 613 K.

Table 4.1 Total, viscous, elastic, and plastic deformation at peak load of (Li,Na,K,Cs)PO; glass at 493-523
K and LiPOs glass at 613 K calculated using the viscous—elastic—plastic (VEP) model.

G | ass Tem peratu re, T (K) hcal Peak_load hv_caIPeak_Ioad hE_caI Peak_load h P_caIPeak_Ioad
T (K) ITg (K)  (um) (um) (um) (um)
493 1.02 155 2.7 8.3 4.5
. 503 1.04 19.7 9.5 9.7 4.6
(LINaK.CIPOs 55 106 348 13.3 16.2 5.3
523 1.09 66.8 30.1 30.0 6.7
LiPO; 613 1.01 34.1 18.0 10.8 5.2

hPeak load p, Peak load 'y Peak load g hpPeak load gre the calculated total, viscous, elastic, and plastic deformation at

peak load, respectively.

4.4 Discussion

To understand the mechanism of the large increase in length of the compressed (Li,Na,K,Cs)POs glass
during heating, the P-h curves of the (Li,Na,K,Cs)POs and LiPOs; glasses were analyzed. As shown in Fig.
4.5, a large indentation recovery occurs in (Li,Na,K,Cs)POs glass during unloading above T4 compared with
LiPOs glass. Such recovery is unusual indentation behavior in oxide glasses, although it is known for organic
glasses [17-19].

The P-h curves of (Li,Na,K,Cs)PO; glass at 493-523 K and LiPO; glass at 613 K were analyzed with

71



the viscous—elastic—plastic (VEP) model [16], which describes the sharp indentation behavior of time-
dependent materials. Figure 4.6 shows a schematic illustration of the model. In Fig. 4.6, viscous, elastic, and
plastic deformation are represented as dashpot, spring, and slider, respectively. P—h curves calculated using
this model have been reported to agree well with experimental data of polymers at room temperature [16].

ANNNN

Dashpot Spring Slider

Fig. 4.6 Schematic illustration of the viscous—elastic—plastic (VEP) model.

The model constitutive equation is constructed from a series of quadratic mechanical elements with
independent viscous (dashpot), elastic (spring), and plastic (slider) responses. In the case of constant loading-

rate deformation, the loading (h-°*) and unloading (h“"°2%) displacements are described by
1 1

3 P \2 1 P \2 1
t2 N2+ —) &2 (4.1)
¥ (“25) " <0‘1H>

1
2

2( P
hLoad(t) — hLoad 4+ hLoad + hLoad — _< )
Vv E P 3 asng

hUnload(t) — hgnload + hgnload
1

1
= §<0(317Q> [tl:z{ — (2tg — t)Z] + (ﬁ) [(ZtR —t)z — tng] + hLoad(tR) 4.2)

where hy-dd hetoad and hptoad are the displacement of, respectively, viscous, elastic, and plastic deformation

during loading, hyV"°® and hegU"°d are the displacement of, respectively, viscous and elastic deformation
during unloading, P is the loading rate [N/s], t is the time [s], tr is the time at the peak load [s], uq is the
quadratic viscosity coefficient [Pa s?], no = uglas is the quadratic viscosity [Pa s?], E’ is the plane strain
modulus [GPa], H is the hardness [GPa], and a1, a2, and as are geometry factors. The calculated ht°¢, hy/-%2,
he-°, and hp-°2¢ values at peak load are shown in Table 4.1.

Figure 4.7 (a) and (b) show P-h curves of (Li,Na,K,Cs)POs glass at 513 K and LiPOs glass at 613 K,
respectively. Both glasses have almost the same penetration depth at 2 N. The measured total curves are well
fitted with the calculated total curves except at low load, and they can be separated into three parts for
viscous, elastic, and plastic deformation using Egs. (4.1) and (4.2). Although T/Ty = 1.06 for
(Li,Na,K,Cs)POs glass is higher than T/Tq = 1.01 for LiPOs glass, the viscous and elastic deformations
determined by Eqgs. (4.1) and (4.2) for (Li,Na,K,Cs)POz glass are much smaller and larger than those for
LiPOs glass, respectively. Plastic deformation is almost the same for the two glasses.
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The contribution ratios of the elemental deformation to the total deformation at peak load were

calculated using the following equations:
hPeak_load
\Y

CRy = hgeak_load + hgeak_load + hseak_load x 100 (4.3)
hPeak_load
= E
CRg = hgeak_load + hgeak_load + h\f;eak_load X 100 (4.4)
hPeak_load
CRp = P % 100 (4.5)

hgeak_load + hgeak_load + h\P;eak_load

where CRy, CRg, and CRp are the contribution ratios of viscous, elastic, and plastic deformation at the peak
load, and hyPeakload pePeak load ang hpPeak load gre the viscous, elastic, and plastic deformation at peak load (Fig.
4.8), respectively.

