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RESUMO
OLIVEIRA, K. S. Caracterizacdo de fases em vidros cristalizados no sistema
Na20.2Ca0.3Si02-Na20.3Ca0.6Si02, 2021. 84 pg. Dissertagdo (Mestrado) — Escola de

Engenharia de Sao Carlos, Universidade de Sao Paulo, Sao Carlos, 2021.

As vitroceramicas possuem grande relevancia na industria devido a ampla variedade
de utilizagdes. Suas propriedades resultam do controle rigoroso da microestrutura
durante a cristalizagdo do vidro precursor. O sistema Na,O-CaO-SiO; ¢ de grande interesse
na industria do vidro, encontrando aplicacdes desde janelas convencionais e embalagens
até biovidros usados na medicina, entre varios outros. A cinética de cristalizagdo de
composi¢des estequiométricas neste sistema foi extensivamente estudada. No entanto, ha
uma falta de informacdes sobre as fases cristalizadas no sistema pseudo-binario
combeita-devitrita (NaxO-2Ca0O-Si0,-Na,0-3Ca0-6Si0;). Neste trabalho, a formacao de
fase em composi¢des estequiométricas e nao estequiométricas na juncdo pseudo-bindria
combeita-devitrita foi investigada por difragdo de raios X (XRD), -calorimetria
diferencial de varredura (DSC), microscopia Optica e microscopia eletronica de varredura
(MEV). A combeita foi a primeira fase cristalizada em todos os vidros de composi¢des
ndo estequiométricas tratados perto da temperatura de inicio da cristalizagdo (cerca de 750 °
C) determinada por DSC. Em um vidro de composi¢do eutética (33,3 mol% devitrita),
devitrita foi observada apenas acima de 810 ° C, em estagios avancados de cristalizagdo. A
formagdo de devitrita foi acompanhada por uma diminui¢do na fracdo de volumétrica da
solugdo solida de combeita. Em contraste, em uma composi¢do hipereutética (50 mol%
de devitrita), cristais de devitrita nuclearam heterogeneamente a partir da superficie da
camada de combeita. A decomposi¢ao da devitrita em wolastonita e liquido ocorreu acima de
1050 ° C para vidros com composi¢des entre 33,33 e 93,75 mol% de devitrita. Apenas vidros
na secdo hipoeutética do sistema bindrio combeita - devitrita apresentaram nucleacio
homogénea. Para essas composicdes, a formacdo de solugdo solida de combeita foi
investigada por XRD. Sugere-se que combeita em solucdo solida ocorra no intervalo entre 0 e

33,33 mol% de devitrita. Essas descobertas sdo relevantes para aplicagdes tedricas e praticas.

Palavras-chave: Vidros. Vitroceramicas. Cristalizagdao. Solug¢ao Solida.






ABSTRACT

OLIVEIRA, K. S. Phase characterization in crystallized glasses in the Na20.2Ca0.3SiOz-
Na20.3Ca0.6SiO: pseudo-binary system., 2021. 84 pg. Dissertation (Master of Science) —

Escola de Engenharia de Sao Carlos, Universidade de Sao Paulo, Sao Carlos, 2021.

Glass-ceramics are of the highest relevance in the industry due to their wide variety of
uses. Compared to their parent glass, their enhanced properties result from the rigorous
microstructure control during the precursor glass crystallization. Remarkably, the Na20O-CaO-
Si02 system is of great interest in the glass industry, finding applications from conventional
windows, packaging, and tableware to bioglasses in medicine, among several others. The
crystallization kinetics of stoichiometric compositions in this system has been extensively
studied. However, there is a lack of information on the phases crystallized in the combeite-
devitrite (Na20-2Ca0-3Si02-Na20-3Ca0-6Si02) pseudo-binary system. In this work, the
phase formation in stoichiometric and non-stoichiometric compositions in the combeite-
devitrite pseudo-binary join was investigated by X-ray diffraction (XRD), differential scanning
calorimetry (DSC), optical microscopy and, scanning electron microscopy (SEM). In moderate
undercooling below the liquidus, combeite was the primary phase crystallizing in all glasses of
non-stoichiometric compositions treated close to the temperature of crystallization onset (about
750 °C) determined by DSC. In a glass of eutectic composition (33.3 mol% devitrite), the
devitrite was observed only above 810 °C in advanced stages of crystallization. The devitrite
formation was accompanied by a decrease in the volume fraction of the combeite solid solution.
In contrast, in a hyper-eutectic composition (50 mol% devitrite), devitrite nucleated
heterogeneously and grew from the surface of combeite crystals immediately after the combeite
formation. The decomposition of devitrite into wollastonite and liquid occurred above 1050 °C
for glasses with compositions between 33.33 and 93.75 mol% devitrite. Only glasses in the
hypo-eutectic section of the combeite-devitrite binary system presented homogeneous
nucleation. For these compositions, the combeite solid solution formation was investigated by
XRD. It is suggested that combeite solid solution occurs in the interval between 0 and 33.33
mol% devitrite. The microstructure assessment in glass-ceramics from combeite-devitrite
pseudo-binary glass compositions sheds light on the phase formation in this system, which is

relevant for theoretical and practical applications.

Keywords: Glass. Glass-ceramic. Crystallization. Solid solution.
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1 INTRODUCTION

Glasses are non-crystalline materials that behave like solids in several aspects, but with
an amorphous atomic structure, similar to liquids, although frozen in respect to observable time.
When subjected to appropriate heat treatments, these materials can have their properties
changed by crystallization. This process consists primarily of two overlapped stages, nucleation
and crystal growth, and when one manages to get good properties for a given use, the resulting
material is called glass-ceramic. Among the commercially available glasses, the soda-lime
silicates are of the highest relevance due to their wide range of applications, from windows to
bioactive implants for medical purposes, abundance and low price of raw materials used in their
fabrication. Unlike most glasses, some with compositions in the soda-lime-silica system present

homogeneous nucleation, which can lead to glass-ceramics by volume crystallization.

It is necessary to determine the glass crystallization kinetics to design glass-ceramics
microstructures properly. Despite the fact that most glass-ceramics have nonstoichiometric
compositions, the first studies on the crystallization kinetics of glasses in the Na,O-CaO-Si0;
system investigated only stoichiometric compositions [1,2]. After, Fokin et al. [3,4] and
Soboleva et al. [5] studied the crystallization kinetics of nonstoichiometric glasses in the
Na,Si03—CaSi0; pseudo-binary join, whose crystal compositions were sodium-enriched solid
solutions based on combeite (NaxO-2Ca0-3Si02), of general formula Nag:2xCasx[SicO15]
(0<x<1) [4]. In [4], Fokin et al. reported the existence of combeite crystals with the composition
varying along their diameter in stoichiometric Na;O-2Ca0-3Si0: glass and compositions close
to it. Sodium-enriched nuclei of combeite formed in isothermally treated glasses and, as
crystallization proceeded, the composition of the crystal approaches that of the parent glass due
to the reduction of the concentration of Na cations in the residual glass. The precipitation of
metastable combeite solid solution reduces the thermodynamical barrier to nucleation by

decreasing the surface energy between the crystal and the liquid.