Figure 4.9 shows the contribution ratios for (Li,Na,K,Cs)POs glass as a function of T/Ty. The
contribution ratio for LiPO3 glass at 613 K is plotted as a reference. For (Li,Na,K,Cs)POs; glass, the CRe and
CRe values monotonically decrease and CRyv monotonically increases with increasing T/Tg. Since CRp does
not affect the behavior during unloading, it will not be discussed here. The CRy and CRg values of
(Li,Na,K,Cs)POs glass are much lower and higher than those of LiPOs glass, respectively, although the T/Tg
values of (Li,Na,K,Cs)POs glass are higher than that of LiPOs glass. Generally, CRe is less than CRy above
Ty similar to those of LiPOs glass, and CRe and CRy, respectively, decreases and increases with increasing
T/Ty. However, the unusually large recovery of (Li,Na,K,Cs)POs glass during unloading (Fig. 4.5) is mainly
attributed to the low CRy and high CRe values. In the case of (Li,Na,K,Cs)POs glass at 493-523 K, these
values indicate that the spring in the VEP model is easier to deform by applying stress during loading than
the dashpot, and the contracted spring easily expands during unloading. In contrast, in the case of LiPOs
glass at 613 K, the spring is more difficult to deform by applying stress during loading than the dashpot, and
hence large viscous deformation remains without self-restoring after unloading. Consequently, the larger
deformation of the spring than the dashpot takes place even above T, for (Li,Na,K,Cs)POs glass, and leads to
the large recovery.
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Fig. 4.9 Temperature (T/T4) dependence of the contribution ratios of viscous, elastic, and plastic deformation
of (Li,Na,K,Cs)PO;3 glass, and the contribution ratios of viscous, elastic, and plastic deformation of LiPO3;
glass.

Since (Li,Na,K,Cs)PO; glass shows a large anisotropy due to a highly oriented —P—-O-P— chain
structure formed under uniaxial tensile stress above Tg [5], compressive stress induced by indentation causes
the orientation of —-P—O-P- chains in (Li,Na,K,Cs)PO; glass; that is, a disordered structure of -P—-O—P—
chains gradually changes into an oriented structure with the increasing load during indentation up to peak
load. As shown in Fig. 4.7 (a), the measured and calculated P-h curves for (Li,Na,K,Cs)POs glass at 513 K
are not well fitted at low load during loading. This discrepancy should be caused by the change of orientation
of —P—O-P- chains with increasing load. After that, a relaxation of the oriented structure of —-P—O—P— chains
to the original disordered structure occurs with a large elastic recovery in penetration depth during unloading.
Consequently, the large CRe values observed above Tg can be attributed to entropic elasticity caused by the
orientation of —-P—O—P— chains during loading and the relaxation of the oriented chains during unloading.

Uniaxial compressive stress above Tg also causes the orientation of —P—O—P— chains in the columnar
sample of (Li,Na,K,Cs)POs glass (Fig. 4.10). Relaxation of the oriented —P-O-P— chains occurs during
heating above Ty (Fig. 4.10). The large shape recovery of the (Li,Na,K,Cs)POs glass compressed above Ty
shown in Fig. 4.3, therefore, results from the large contribution ratio of elastic deformation due to relaxation
of the -P—O—P— chain structure oriented under uniaxial compressive stress above Ty (i.e., entropic elasticity).
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Fig. 4.10 Shape deformation of the columnar sample of (Li,Na,K,Cs)POs; glass, and orientation and
relaxation of chains of (Li,Na,K,Cs)POs; glass.

4.5 Conclusions

The metaphosphate (Li,Na,K,Cs)POs chain-structured glass showed a self-restoring behavior from
compressed deformation during heating above Ty The viscoelastic—plastic behavior of (Li,Na,K,Cs)POs;
glass was investigated by depth-sensing indentation. The glass showed a large recovery in penetration depth
during unloading above Ty in the range of 493-523 K. The recovery is much larger than that of LiPO; glass,
although the relative temperature T (K)/Tq (K) values of (Li,Na,K,Cs)PO;3 glass at 493-523 K are higher than
that of LiPOs glass at 613 K. By analyzing the P—h curves with the VEP model, the unusually large recovery
of (Li,Na,K,Cs)POs glass is found to be due to a smaller and larger contribution of, respectively, viscous
deformation and elastic deformation compared with LiPOs glass. The large elastic recovery observed above
Ty in this study is attributed to entropic elasticity related to the orientation and relaxation of —-P—O—P— chain
under indentation.
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Chapter 5: Mechanical properties of anisotropic metaphosphate glass

5.1 Introduction

Glass is a typical brittle material and its fracture toughness is very low compared with that of
ceramics, plastics, and metals. Glass is likely to break and its fracture strength markedly decreases when a
flaw forms at its surface by contact damage with hard materials. As methods for increasing the fracture
strength of glasses, (a) formation of composite structures in which crystal phases are dispersed in a glass
matrix by controlling crystallization of glass, (b) formation of compressive stress layers by chemical
strengthening in which smaller alkali cations in a glass surface are exchanged with larger alkali cations, and
(c) thermal tempering in which a glass heated to near softening temperature is quenched are used. In the case
of plastics composed of molecules with chain structures, fracture strength and Young’s modulus are known to
increase when the chain molecules are oriented uniaxially [1,2]. Although the orientation of —-P—O—P— chains
in alkali metaphosphate glasses should increase fracture strength and Young’s modulus similarly to the chain
organic polymers, increase in fracture strength and Young’s modulus by anisotropic structures in oxide
glasses has not been reported so far.

Stockhorst et al. [3] obtained glasses with birefringence using the nozzle drawing method and
reported that 25Li,0-25Na,O-50P,0s (mol%, (Li,Na)POs) glass in thin fibers less than 8 um in diameter
had high birefringence (An = 10000 nm/mm). However, it is difficult to obtain thick fibers with large
anisotropy by the nozzle drawing method. The thickness of the (Li,Na)POs fibers is too small to measure
mechanical properties. Inaba et al. [4] found that the metaphosphate glass of 12.5Li,0-12.5Na,0-12.5K,0—
12.5Cs,0-50P,0s (Mol%, (Li,Na,K,Cs)PO3) showed a large anisotropy, i.e., highly oriented —P—O—P— chain
structure, when the glass was deformed under uniaxial stress above the glass-transition temperature using a
fiber elongation method followed by freezing of the deformed structure. In that method, glass fibers thicker
than 60 um in diameter were obtained. The thick anisotropic fibers of (Li,Na,K,Cs)POs3 glass showed high
birefringence of 10600 nm/mm, whereas thick anisotropic fibers of (Li,Na)POs glass prepared the same
preparation conditions showed low birefringence of 1000 nm/mm.

In this study, the effect of the anisotropic structure of glasses on fracture strength and Young’s
modulus was investigated using (Li,Na,K,Cs)POs; glasses with different birefringence values for the
development of a new method to improve fracture strength and Young’s modulus of oxide glasses.

5.2 Experimental Procedure

A metaphosphate glass of (Li,Na,K,Cs)POs; was prepared by melting a mixture of 50Li,0-50P,0s,
50Na,0-50P-0s, and 50K,0-50P,0s (mol%) (> 99.7%, Rasa Industries), Cs,COz (> 95%, FUJIFILM Wako
Pure Chemical Corporation), and NH4sH;PO. (> 99%, FUJIFILM Wako Pure Chemical Corporation) in a
95%Pt-5%Au crucible at 1000°C for 1 h. The melt was cast in a graphite mold, annealed at 230°C for 1 h,
and then cooled gradually to room temperature. An annealed glass plate of 50 x 50 x 3.5 mm?® was used to
measure the density, elastic modulus, and fracture toughness. The density was measured in dehydrated
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ethanol using an Archimedean method. The speeds of the longitudinal and transverse waves passing through
the glass plate were measured using an ultrasonic pulse method. Young’s modulus (E), shear modulus (G),

and Poisson’s ratio (v) are calculated by the following equations:
. pVE(1+v)(1—2v)

. (5.1)
G= pVi (5.2)
_ o (V1)
v= L(KL)Z (5.3)
2-2 (V—E)

with, Vi, speeds of the longitudinal wave; Vr, speeds of the transverse wave; p, density, respectively.

The fracture toughness was measured using an indentation fracture method. Halfpenny cracks are
generated by indentation as shown in Fig. 5.1. The indentation load, temperature, and relative humidity were
500 gf, 22°C, and 0.4%, respectively. Equation (5.4), reported by Miyoshi et al. (JIS-R1607), was used to
calculate the indentation fracture toughness (Kc) [5]:

1 1 1
EN2/P EzPzqa
K. = 0.018 (—) (—3> =0.026— (5.4)
HV cz c2
with, E, Young’s modulus; Hy, Vickers hardness; P, the indentation load; ¢ and a, the half-length of the crack

and the indentation diagonal, respectively.
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Fig. 5.1 Indentation mark and halfpenny cracks generated by Vickers indentation
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Fibers of 60-90 um in diameter were prepared by pulling a silica bar that was inserted into the glass
melt. The cooling rate, which depended on the pulling speed of the fiber, was less than 3 x 102 K/s. The
birefringence of the glass fibers was controlled by changing the temperature of the glass melt, pulling speed,
and stress [3,4,6,7]. The birefringence (An) was determined from phase retardation (6) measured using a
polarization microscope with a quartz wedge and a de Sénarmont compensator. The birefringence is given by

26
-2 55
— (5.5)

where d, J, and 4 are the fiber diameter, the phase retardation, and the light wavelength, respectively. The

An

fracture strength and Young’s modulus were measured with a three-point bending method with a span of 2.00
mm at 22°C in a relative humidity of 40% using a Micro Autograph (Shimadzu Co., Ltd., Kyoto, Japan). The
crosshead speed was 1.0 mm/min.