In recent work, Macena et al [6,7] studied the kinetics of crystallization of glasses in the
Nay0-2Ca0-3S10,—Nax0-3Ca0-6Si0; join. This author reported that combeite was the only
phase observed in the volume of glasses containing less than 33.3 mol% of devitrite. The
compositional profile of combeite crystals was also investigated as a dependence of crystallized

volume fraction. It was concluded that combeite solid solution enriched in Na" was crystallized.
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Thus, this work aims to advance the study of combeite solid solutions in the
NaxO-2Ca0-3S10,—NaxO-3Ca0-6Si0O» binary system. It was reported in [6] a change in the
thermal effects observed in DSC curves from the eutectic (33.33 mol% devitrite) towards
stoichiometric devitrite of the pseudo-binary. Therefore, the phase formation in compositions
33.3 and 50 mol% of devitrite were investigated. Moreover, the characteristic temperatures of
glasses in this system were measured to complete previous diagram phase data obtained by [6].
Thermal analysis, XRD, optical microscopy and, SEM were the main techniques used in this

research.
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2 THEORETICAL BACKGROUND

2.1 Definition of glass

Glasses can be explained in terms of their structural and thermodynamic properties as
off-equilibrium and non-crystalline materials that do not present long- or medium-distance
order in the three-dimensional atomic structure and exhibit the glass transition phenomenon [8].
They are produced under specific conditions to prevent crystallization on cooling from the
liquid. Thus, the most common fabrication technique consists of cooling a melt at a rate fast
enough. However, since a perfectly amorphous structure is unlikely to be reached by this
process, a critical cooling rate for glass forming, CCR, is defined to yield a maximum
crystallized volume fraction of 102-10°, given by the resolution limit of some experimental

technique.

The crystalline solid is the thermodynamically stable state of matter below the melting
temperature, T,,, or the solidus for incongruent melting compositions. However, at relatively
fast cooling rates, a metastable state defined as a supercooled liquid, SCL, can be reached
(Figure 1). As the temperature decreases, the atoms in the SCL gradually lose mobility due to
the reduction in diffusion rate (by viscous flow or another mechanism), reaching a temperature
range one no longer observes the relaxation to the reference structure, namely the glass
transition range. In other words, in this temperature range, which depends on the cooling rate,
the experimental time of observation, t,;, is of the same order of magnitude as the time of
structural relaxation, . Below it, the structure no longer relaxes and freezes relatively to the
human observation time, and the material becomes a glass [8]. Since the glass transition is a
kinetic phenomenon, Ty depends on the cooling rate. For oxide glasses in laboratory
experiments, T, may be defined as the temperature at which the viscosity is about 10'? Pa.s

[9,10].

The glass transition is characterized by a change in the derivative of the temperature
function of some thermodynamic property, for instance, the enthalpy (Figure 1). On the other
hand, the liquid-crystal transformation is described by a discontinuity in such properties. It is
worth noting that the transition of SCL into a glass is not a phase transformation since this

process does not involve any change in atomic structure or composition.

Figure 1: Thermodynamic property as a function of the temperature.
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2.2 Nucleation and growth

Glasses are thermodynamically unstable related to the SCL at a given temperature [8].
The glass-SCL transformation is a spontaneous process at which the glass structure relaxes
towards the SCL and only depends on the system kinetics. When the glass is at a temperature
above the glass transition temperature, structural relaxation immediately begins towards the
structure of the metastable supercooled liquid. The nucleation process coincides with this
structural relaxation and depends on it as the structure changes. Thus, nucleation begins in glass,

continues in a changing supercooled liquid, and then in a metastable equilibrium SCL [11-13].

Controlling the crystallization in glasses makes it possible to obtain a polycrystalline
material with improved mechanical properties, such as strength and toughness, besides
transparency, and a low or null thermal expansion coefficient. [14]. Also, the so-called glass-
ceramics produced by this process can have nearly zero or null porosity. As a further advantage,
the final processing temperatures are lower than in the traditional ceramic fabrication process
by sintering. Glass-ceramics are characterized by a fine and homogeneous microstructure and
find use in a wide range of applications since their properties can be designed to meet rigorous

specifications [15].
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Thus, the precise control of glass crystallization is of great interest in glass science and
technology and is a consequence of a continuous process comprised of nucleation and crystal

growth driven by thermodynamic and kinetic phenomena.

2.2.1 Nucleation

Below T,,, the thermodynamically stable phase is crystalline. Its free energy, G, is
lower than the liquid’s G;. The system free-energy change AG = G, — G; < 0 is the driving

force for crystallization.

The atoms in the SCL undergo localized position fluctuations, eventually grouping into
clusters with a structure similar to that of the crystalline phase. Once these clusters, or embryos,
reach a critical size, r*, they grow to form a stable phase. Otherwise, they can dissolve. The
volumetric free energy, AGy, associated with this local ordering is negative. Consequently, as
the embryo grows, AG decreases. However, the system energy increases with the creation of
the new liquid/crystal interface. The work, G, needed to form a spherical embryo as a function
of the radius, r, and temperature is described by Eq. 1 [11]:

G(r,T) = 4nr? o, + 4?“ r3 AGy (T) (1)
where, o, is the liquid-crystal surface energy, AG, = AG/Vy,, and V,, is the molar
volume. The behavior given by Eq. (1) is shown in Figure 2. In the early stages, the surface to
volume ratio is high, causing the embryo to be unstable since the surface energy exceeds the
volumetric free energy variation. For r > r*, any increase in crystal volume decreases AG, the

embryo becomes a stable nucleus and grows spontaneously.

The maximum of the curve described by Eq. (1) corresponds to the thermodynamic

barrier to nucleation, W*, given by Eq. (2).

16m o3
W (T) =———F—= 2
(M =—3 AGy ()2 (2)
It can be shown that r* is given by:
AGy(T) )

According to the Classical Nucleation Theory (CNT), the nucleation rate at the steady-

state regimen, I, is [16,17]:
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W* + AGD] @

It = Ioexp [_kb—T

where I, is a pre-exponential parameter with values between 10*! to 10* m*.s™!, AGp, is

the activation free energy for the diffusion of nucleating block, and k; is the Boltzmann
constant [17]. As shown in Eq. (4), in addition to W™, the crystal growth is also influenced by
a diffusional or kinetic barrier, because atoms from the SCL need to get transported to the

liquidus-nucleus interface to attach to the crystalline structure.