5.3 Results

Figure 5.2 shows polarization microscope images of isotropic and anisotropic (Li,Na,K,Cs)POs3 glass
fibers. The birefringence of the glass fibers was controlled by changing the pulling conditions. Anisotropic
fibers with birefringence values of 0-10600 nm/mm were obtained. The standard deviation of the measured
birefringence values was 150 nm/mm. Although birefringence in glass is known to be generated through
thermal stress during cooling, such large birefringence cannot be caused by the thermal stress induced under
the experimental conditions, e.g., fiber thickness, thermal conductivity, and cooling rate in this study. The
birefringence, therefore, must be caused by the anisotropic structure in the glass [4].

Fig. 5.2 Polarization microscope images of (a) isotropic and (b) anisotropic (Li,Na,K,Cs)PO; glass fibers.
The birefringence of the anisotropic glass was 7200 nm/mm. The white dashed lines show the edges of the
isotropic glass fiber.

Figure 5.3 shows a Weibull plot of the fracture strength for the isotropic (Li,Na,K,Cs)POs glass fiber.
The average fracture strength and standard deviation were 890 and 70 MPa, respectively; the fracture

strength showed a slight deviation at low fracture strength values.
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Fig. 5.3 Weibull plot of the fracture strength of isotropic (Li,Na,K,Cs)POs glass fiber. F is the cumulative
failure probability.
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Fig. 5.4 Fracture strength of (Li,Na,K,Cs)POs glass fibers for different birefringence values. An error bar is
shown for the isotropic glass fiber. The spreading of the data points of anisotropic glasses is attributed to the
experimental errors caused mainly by the diameter uniformity of fiber. The line is a guide for the eyes.
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Figure 5.4 shows the relationship between the birefringence and fracture strength. The fracture
strength of the anisotropic glass fiber increased with increasing birefringence, especially above 5000 nm/mm,
and reached about 160% of the fracture strength of the isotropic glass fiber.

Table 5.1 shows the density, Young’s modulus, Poisson’s ratio, and indentation fracture toughness
measured using an ultrasonic pulse method for the isotropic bulk glass of (Li,Na,K,Cs)POs. The Young’s
modulus and indentation fracture toughness are almost consistent with the values reported for alkali
metaphosphate glasses by Ashizuka et al [8].

Table 5.1 Properties of isotropic bulk (Li,Na,K,Cs)POs glass

Glass p(glem®)  E(GPa) v Ke (MPa-m¥?)  Reference
(Li,Na,K,Cs)POs 2.81 34 0.29 0.46 This work
50Li,0-50P,05 (Mol%) 50 0.57 Ashizuka et al. [l
50Na,0O-50P,0s (mol%) 36 0.35 Ashizuka et al. €

p, E, v, and K¢ are the density, Young’s modulus, Poisson’s ratio, and indentation fracture toughness,

respectively.

Figure 5.5 shows stress—strain curves measured by the three-point bending method for the isotropic
and anisotropic glass fibers of (Li,Na,K,Cs)POs. The Young’s moduli of the glasses were calculated from the
slope of the curves at a strain of 1%.
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Fig. 5.5 Stress—strain curves of (Li,Na,K,Cs)PO; glass fibers.
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The Young’s modulus and standard deviation of the isotropic glass fiber were 32 and 2 GPa,
respectively. This value was approximately equal to the modulus of the isotropic bulk glass as shown in
Table 5.1. The moduli of the anisotropic glass fibers, however, were larger than that of the isotropic glass
fiber.

Figure 5.6 shows Young’s modulus parallel to the fiber axis as a function of birefringence. The
modulus was found to increase with increasing birefringence and reached about 140% of the modulus of the
isotropic glass fiber.
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Fig. 5.6 Young’s moduli parallel to the axis of (Li,Na,K,Cs)POs glass fibers as a function of birefringence.
An error bar is shown for the isotropic (Li,Na,K,Cs)POs glass fiber. The spreading of the data points of
anisotropic glasses is attributed to the experimental errors caused mainly by the diameter uniformity of fiber.
The line is a guide for the eyes.

5.4 Discussion
5.4.1 Increase in fracture strength

The structure of the (Li,Na,K,Cs)POs glass obtained in this study consists of chains with considerable
length [4] and changes an anisotropic structure with preferentially oriented chains induced by the occurrence
of non-Newtonian flow [9-11] under stress.