Figure 2: Free energy diagram showing the thermodynamic barrier to nucleation.
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The process described above is known as homogeneous nucleation, in which the nuclei
can form with the same probability in any region of the material volume. If the undercooling
AT = T, — T is small, the thermodynamic component in Eq. (4) controls nucleation.
Consequently, the rate depends more strongly on AGy. In contrast, at a low degree of
undercooling, Ig; is ruled by the transport factor, AGp. Therefore, the nucleation rate as a

function of temperature passes through a maximum between T, and T,,. For a glass that
nucleates homogeneously, the maximum nucleation rate occurs at approximately T ~ 0.5 —

0.6 T,, [18].

Heterogeneous nucleation occurs when there is nucleation in preferential sites. Here, the

foreign surfaces, such as impurities and pores, do not affect the volume free energy and the
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diffusion energy coefficient. However, they can reduce the nuclei-SCL interface energy. As a
general effect, nucleation is catalyzed at lower undercooling by the reduced thermodynamic
barrier. Despite the change in the surface energy, the mechanism of heterogeneous nucleation
is analogous to the homogeneous one and is given by [17]:

k, T W*(T)$ + AGp(T)

Ist,het(T) = Ny T exp ky T

©)

where N; is the number of heterogeneous nucleation sites, ¢ is a parameter between 0
and 1, and h is the Plank constant. Since few glass compositions undergo homogeneous
nucleation, catalyst nucleating agents are added to promote volume crystallization [19], which

behave as heterogeneous nucleation sites of the desired crystalline phase.

The surface crystallization at the air-glass interface is a particular case of heterogeneous
nucleation. In general, the nucleation rate involved in this process is very high compared to the
number of available sites for nucleation. The formation of new nuclei takes place up to a fixed
number, and heterogeneous surface nucleation suddenly terminates [20]. Therefore, the number
of nucleation sites per unit area, Ns, usually becomes practically constant during crystallization.

In other words, it does not significantly depend on the temperature or time of heat treatment.

2.2.2 Crystal growth

After nuclei formation, the system’s energy is further reduced by the increasing crystal
volume (Figure 2). Since there is no thermodynamic barrier, the rate the crystals grow is
determined by the speed at which the atoms arrive at the phase boundary and attach to the

interface. The crystal growth rate, u(T), is given as follows [21]:

u(T) = % (1 — exp (_ E)) ((6)

where A is the average distance between atoms in the liquid and the crystal’s surface,

D,, is the diffusion coefficient for crystal growth and R is the universal gas constant.

Similar to Eq. (4), Eq. (6) shows a maximum value. Crystal growth, differently of
nucleation, is only associated with the transport of atoms to the crystal-liquid interface, which
is represented by the first term D, /A in Eq. (6). At a high undercooling, this term diminishes
with the increase of viscosity, whereas, the second factor (1 —exp(—AG/ RT)) increases with

the increase of driving force to crystallization, AG.
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The resulting microstructures as crystal growth proceeds are shown in Figure 3. In
Figure 3a, the glass undergoes internal crystallization. This process can derive from catalyst
nucleating agents or homogeneous nucleation, leading to randomly oriented and uniformly
dispersed crystals. In contrast, Figure 3b shows the microstructure for cases in which nucleation
occurs at surface sites without volume nucleation. After the first step of crystallographic
direction selection, the crystals grow with their fastest-growing axis perpendicular to the

surface.
Figure 3: Schematic representation of a) volume and b) surface crystallization.
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2.3 The Na20-CaO-SiO:2 system

Soda-lime-silica compositions constitute most commercial glass products, such as
windows, cookware, tableware, packaging for food and medicine [14,23,24], and promising
materials for bioactive implants [6,25,26]. Also, the necessary raw materials to produce these

glasses are abundant, non-toxic, and relatively non-expensive.
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The crystallization kinetics of stoichiometric compositions in the Na,O-CaO-SiO»
system have been extensively studied. However, the crystallization kinetics of
nonstoichiometric glasses in this system is not well known, despite their importance [4,6,27].
In this work, stoichiometric and non-stoichiometric compositions in the Na>xO-2Ca0O-3SiO»-
NaxO-3Ca0-6Si0, pseudo-binary join of the ternary Na,O-CaO-SiO; system are investigated
(Figure 4). This join includes in its ends two stoichiometric compositions, namely, combeite,
Na0-2Ca0-3Si0; (C), and devitrite, Na,O-3Ca0O-6Si0; (D), which lies on the primary fields
of combeite and wollastonite, CaO-SiO2 (CS), respectively. Combeite melts congruently
melting at 1280 °C, while devitrite decomposes to wollastonite and liquid above 1030 °C. A
eutectic close to 55.5 wt% Si10; (33.3 mol% D) at 1259 °C was confirmed [6,7].

Figure 4: Na20-CaO-SiO: phase diagram (weight %) showing highlighted (red) the join between
the combeite (Na20-2Ca0-3Si02) and devitrite (Na20-3Ca0-6Si0z).
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Source: Adapted from Shadid and Glasser (1972). [28]

Combeite belongs to the small group of glass compositions that exhibit homogeneous

nucleation, i.e., nucleating agents are unnecessary to produce polycrystalline pieces by volume



31

crystallization of the glass. Figure 5 shows combeite crystals homogeneously nucleated in a
composition of C-D pseudo-binary join. Encouraging results have shown that materials
containing combeite can be applied as bioactive ceramics with improved toughness and
mechanical strength [26]. In the soda-lime-silica system, combeite solid solution (C s.s.) was
reported in CaO-Si0,-Na20-Si10; [5,29] and Na,O-2Ca0-3S10,-Na,0-3Ca0-6Si10; [6,7] joins.
The investigation of C s.s. formation and devitrite in the C-D system is one of the aims of this

work and will be discussed in the following sections.

Figure 5: SEM image of combeite crystals.

Source: Adapted from Macena et al. (2020) [7]

Devitrite was named after a typical phase in the devitrification of commercial glasses
and is a natural product of the uncontrolled crystallization of soda-lime-silica glasses. The term
"devitrification" is widely used in glass technology referring to the undesirable crystallization
during fabrication [30]. Prolonged heat treatments can result in the heterogeneous
crystallization of devitrite with lath-fan morphology on the surface of soda-lime-silica glasses
(Figure 6)[31]. In general, devitrite nucleates on the glass surface and grows towards its center
as needles bundles. The crystals grow along the [100] direction of the triclinic unit cell, giving
this material interesting optical properties. Unfortunately, researchers lost interest in
investigating it since the glass industry developed efficient techniques to avoid devitrite.
However, recent studies reported low-cost optical diffusers based on the highly oriented

acicular crystals of devitrite [32,33].
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Figure 6: Polarized light optical micrography o fan of needles of devitrite.

Source: Adapted from Knowles and Thompson (2014) [31]

Wollastonite can be used in biological implants and drug delivery [34,35]. Usually, the
CS crystallization in glasses occurs from the surface. Its needle-like crystals can be designed to
mimic the bone microstructure [36] and play a significant role in improving mechanical strength
and biocompatibility [37]. There are three wollastonite polymorphs: wollastonite, para-
wollastonite (B-CS), and pseudo-wollastonite (a-CS). At low temperatures, CS occurs as
wollastonite (triclinic) and para-wollastonite (monoclinic), which are very similar in terms of
microstructure. Above 1125 °C, wollastonite changes to pseudo-wollastonite, which melts at

1544 °C.
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Figure 7: Optical micrography of acicular wollastonite crystals.