The fracture strength of the anisotropic glasses increased with increasing birefringence as shown in
Figure 5.4. Since the increase in fracture strength was much larger than the standard deviation (70 MPa) of
the isotropic glass derived from the difference in crack lengths, the increase can be attributed to anisotropic
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structures in the glass.
The fracture strength (or) is given by Equation (5.6) because the fracture surface energy is known to
be proportional to the Young’s modulus [12-14]:
K¢ 1 2Ey aE
O'f = = =
YVe YVel-v? vy /[ e(1—v?)

with, Kic: the fracture toughness; Y: the geometry factor; c: the crack length; E: Young’s modulus; y: the

(5.6)

fracture surface energy; v:Poisson’s ratio; a: a constant.

According to Equation (5.6), the fracture strength is proportional to Young’s modulus. Figure 5.7
shows the relationship between the normalized fracture strength (ot/ot0) and Young’s modulus (E/Eo), where
of and Ep are the fracture strength and Young’s modulus of the isotropic glass, respectively. The normalized
fracture strength increased with increasing normalized Young’s modulus. When the birefringence was 10600
nm/mm, oiloro (= 1.6) was larger than E/Eq (= 1.4). The dashed line in Fig. 5.7 is drawn according to
Equation (5.6) assuming that all other factors except E are constant. The coefficient of determination (R?) of
the line is 0.34, indicating that the line does not fit the data well. This means that although the increase in
fracture strength is mainly caused by the increase in Young’s modulus, other factors also contribute, as
discussed below.
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Fig. 5.7 Relationship between the normalized fracture strength and Young’s moduli of (Li,Na,K,Cs)POs3 glass
fibers. o0 and Eg are the fracture strength and Young’s modulus of the isotropic glass fiber, respectively. The
dashed line is drawn according to Equation oi/ot = E/Eq.
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5.4.2 Increase in Young’s modulus

The chain in the metaphosphate glass is known to comprise a —P—O—P— main chain with -P—O-M
side chains. The force constants of the M—O bonds (0.08-0.27 N/cm) [15] are much smaller than that of the
P—O bond (6 N/cm) [16,17]; that is, the force constant of the P—O bond is more than one order of magnitude
larger than those of M—O bonds. The Young’s modulus in the parallel direction to the direction of the main
chain, therefore, is expected to be higher than that in the perpendicular direction as shown in Fig. 5.8.

Direction of force
“ Force ,

0

7

Direction
of main chain

Fig. 5.8 Schematic illustration of the chain structure of (Li,Na,K,Cs)POs glass. Alkali cations are represented
as M*. E4 and E_ are Young’s moduli in the parallel and perpendicular directions to the chain axis,

respectively.

If a polymer has a uniaxial structure composed of an assembly of extended polymer chains, Young’s

modulus in the tensile direction increases with decreasing angle between the tensile direction and the
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direction of the chain axis [18]. Therefore, in the case of a metaphosphate glass like an organic polymer,
Young’s modulus is expected to increase with a decrease in angle (i.e., an increase in birefringence), as

shown in Fig. 5.8.

Extensional modulus
and Poisson’s ratio

3

Transverse modulus
and Poisson’s ratio

1
S11= - :
1 '
:
3o —S12 E
2=~
S o
11 =" e/

Torsional modulus Q)

S_l
4=

Fig. 5.9 The fiber compliance constants. Reproduced with permission from Ref. [19]. Copyright 2013, John
Wiley & Sons, Ltd.

The compliance matrix S; for specimens possessing fiber symmetry is represented below [19].

Si1 Siz Sz 00 0
Sz Sy Sz 0 0 0
Si3 Siz Sz 0 0 0
0 0 0 Sy O 0
0 0 0 0 S 0
0 0 0 0 0 2(S5;—512)

The compliance in the tensile direction for a uniaxial structure composed of an assembly of extended
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polymer chains (S's3 = 1/E) is given by Equation (5.7) [19]:
5;3 = S;15in*0 + S33c05*0 + (2513 + Ss4)sin®Hcos?6 (5.7)
where Ssz (= 1/Ess = 1/En) and Sii (= 1/Ewn = 1/E) are the compliance, respectively, in the parallel and
perpendicular directions to the chain axis, Ex and E. are Young’s moduli in the parallel and perpendicular
directions to the chain axis, respectively, and 9 is the angle between the tensile direction and the direction of
the chain axis.
Equation (5.7) can be expressed as Equation (5.8) using the Poisson’s ratio (vi3):

Sy = S115in*0 + S33005*60 + (—2v;3533 + S44)sin®Hcos?6 (5.8)

The degree of orientation (F) is given by Equation (5.9) [19]:
An 3

F = =1 —=sin?6 :
Y. > sin (5.9)

where Anmax IS the maximum birefringence between the parallel and perpendicular directions to the chain.

Combining Equations (5.8) and (5.9) leads to Equation (5.10):

2

/ _4( ) +4(1+ An )25
%379 Nmax CAVIUI (5.10)
+4( An )(1 An )( 2,353 + Sas) |
9 Aoy Aoy V13933 44

To obtain Young’s modulus of an anisotropic glass, it is necessary to know the value of Anmax Of the
glass. However, because the Anmax Of (Li,Na,K,Cs)POs glass is not known, the value for KPOj; crystal was
used, which has a similar force constant of M—O bonds (0.11 N/cm) [15] to the average force constant (0.16
N/cm) [15] of M—-O bonds in the (Li,Na,K,Cs)PO; glass. The distance between the -P—-O—P— main chains of
the crystal is expected to be similar to that in (Li,Na,K,Cs)PO3 glass [4]. Therefore, it is assumed that ANmax
is approximately 20000 nm/mm, which is the birefringence of the KPO; crystal. Using this value, the degree
of orientation (F) of the anisotropic glass with a birefringence of 10600 nm/mm is estimated to be 0.53. The
angle between the tensile direction and the direction of the chain axis, therefore, is estimated to be 34°. Table
5.2 shows the values of En (= 1/Ss3), EL (= 1/ Su1), and G (= 1/S44) calculated by fitting the measured data to
Equation (5.10), assuming that vi3 of the anisotropic glass increases from 0.29 to 0.40 because the reported

maximum Poisson’s ratio of phosphate glass is about 0.40 [20].
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Table 5.2 Calculated Ew, EL, and G of (Li,Na,K,Cs)POs glass fiber.
V13 En (GP&) EL (GP&) G (GP&)
029 148 30 13
040 162 32 13

vi3, En, EL, and G (=1/S4s) are the Poisson’s ratio, Young's modulus in parallel and perpendicular directions to

the chain axis, and shear modulus, respectively. The vi3is taken from Table 5.1 and Ref. [20].

Figure 5.10 shows the fitting curves and measured Young’s moduli. The fitting curves do not differ

significantly even when vi3 is increased from 0.29 to 0.40.
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Fig. 5.10 Measured Young’s moduli of (Li,Na,K,Cs)POs3 glass fibers as a function of birefringence. The solid
and dashed lines are the fitting curve calculated using Equation (5.10) where vi3 of the anisotropic glass is
0.29 and 0.40, respectively.

The calculated value of Ey is about five times larger than that of E.. Consequently, anisotropic glass
fibers with larger An have higher Young’s moduli parallel to the fiber axis owing to the high degree of
orientation of the —P—O—P— chains with high Ey and low E. corresponding to strong intrachain bonds and
weak interchain bonds, respectively. This generates greater fracture strength in the direction parallel to the
chain axis. If the degree of orientation of the —P—O—P— main chains becomes higher than that of the
anisotropic glass prepared in this test (i.e., if the birefringence exceeds 10600 nm/mm), further enhancement
of the fracture strength and Young’s modulus (E = 1/S"s3) is expected, as shown Figure 5.10.

In addition, as the difference between Young’s moduli parallel and perpendicular to the tensile
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direction increases, crack propagation becomes difficult because of the high frequency of deflection and
branching of cracks during propagation. This phenomenon contributes to the high fracture strength of the
anisotropic glasses.

However, the increase in fracture strength is still larger than the increase in Young’s modulus as
shown in Fig. 5.7. This means that the changes in the Poisson’s ratio and crack length also take place and
contribute to the increase in the fracture strength, as estimated from Equation (5.6). Assuming that the
Poisson’s ratio changes from 0.29 to 0.40, this accounts for only about 4% of the fracture strength increase.
Changes in crack length, therefore, are deduced to be another predominant factor that causes the increase in
fracture strength. Table 5.3 shows the calculated fracture toughness, fracture surface energy, and crack length
determined from Equation (5.6) when the Poisson’s ratio of the anisotropic glass changes from 0.29 to 0.40.
Fracture toughness was calculated under the assumption that fracture toughness (Kic) is equal to indentation
fracture toughness (Kc). The calculated crack length of the anisotropic glass with a birefringence of 10600
nm/mm is about 30% shorter than that of isotropic glass. The higher degree of orientation of the —-P-O-P—
chain leads to the shorter crack length. Larger surface free energy (y) of the anisotropic glass compared to the
isotropic glass results from an increase in the difficulty of propagation of cracks in the direction
perpendicular to the length direction of the glass due to orientation of the -P—O—P— chain (Fig. 5.11).