Source: Adapted from Nurjaya ef al. (2015) [38]

3 Characteristics of the Na>O-2Ca0O-3SiO; structure

Combeite exists in the form of two polymorphic phases: a high-temperature
rhombohedral form and a low-temperature hexagonal form [29]. The transformation

temperatures may be represented as follows:

o o

Hexagonal «<—— Rhombohedral —— Melt (7)

Structurally, the high-temperature form is composed of puckered rings with six
tetrahedra [SicO15]'>" (Figure 8a) arranged along the c axis in a cubic-close-packed fashion. Ca
and Na cations are located in M1, M2, M3, and M4 sites and are shared between rings. Sites
M1, M3 and M4 are occupied by cations (Na* and Ca®") and M2 sites by 2:1 Na" ions and
vacancies. As shown in Figure 8b, on cooling below 485 °C, site M2 is transformed into M21,
completely occupied by Na’, and M22, vacant. Likewise M3 splits into M31, with 43% Na"
and 57% Ca®" ions, and M32 100% occupied by Ca?*. Due to ring retraction and distortion of
Si-O-Si angles, the sites M1 are divided into M1 and M1".

The hexagonal and rhombohedral forms have the following sets of lattice parameters:
a=10.4714, c = 13.174 A at room temperature; and a = 7.53 A, & = 89°07’, at 550 °C.

The relation between these crystalline phases is well discussed in the literature [39—41].
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Figure 8: Perspective view of silicate rings of the structure of combeite projected along the trigonal
¢ axis (a) High-temperature, and (b) low-temperature [39]

{ (b)

Source: Adapted from Ohsato et al. (1990) [39]

3.1 Solid solution

The inclusion of foreign atoms or ions in a crystalline lattice results either in a solid
solution or a new phase, depending on the final system energy. A solid solution occurs when
introducing atoms or solute reduces the system's free energy by substituting atoms from the
host crystal or solvent or occupying interstitial sites. Here, the host crystal structure is
maintained, although changes in the lattice parameters may occur according to the
concentration of solute added [42]. On the other hand, if adding atoms increases the system
energy, the solid solution will not be stable, and the components will split into new phases with

different structures.

Often, there is a maximum concentration of solute at a given temperature, beyond which
further addition of solute will cause the formation of another phase. In a phase diagram, this
boundary is represented by the solvus line. Some mixtures of oxides can form solid solutions
over the full range of components proportions, such as MgO-NiO and Al>O3-Cr20s3, or in an
extensive composition range in the neighborhood of intermediate phases, e.g., 3A1203-2S102

(mullite s.s.) in the Si02-A1>O3 system.

3.1.1 The solid solution in the combeite structure

Maki and Sugimura first recognized a continuous solid solution of combeite Nag2xCas-
x[Si6018] (0 < x < 1) in the NaxO-2Ca0-3Si02-Na;0-Ca0O-2Si0O2 pseudo-binary system [29].

Later, these authors reported that the division of M2 sites in the high-temperature structure
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creates vacancies in M22 sites of the low-temperature form which accommodates additional
cations in the structure [40,41]. Thus, the precipitation of combeite s.s. is due to the exchange

of Ca* by two Na" ions, with extra Na* occupying M22 sites.

One of the main effects of the composition change is readily observed by differential
thermal analysis (Figure 9). The stoichiometric combeite presents a hexagonal to rhombohedral
polymorphic transformation at Tym =485 °C, by increasing the Na>O content in the parent glass,
the Tpm shifts to lower temperatures [29]. Fokin and Zanotto reported the same behavior during
crystallization of glasses in the Na>O-SiO, -CaO-SiO> pseudo-binary join [3]. Macena also

observed the deviation of Tpm in the pseudo-binary system studied in this work.

Figure 9: Differential thermal analysis curves of glasses in the Na:0-2Ca0-3Si02-Na20-Ca0-2Si0:
pseudo-binary.
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On the effect of combeite s.s. in the crystallization kinetics of soda-lime-silicate glasses,
Fokin et al. concluded that the growth of this phase led to a change in the glass matrix
composition accompanied by the formation of a diffusion zone in the crystal vicinity [43].
When samples containing pre-existing crystals were heat-treated at low temperatures (T =
1.01Tg), the nucleation in the neighborhood of Na'-rich crystals was hindered by the reduced
concentration of Na" in the residual glass. The decrease in Na' content is associated with the
increase of crystal-liquid interface energy, which, in turn, is inversely related to the

thermodynamic barrier for crystallization [44].
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In other works, the composition shift from stoichiometry was also observed in crystals
formed in stoichiometric and nonstoichiometric glasses [3,4]. Since the composition of the
nucleated phase may be different from the precursor glass, even stoichiometric ones, one may
raise the hypothesis of a misconception in the CNT due to the assumption that stoichiometric

nuclei present the same properties of the final macro-phase.

Macena observed that combeite is the only phase to crystallize in the volume of glasses
in the C-D system; however, further investigations were necessary [6]. Also, it was reported in

the same work, the presence of unknown phases of compositions close to the eutectic.



4 GOALS

37

Motivated by what was presented above, the goals of this work are:

Investigate the formation of combeite solid solution in compositions
between 0 and 33.3 mol% devitrite belonging to the Na;O-2Ca0O-3S10»-
Na;0-3Ca0-6Si02 pseudo-binary join by analyzing the lattice

parameters of combeite crystallized.

Characterize the crystallized phases in glasses with 33.3 and 50 mol%

devitrite.
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S MATERIALS AND EXPERIMENTAL TECHNIQUE

5.1 Glass Preparation

The compositions were defined to complement the study on the crystallization kinetics
of non-stoichiometric glasses in the combeite-devitrite system initiated in the Vitreous
Materials Engineering Group (GEMaV) of the Department of Materials Engineering at the Sao
Carlos School of Engineering, University of Sdo Paulo [6]. The studied glass compositions
begin at the stoichiometric combeite and extend to devitrite, these end components are

represented by the ratios 1:2:3 and 1:3:6, respectively, as shown in Figure 4.

Glasses were synthesized from the analytical grade reactants: quartz (99.9%, Zetasil 3
Santa Rosa, Brazil), anhydrous Na;COs (99.5%, Labsynth, Brazil) and CaCOs3 (99%, Labsynth,
Brazil). The raw materials were previously dried at 120 °C for 2 h in a laboratory oven
(Venticell, 111 L, MMM Group, German) and weighed in an analytical balance (AUX220,
Shimadzu, Japao) according to Table 1. Then, for better homogeneity, the 150 g batches were

mixed in an alumina ball mill for 3 h.