Table 5.3 Calculated properties of isotropic and anisotropic (An = 10600 nm/mm) (Li,Na,K,Cs)PO; glass

fibers
v Kic (MPa-m*2)  y(J/m?) ¢
Anisotropic glass ' 0.63 39 0.83Cis
0.40 0.65 3.9 0.71Ciso
Isotropic glass 0.29"  0.46' 2.97 Ciso

v, Ky, y, and ¢ are the Poisson’s ratio, fracture toughness, fracture surface energy, and crack length,
respectively. ciso is the original crack length of the isotropic glass. The properties were calculated under the
assumption that the properties of isotropic glass fiber are equal to those of bulk isotropic glass.

"The values experimentally obtained are shown for the bulk isotropic glass.
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Fig. 5.11 Crack propagation of isotropic and anisotropic glasses during application of external force

5.5 Conclusions

The effect of anisotropy of a 12.5Li,0-12.5Na,0-12.5K,0-12.5Cs,0-50P,05 (mol%) glass fiber on
its mechanical properties was investigated. It was found that the fracture strength and Young’s modulus
parallel to the fiber axis increased with increasing birefringence (i.e., increasing anisotropy) reaching 160%
and 140% of the respective values of isotropic glass. The main reason for the enhancement in fracture
strength is the increase in Young’s modulus. Since the force constant of the P-O bond is larger by more than
one order of magnitude than those of M—O bonds, Young’s modulus parallel to the fiber axis increases with
increasing orientation of the —-P-O-P— main chains. The increase in chain orientation leads to a higher
frequency of deflecting and branching of cracks during propagation, which contributes to the increased
fracture strength. Furthermore, changes in other factors, such as the Poisson’s ratio and crack length, also

contribute to the increased fracture strength.
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Chapter 6: Summary and Conclusions

Formation of anisotropic structure in oxide glasses is typically difficult even if an external force is
applied to oxide glasses above the glass transition temperature (Tg) due to three-dimensional network
structures. However, 16.7Li20-16.7Na,0-16.7K.0-50P.0s (mol%, (Li,Na,K)POs) and 12.5Li,O-
12.5Na,0-12.5K,0-12.5Cs,0-50P.05 (mol%, (Li,Na,K,Cs)POs)) mixed alkali metaphosphate glasses
composed of —P—O—P— chains formed by Q? units recently were found to show significant anisotropy when
uniaxial tensile stress is applied to the glasses above Ty due to formation of highly oriented -P—O—P— chains.
The objective of this thesis is the clarification of important structural factors for the formation of significant
anisotropy above Ty and the effect of the anisotropic structures on the mechanical properties of alkali
metaphosphate glasses for the development of new anisotropic oxide glasses with new properties not
reported in oxide glasses and new methods to improve mechanical properties of oxide glasses.

In chapter 2, the structural features causing the formation of the significant anisotropic structure in
(Li,Na,K)POs glass were investigated by analyzing 3P MAS NMR, Raman, and FTIR spectra. Results of the
analysis are summarized in Table 6.1. Although the birefringence of (Li,Na,K)POs3 glass elongated above Ty
is much larger than that of 50Na,0-50P.0s (mol%, NaPOs) glass elongated above Tg, only Ty and Apw
notably differ between NaPO; and (Li,Na,K)POs; glasses. According to Gibbs-DiMarzio theory, the
flexibility of chain for (Li,Na,K)POs; glass is higher than that for NaPOj; glass because (A) Ty of
(Li,Na,K)PO; glass (222°C) is lower than that of NaPOs; glass (292°C) and (B) average Fm.o of
(Li,Na,K)POs glass is equivalent to that of NaPOs glass. The distribution of Fm.o and highly flexible chains
for (Li,Na,K)POs glass, therefore, are important factors for the formation of significant anisotropy during
deformation of the glass under uniaxial tensile stress above Ty Formation of the significant anisotropic
structure of (Li,Na,K)POs glass under uniaxial tensile stress above Ty results from orientation of highly
flexible local structures with small Fum.o during the suppression of shear flow between chains by local
structures with large Fu-o as shown in Fig. 6.1. The results support the adequacy of the model of the
orientation of chains of (Li,Na,K,Cs)POs glass under uniaxial tensile stress above T4 proposed by Inaba et al.
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Table 6.1 Birefringence, Ty, average force constant between alkali cation and oxygen (Fwm-o), the
difference of peak wavenumbers between a peak originated from Li—O motion and a peak observed
below 300 cm™ (4pw), the relative fraction of Q? units, and relative fraction of Q? units in chains to
total Q? units (Ar) for LiPOs, NaPQOs, (Li,Na)POs, and (Li,Na,K)PO3; metaphosphate glasses.