Table 1: Nominal batch compositions together with compositions investigated by Macena (2019)
indicated with an *

The proportion of the end

The proportion of the oxide components

components of the binary
of the Na20-CaO-SiO2 system

Glass joint

Combeite Devitrite Na:0 CaO SiO2

(% mol) (%mol) (%mol) (% mol) (% mol)

C* 100 0 16.67 33.33 50
CisD 93.75 6.25 16 33 51
CD * 87.5 12.5 15.38 32.69 51.43
CisD * 75 25 14.29 32.14 53.57
C:D * 66.7 33.33 13.64 31.82 54.54
C7Ds 58.33 41.67 13.04 31.52 55.43
CD * 50 50 12.5 31.25 56.25
CsDs 37.5 62.5 11.76 30.88 57.35
CDs3 * 25 75 11.11 30.56 58.33

CiD3 18.75 81.25 10.81 30.40 58.78



40

CDis 6.25 93.75 10.26 30.13 59.61
D * 0 100 10 30 60
Source: Author (2021)

A bottom-load electric furnace (DT-31-RS-78-E3504, Deltech Inc., EUA) was used to
melt the batches in a platinum crucible between 1350 to 1400 °C (Table 2). The glasses were
manually stirred every 15 min for the first 2 h of melting to ensure homogeneity. After
approximately 5 h, the molten compositions were poured and pressed between two stainless
steel plates (splat cooling) to freeze below T, into glassy samples, which then were let to cool

down to room temperature.

Table 2: Glass samples synthesis temperatures.

Synthesis temperature

Glass

O
C 1350
CisD 1350
C7Ds 1400
CsDs 1400
CsD13 1400
CDis 1400

Source: Author (2021)

5.2 Differential Scanning Calorimetry (DSC) — Characteristic Temperatures

DSC is a thermal analysis technique that measures the heat flowing into or out of a
sample as a function of temperature. The resulting curve indicates the material's physical and

chemical transformations as endothermic or exothermic peaks and baseline shifts.

Each glass had its characteristic temperatures, namely, crystallization temperature, Tx,
polymorphic transition temperature, Tpm, solidus temperature, Ts, /iquidus temperature, Tr, and
glass transition temperature, Ty, characterized by a DSC 404 F1 Pegasus, NETZSCH. Glass
monoliths samples weighing approximately 10 mg were used as samples in a platinum crucible
and analyzed on heating and cooling at 10 K/min, using synthetic air as atmosphere. Table 3

shows the samples' masses and their temperature range of analysis.
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Table 3: Samples' mass subjected to DSC and corresponding temperature range of measurement.

Composition Sample mass (mg) Temperature range (°C)
C 10.8 300 — 1400
CisD 10.8 300 — 1400
CioD 11.0 300 — 1400
C:D 11.5 300 — 1400
C7Ds 11.1 300 — 1400
CDh 10.9 300 — 1400
CsDs 11.2 300 — 1400
CsD13 10.6 300 — 1400
CDis 11.8 300 — 1400

Source: Author (2021)

5.3 Differential Scanning Calorimetry (DSC) — Non-isothermal treatments

DSC was also used to study the behavior of phase transformation at non-isothermal

treatments.

Monoliths and powdered samples of CoD and CD compositions weighing ~10 mg were
analyzed on heating/cooling at 5 °C/min until 1400 °C. A lower heating/cooling rate was
adopted to increase the resolution in determining the temperature range in which the reactions
occur. The difference in the behaviors presented by the monolith and powdered samples allows
one to assess the crystallization behavior, such as whether different reactions overlap or the

effect of surface crystallization. Platinum crucibles and synthetic air were used in the DSC runs.

Table 4: DSC heat treatment parameters for composition C.D and CD. The heating/cooling rates
were 5 °C/min.

Composition Sample Sample mass (mg) Temperature range (°C)
Powder 11.5 300 — 1400
C:D
Bulk 10.7 300 — 1400
Powder 11.2 300 — 1400
CD
Bulk 10.9 300 — 1400

Source: Author (2021)

Two crystallization peaks were identified in the DSC curves of samples indicated in

Table 4, except for the bulk C2D sample, which presented only one peak. The crystallization
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peaks temperatures were used to design non-isothermal treatments in a DSC (Figure 10 and
Figure 11). Powder and bulk samples were then subjected to the following heat-treatments and

posteriorly used to study the phases formed in each peak by XRD:

Set 1. 1) Heating from room temperature to 300 °C at 20 °C/min; ii) dwell time of 15
min to stabilize the temperature; iii) heating to the first crystallization peak at 5 °C/min; iv)

dwell time of 15 min; v) cooling down to room temperature at 5 °C/min.

Set 2. 1) Heating from room temperature to 300 °C at 20 °C/min; ii) dwell time of 15
min to stabilize the temperature; iii) heating to the first crystallization peak at 5 °C/min; iv)
dwell time of 15 min; v) cooling down to 300 °C at 5 °C/min; vi) dwell time of 15 min to
stabilize the temperature; vii) heating to the second crystallization peak at 5 °C/min; viii) heat
treating at the second crystallization peak temperature for 15 min; and ix) cooling down to room

temperature at 5 °C/min.

Powder and bulk samples of ~85 mg were crystallized in the DSC in a platinum crucible
and synthetic air. Figure 10 and Figure 11 summarize the treatments. The bulk C,D sample did
not present two crystallization peaks. Therefore, only powdered C,D glass was subjected to the

treatment sets.

Figure 10: DSC heat-treatments for composition CD.
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Source: Author (2021)

Figure 11: DSC heat-treatments for composition C2D.
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| 300°C/15min | | 300°C/15min |
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Source: Author (2021)

After the non-isothermal treatments, the samples were grounded under 50 pum and
analyzed by XRD (Rotaflex equipment, RU200B, Rigaku, Japan), with CuKa radiation (4,,=
1,54 A) at 40 kV and 60 mA to identify the phases crystallized in each exothermic DSC peak.
The analyses took 90 min for 26 from 10 ° to 70 °.

5.4 Phase characterization of glass C2D and CD

The C;D glass was cut into cubic samples of 2 mm edge length and isothermally treated
at 730 °C, close to the onset of the first crystallization peak, for different times as summarized

in Figure 12: Times of the isothermal treatments of C2D cubic samplesFigure 12.
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Figure 12: Times of the isothermal treatments of C:D cubic samples (2 mm edge length) at 730 °C.

C,D
1h 2h 3h 4h 6h onh | [13n| [17n] [18n | [21n] | 25N

Source: Author (2021)

Samples treated at 9 h and 21 h were grounded and subjected to XRD: 10° <26 <70 °,
step 0.0200° /s, and CuKq radiation (A,,= 1,54 A) at 40 kV and 60 mA to determine the
crystallized phases in the surface layer and the bulk of the heat-treated glass. Then, the samples
were non-isothermally treated during DSC runs in platinum crucibles and synthetic air heating

from 300 °C to 1000 °C and cooling down to room temperature at 10 °C/min.

Tg and Tpm on heating were measured from the DSC curves. The glass transition
temperature provided an estimation of the residual glass composition for glasses that
crystallized two phases in the equilibrium. As the primary phase crystallizes, the Ty of the
residual glass approaches the T, of the glass which chemical composition is equivalent to the
second crystalline phase. In this work, it was expected that all compositions, except C and D,

crystallize combeite and devitrite in different proportions in the equilibrium.