LiPOs NaPO3 (Li,Na)POs  (Li,Na,K)POs

Birefringence Glass fiber elongated 39 233 519 1679
(nm/mm) at tensile stress

of 40MPa above Ty
Ty (°C) 334 292 251 222
Average Fu.o 0.269 0.177 0.223 0.186
(N/cm)
Apw (cm™) Absorption 0 0 192 210

coefficient spectra in

the range

100-600 cm™
Relative fraction 3P MAS NMR 96.6 100 97.3 98.7
of Q2 units (%) Spectra (no

detectable
Q" peak)

Ar (%) Raman spectra 21 36 28 36

in the range

600-850 cm™?
Ar (%) Raman spectra 37 48 42 48

in the range

1050-1250 cm™*
Ar (%) Absorption 13 28 20 27

coefficient spectra in

the range

800-1400 cm™
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Fig. 6.1 Schematic illustration of chain structures for NaPOs and (Li,Na,K)PO3 glasses. Small deep blue,
middle-sized red, middle-sized purple, large green, and large light blue circles represent phosphorus, oxygen,
lithium cation, sodium cation, and potassium cation, respectively.

In chapter 3, the relaxation mechanism of anisotropic (Li,Na,K,Cs)POs glass in the range from room
temperature to above Ty were investigated by evaluating storage moduli (E") and loss factors (tand) and
analyzing Raman spectra in the range from room temperature to above Tg4. The results showed that relaxation
mechanisms of anisotropic (Li,Na,K,Cs)PO3 glass were a partial loss of cross-linking between the oriented
chains below Ty and a disordering of the oriented chain above Tg4 as shown in Fig. 6.2. The coexistence of
local structures with Fu.o smaller than Finesnold @and local structures with Fu-o larger than Finreshols Was play an
important role in the unique relaxation of anisotropic (Li,Na,K,Cs)POs glass. The results support the
adequacy of the model of relaxation of oriented chains in anisotropic (Li,Na,K,Cs)PO3 glass above Tq
proposed by Inaba et al.
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Fig. 6.2 Schematic illustrations of chain structures for anisotropic (Li,Na,K,Cs)POs glass. Blue squares and
black lines in the macroscopic view represent the shape of the glass and —P—O—P— chains. Darker green

circles represent alkali cations with higher Fm-o. Large open circles represent alkali cations with Fu.o smaller
than the Fthresho|d.

In chapter 4, the deformation behaviors of (Li,Na,K,Cs)POs glass under compressive stress above Tq
were investigated. (Li,Na,K,Cs)PO; glass uniaxially compressed above Ty and then rapidly cooled to room
temperature showed a large recovery in length during reheating above Tq (Fig, 6.3). The viscoelastic—plastic
behavior of (Li,Na,K,Cs)PO; glass was investigated by depth-sensing indentation. The (Li,Na,K,Cs)PO3
glass showed a large recovery in penetration depth during unloading above Tq (Fig. 6.4). By analyzing the P—
h curves with the viscous—elastic—plastic model, the unusually large recovery of (Li,Na,K,Cs)POs glass is
found to be due to a smaller and larger contribution of, respectively, viscous and elastic deformations (Fig.
6.5). The large recovery in the length of the compressed (Li,Na,K,Cs)POs glass, therefore, results from a
large contribution ratio of elastic deformation due to the orientation and relaxation of chains (Fig. 6.6).
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Fig. 6.3 Change in the height of (Li,Na,K,Cs)PO; glass compressed at 513 K and uncompressed
(Li,Na,K,Cs)PQOs glass during heating.
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Fig. 6.4 Normalized load—displacement curves of (Li,Na,K,Cs)POs3 glass at 493, 503, 513, and 523 K (T/Ty =
1.02, 1.04, 1.06, and 1.09), and LiPOs glass at 613 K (T/Ty = 1.01).
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Fig. 6.6 Shape deformation of the columnar sample of (Li,Na,K,Cs)PO; glass, and orientation and relaxation
of chains of (Li,Na,K,Cs)POs glass.

In chapter 5, the effects of the anisotropic structures of (Li,Na,K,Cs)PO3 glass fibers on fracture
strength and Young’s modulus were investigated by measuring stress-strain curves of the glass fibers with a
three-point bending method. The results showed that fracture strength and Young’s modulus for
(Li,Na,K,Cs)POs glass fibers increased with increasing birefringence (Fig. 6.7). The increase in Young’s
modulus was caused by the increase in the degree of orientation of -P—O—P— chains in the parallel direction

to the length direction of fibers (Fig. 6.8). The increase in fracture strength resulted from the increase in
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Young’s modulus. The results showed that the formation of anisotropic structure in oxide glasses becomes a

new method to improve fracture strength and Young’s modulus of oxide glasses.
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Fig. 6.7 Stress—strain curves of (Li,Na,K,Cs)POs glass fibers.
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Fig. 6.8 Schematic illustration of the chain structure of (Li,Na,K,Cs)PQOs glass. Alkali cations are represented
as M*. En and E_ are Young’s moduli in the parallel and perpendicular directions to the chain axis,

respectively.
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