To verify the peritectic reaction of devitrite at temperatures above 1030 °C, cubic C2D
samples (2 mm edge length) previously heat-heated at 730 °C for 4 and 25 h were non-
isothermally treated up to 1250 °C at 10 °C/min. The treatments were carried out in a DSC
using platinum crucible and synthetic air. The presence of this transformation confirms whether

devitrite had crystallized after the non-isothermal treatments.

Also, samples of CD glass were cut into cubic samples with an edge of 2 mm, which
were isothermally treated at 775 °C for 90, 120, 150 and 240 min. This temperature is
approximately the crystallization onset of this glass. Optical microscopy (DM4P, Leica,
Germany) was performed in samples ground and polished with cerium oxide and etched with a
mixture of hydrofluoric and hydrochloric acids during 20 s. Energy dispersive spectroscopy,
EDS, dot map (FEI, Inspect F50, USA) was used to verify the presence of diffusion zones in
the sample treated at 120 min. Also, the phase formation of the fully crystallized sample (240
min) was analyzed by XRD: 10° <20 < 70 °, step 0.0200 /s, and CuK radiation (A,,= 1,54 A)
at 40 kV and 60 mA.
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The microstructure of the crystallized phases in both C,D and CD compositions were

studied by reflected light optical micrography (DM4P, Leica, Germany).

5.5 Crystallization above solidus, Ts

To study the phase transformations at temperatures above Ts, C2D and CD compositions
were melted at 1350 °C and held at this temperature for 20 min. Then, the samples were cooled
down to 1100 °C at -10 °C/min and let at this temperature for 20 and 90 min, respectively. After
the treatments, they were immediately cooled down to room temperature by removing them
from the furnace. Finally, the microstructures and chemical composition were analyzed by
optical microscopy and scanning electron microscopy, MEV, (FEI, Inspect F50, USA) and EDS
(FEIL Inspect F50, USA).

Also, D glass was grounded and heat-treated at 1100 °C for 72 h to induce surface
crystallization. The crystalline phases were determined by XRD, 10° <26 <70 °, step 0.0200
/s, and CuKq, radiation (A,,= 1,54 A) at 40 kV and 60 mA.

5.6 Heat treatments for lattice parameter measurement

Heat treatments were performed in a vertical electric furnace with ZAS (zirconia-
alumina-silica) crucible as a sample holder and a K-type thermocouple with temperature control
within 1 °C. Except for combeite and devitrite glasses, the glass samples were subjected to two-
isothermal treatments for nucleation and crystal growth, a procedure known as the Tammann
or development method (Table 5) [45,46]. As discussed in section 2.2, crystal nucleation and
growth rates reach a maximum at some temperature. Despite the overlapping of these curves,
one can determine a range of temperatures at which the nucleation rate is high, and the crystal
growth rate is insignificant, or the reverse. In the development method, the heat treatment is
first stepped at a temperature for nucleation, T,, and then driven up to a temperature for crystal
growth or development, T4, with T,, <T,. This procedure is helpful to study nucleation kinetics
since the size of critical nuclei is undetectable by most experimental techniques. The heat

treating at T; makes the nuclei grow as observable crystals by optical or electronic microscopy.

Due to de drastic decrease in Is; with the increase in SiO; content, only glasses with a

composition containing less than 33.3 mol% of devitrite showed homogeneous nucleation.
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Table 5: Heat treatment parameters used for lattice parameter study.

Glass Form of sample Heat treatment (°C)

C Bulk 700 °C/3 days

CisD Bulk 590 °C/30min + 720 °C/18min
C:D Bulk 600 °C /37 min + 720 °C / 28 min
CsD Bulk 600°C / 3h + 720 °C / 1h55min
C.D Bulk 582 °C / 5days + 740 °C / 46min
D Powder 1100°C / 3 days

Source: Author (2020)

The heat-treatments were projected to produce 20000 nuclei/mm? and to obtain samples
100 % crystallized. The nucleation, I, and crystal growth, U, rates of C, CsD and, C;D glasses
are known from the literature [7]. For CisD and C;D, the nucleation and development
temperatures were chosen between the Ty and Tx and based on the data of C, C3D and, CoD
glasses. Glasses C and D were treated at relatively high temperatures, which makes the
development method unnecessary. The former presented rapid volume crystallization;
therefore, the development method was not necessary. Before being analyzed by optical
microscopy, the heat-treated samples were embedded in epoxy resin, ground, polished with

cerium oxide, and etched with a mixture of hydrofluoric and hydrochloric acids during 20 s.

5.7 X-Ray Diffraction (XRD) — Combeite solid solution investigation

According to section 3.1.1, combeite can crystallize as solid solutions. The precipitation
of Cs.s. was described as the nucleation of a Na-enriched crystal at early crystallization stages.
The substitution of one Ca>" by two Na* causes the reduction of the thermodynamical barrier
to nucleation by decreasing the crystal-liquid surface energy. As the crystal growth proceeds,
the composition of the crystals approaches stoichiometry due to the reduction of Na cations in
the residual glass. In the literature, the formation of Cs.s. was accompanied by an increase in
the a parameter of the hexagonal crystalline structure with the increase in Na,O content [4,39].
Thus, by measuring the variation of lattice parameters as a function of composition, one can

estimate the compositional range in which the Cs.s. occurs.

The characterization of the combeite lattice parameters was performed by XRD
(Rotaflex equipment, RU200B, Rigaku, Japan), 10° < 26 < 70 °, using step scan mode, step
0.0200 /s, 5 s/step, and CuK radiation (4,,= 1,54 A) at 40 kV and 60 mA. The database of
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ICDD (International Center for Diffraction Data) was used to identify the diffraction planes and

the present phases.

In equilibrium at room temperature, the combeite has a hexagonal crystalline structure.

Therefore, the lattice parameters a and ¢ are given by Eq. (8):

1 4 (h%®+hk+Kk? +12 ((8)
d2 3

3 a2 c?
where hkl are the indices of the diffraction planes, and d is the distance between diffracting

crystalline planes given by Eq. (9).

n.A,, = 2d.sin6 9)

where, n is the order of the reflection and A,, the wavelength of incident X rays.

The glasses heat-treated as shown in Table 5 were used to study the solid solution
formation between 0 and 33.3 mol % of D. After the treatments, the samples were ground into
a powder (< 50 um) and blended with powdered silicon. The Si diffraction pattern (ICDD 00-
027-1402) was used as a reference. The most intense peak of the Si diffractogram was chosen
for the corrections of the combeite peaks, which corresponds to the plane (111) at 26 = 28,443
°. Three samples of each composition were subjected to XRD for statistical purposes ANOVA

analysis was performed with a 95% confidence interval.

A partially crystallized sample of C2D glass was analyzed by SEM with backscattered

electron, BSE, and EDS to investigate compositional gradients.
6 Results and discussion

6.1 Characteristic temperatures

Figure 13 shows the DSC curves of the compositions studied in this work. Figure 14

shows a zoomed view of the DSC curves of C,D on heating (a) and cooling (b).
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Figure 13: DSCs of studied compositions using bulk samples without previous heat treatments (10
°C/min): on (a) heating and (b) cooling.
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Figure 14: Typical DSC heating (a.) and cooling (b.) curves performed at 10 °C/min. Zoomed view
of C:D glass taken from Figure 13.
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Figure 15: Characteristic temperatures according to DSC curves as a function of molar fraction of

devitrite.
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The characteristics temperatures of the compositions are summarized in Table 6.

Table 6: Characteristic temperatures according to DSC curves of bulk samples (10 °C/min). T, Tx,

Ts and TL were measured during heating and Tpm during cooling.

Composition T (°C) Tx (°C) Ts (°C) TL (°C) Tpm (°C)
C 580 722 1286 448
CisD 578 734 1280 467
CuD 584 774 1053 1269 470
C:D 595 799 1054 1259 472
C7Ds 603 834 1064 1303 474
CD 597 823 1074 1299 467
CsDs 607 837 1066 1317 457
CsD13 616 873 1072 1322 --
CD:1s 618 863 1091 1332 --

Source: Author (2021)

Figure 15 shows the dependence of T, Tx, Ts, Tr, and Tpm on the composition. Ty and
Tx monotonically increased by increasing devitrite content, probably due to the increase in the

supercooled liquid viscosity. The temperatures corroborate and complete previous data
published by [6].

According to Figure 13, glasses with more than 33.3 mol% D present more complex

behavior on their heating path. For C,D glass, an endothermic peak can be identified at 1054
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°C, increasing in intensity and shifting towards higher temperatures as D content increases.

Also, DSC curves of C7Ds and CD glasses presented two crystallization peaks.

Figure 16: Crystallization path of C.D and CD compositions from T until complete crystallization
in equilibrium.
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Source: Adapted from Shadid and Glasser (1972) [28]

Figure 16 shows an equilibrium phase diagram of Na,O — CaO — SiO». On cooling from
the Trto Ty or T1', respective to C2D and CD compositions, the crystallization begins by forming
primary a-wollastonite crystals, leading to a residual glass richer in Na'. Below Ti or Ti', the
crystallization of combeite takes place. At T> = 1125 °C, a-wollastonite changes from the high-
temperature to low-temperature form, B-wollastonite, releasing latent heat. As glass cooling
proceeds, B-wollastonite and the residual liquid transform into devitrite below T3 = 1030 °C
(peritectic reaction). The cooling path refers to compositions between 11.9 and 93.7 wt % D.
The C — D pseudo-binary phase diagram is given in Figure 17 according to the equilibrium

ternary diagram.
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Figure 17: Phase diagram of the C-D pseudo-binary join.
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According to the phase diagram of Figure 17, except for the end compositions, all other
compositions between C and D are expected to crystallize below 1030 °C completely. However,
glassy materials are not in thermodynamic equilibrium. Therefore, the resultant phases after
some heat treatment might differ from expected in the above-illustrated phase diagrams. Also,
crystallized phases on heating and cooling paths can be different, as glasses undergo non-

equilibrium transformations (relaxation and, eventually, crystallization).

6.2 Phase characterization of compositions CD and C:D.

DSC curves of powder and monolithic samples of the CD and C,D compositions are
shown in Figure 18 and Figure 19, respectively. A rate of 5 °C/min, lower than the one used in
the DSC runs presented in Figure 13, was used to analyze the surface effect on the
crystallization peaks. CD glass showed two exothermic peaks on the heating of both powder
and bulk samples (Figure 18). A second exothermic peak also appeared in the DSC curve on
heating the C,D glass composition, the closest to the higher-temperature eutectic in the C -D

system among the studied compositions [6].

In both compositions, CD and C,D, the crystallization peaks of powder samples shifted
to lower temperatures than monolithic ones, related to the higher tendency of glass powders to

crystallize from heterogeneous nucleation sites on the surface of the particles [47].
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Figure 18: DSC curves performed at 5 °C/min of bulk and powdered samples of CD composition a)
heating up to 1400 °C and b) cooling down to the room temperature.
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Figure 19: DSC curves performed at 5°C/min of bulk and powdered samples of C:D composition
a) heating up to 1400 °C and b) cooling down to room temperature.
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As described in section 5.3, non-isothermal treatments of powder and bulk samples were

performed based on previous DSC runs to investigate the phases formed in the first and second
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crystallization peaks. The treatments temperatures were settled based on the DSC curves

observed in Figure 18 and Figure 19.

Figure 20, Figure 22 and Figure 24 show the DSC curves of samples heated from 300
°C up to the first crystallization peak, cooled down to 300 °C, heated up to the second
crystallization peak and cooled down to the room temperature. Figure 21, Figure 23 and Figure

25 show the XRD results of samples after these treatments.

Figure 20: DSC runs (5 °C/min) of powdered C:D glass subjected to non-isothermal treatments 1)
heated up to 750 °C and treated at 750 °C for 15 min, 2) cooled down to 300 ° C (dwell time of 15 min to
stabilize the temperature), 3) heated up to 900 °C and treated at 900 °C for 15 min and, 4) cooled down to
room temperature.
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Figure 21: Diffractograms of powdered C:D glass subjected to non-isothermal treatments a) heated
up to 750 °C and treated at 750 °C for 15 min; and b) heated up to 750 °C and treated at 750 °C for 15 min
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cooled down to 300 ° C (dwell time of 15 min to stabilize the temperature) + heated up to 900 °C and treated
at 900 °C for 15 min + cooled down to room temperature.
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Figure 22: DSC runs (5 °C/min) of powdered CD glass subjected to non-isothermal treatments 1)
heated up to 760 °C and treated at 760 °C for 15 min; 2) cooled down to 300 °C (dwell time of 15 min to
stabilize the temperature); 3) heated up to 900 °C and treated at 900 °C for 15 min; and, 4) cooled down to

room temperature.
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Figure 23: Diffractograms of powdered CD glass subjected to non-isothermal treatments a) heated
up to 760 °C and treated at 760 °C for 15 min; and b) heated up to 760 °C and treated at 760 °C for 15 min
+ cooled down to 300 ° C (dwell time of 15 min to stabilize the temperature) + heated up to 900 °C and
treated at 900 °C for 15 min + cooled down to room temperature.

24000 )
22000 c Powder
20000 4 .
] ' #4760 °C
1000 “ ' 1300 °C
16000 - J\” n H
- o
3 WM ‘?ﬁ CESSee | 'CD/Q(OO ¢
S 14000 4 o & P oo |
2 120004
172]
=} 1 c
3 10000
= 1 a € e
gooo{ &
i c
6000 - .
40007 1 9. 4760 °C
2000 <1 fmu'J LMMMM ce J\ e .
'J“"‘JJ VJWL“ wk.U-w.J M}\fj\,www
0 -
T T T T T T T T T T T T v
10 20 30 40 50 60 70 80

Theta (°)

Source: Author (2021)

Figure 24: DSC runs (5 °C/min) of powdered CD glass subjected to non-isothermal treatments 1)
heated up to 810 °C and treated at 810 °C for 15 min; 2) cooled down to 300 °C (dwell time of 15 min to
stabilize the temperature); 3) heated up to 910 °C and treated at 910 °C for 15 min; and, 4) cooled down to
room temperature.
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Figure 25: Diffractograms of bulk CD glass subjected to non-isothermal treatments a) heated up to
810 °C and treated at 810 °C for 15 min; and b) heated up to 810 °C and treated at 810 °C for 15 min +
cooled down to 300 ° C (dwell time of 15 min to stabilize the temperature) + heated up to 910 °C and treated
at 910 °C for 15 min + cooled down to room temperature.
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According to Figure 21, Figure 23, and Figure 25, both glasses C>D and CD, regardless
of the sample form (bulk or powder), showed combeite (ICDD 01-079-1089) as the crystallized
phase in the first exothermic peak. Furthermore, the diffractograms also indicated the presence
of combeite and devitrite (ICDD 00-023-0671) after double-stage treatment at first and second
exothermic peaks. Nevertheless, all XRD presented a background corresponding to residual

glass.

The crystallization of combeite on the heating to the first crystallization peak was
confirmed by its polymorphic transition peak at temperatures approximately 460 °C on the

subsequent cooling. (Table 7).

Table 7: Polymorphic transition temperature and peak area of the combeite polymorphic
transition, Apm, during non-isothermal treatments.

Tpm (°C) Apm (a.u.)
Glass 1° cooling 2 ° heating 2° cooling 1° cooling  2° cooling
C2Dpowder 458 474 451 0,80602 0,53959
CDpowder 461 475 440 0,69979 0,34547
CDbuik 465 477 441 0,17603 0,30974
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Source: Author (2021)

After heat-treatment to the second exothermic peak, the combeite polymorphic
transition peaks changed on the subsequent cooling and shifted to lower temperatures. It is
known that changing the composition of the crystals substantially affects the polymorphic
transition temperature. In the present case, the increase in sodium concentration in combeite
crystals shifts their polymorphic transformation to lower temperatures (Figure 9)[3,4,29].
Additionally, the peak widening is also related to composition variation. Narrow peaks mean
the crystals' compositions are very close to each other. Thus, they undergo phase transformation
more simultaneously. In cases that the average deviation of the sample composition is
significant, i.e., there is a large distribution of crystals with different compositions, the peak
becomes broad. Therefore, the combeite crystals at the end of the second treatment in Figure
20, Figure 22, and Figure 24 have higher average sodium concentrations than those formed
during the first heating and a wide compositional gradient. This compositional deviation was

markedly high for CD glass (12.5 mol% NaxO) since Tpm varied up to 19 °C.

The crystallized volume fraction of combeite after a heating treatment can be assessed
through the area of the polymorphic transition peak, Apm. According to Table 7, the Apm after
the first treatment is larger than after the second cooling. Thus, the volume fraction of combeite

in the samples becomes smaller after the second treatment.

Therefore, at the second crystallization peak occurred the transformation of combeite
from a lower Na" content form crystallized at the lower temperature to a sodium-enriched one.

In addition, in the second peak, the crystallization of devitrite takes place.

6.3 Devitrite crystallization

Figure 26 shows optical micrographs of C,D cubic glass samples crystallized at 730 °C
for different times, t. Combeite crystals formed a surface layer that grew perpendicular towards
the center of the glassy sample. For t > 18 h, dendritic combeite crystallized in the bulk and was
surrounded by residual glass after cooling. For t =9 h and t = 21 h samples, XRD confirmed
that only combeite formed before non-isothermal treatments (Figure 27). Thus, two

morphologies of combeite crystals were crystallized.

Figure 26: Reflected optical micrography of the cross-section of cubic samples of C:D glass heat-
treated at 730 °C for a) 2.5 h, b) 17 h, ¢) 21 h and, d) amplification of the center of the sample treated for 21
h.
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Source: Author (2021)

Figure 27: Diffractograms of cubic samples of C:D glass (2 mm edge length) treated at 730 °C for
a)9 h and b) 21 h.
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Figure 28 shows the DSC curves of cubic samples of C,D glass previously treated for
different times, t, (values of t are indicated in the figure). For the as-cast sample, T, = 590 °C,

and this value slightly decreased with the increase of heat-treatment time (Figure 29).

Figure 28: Cubic samples (2 mm length edge) of C:D glass heat-treated at 730 °C for different times
and subjected to non-isothermal treatment in a DSC and (a) heated from room temperature up to 1000 °C
(10 °C/min), (b).polymorphic transition during cooling from 1000 °C (-10 °C/min) (c) detail of DSC of
samples previously treated for t > 13 h.
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On heating, the endothermic peak due to the polymorphic transition of combeite
previously crystallized only varies in intensity and was observed at ~470 °C regardless of the
combeite volume fraction. Furthermore, based on the Tpym on heating, the composition of the
dendritic combeite must be similar to the one in the surface layer and does not seem to change
up to fully crystallization at t = 25 h. Thus, up to 730 °C, combeite is a solid solution with the

composition of the parent glass.
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Figure 29: Tpm of combeite and Ty of the residual glass of cubic C:D samples isothermally treated
at 730 °C for different intervals and subjected to non-isothermal treatment up to 1000 °C. Tym and T were
obtained from the heating DSC curve.
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No exothermic reactions were observed during heating after lamellar combeite
formation. For t > 18 h, an endothermic effect becomes evident above 810 °C and increases in
intensity with the treatment time. One may suggest that this thermal event was overlapped by
the crystallization peak in samples heat-treated for t < 17 h since they occur in the same
temperature range. The endothermic peak that appears immediately after the endpoint of the
crystallization for t = 13 h and t = 17 h may corroborate it, which is possibly the same peak
observed for t > 18 h (Figure 28c¢). This thermal effect may correspond to the decomposition of

a combeite solid solution.

Figure 30a shows an optical micrography of the cross-section of the sample previously
treated for 21 h at 730 °C and non-isothermally treated up to 1000 °C at 10 °C/min. It is
noticeable that the combeite surface layer was preserved in the sample. Also, a new eutectic
phase crystallized in the center of the sample above 810 °C (Figure 30b). This microstructure
was different from the one discussed above and consisted of alternating crystals of combeite

and devitrite. However, it was not evident which area of Figure 30 corresponds to these phases.
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Figure 30: (a) Optical micrography of the cross-section of C.D sample previously treated at 730 °C
for 21 h and submitted to a non-isothermal treatment up to 1000 °C (heating/cooling rate: 10 °C/min), and
(b) detail of the eutectic microstructure formed in the center of the sample.

Source: Author (2021)

As shown in Figure 16, on heating, devitrite undergoes a peritectic reaction at 1030 °C

[28]:

1030 °C
D — CSP + Liquid (10)

In this work, this transformation begins at Ts (Figure 13). It occurred at slightly higher

temperatures for the C — D pseudo-binary and will be discussed in the next section.

The non-isothermal treatments were extended above Ts to observe whether this
transformation occurs for the CoD samples (Figure 31). The peritectic transformation of
devitrite is indicated. According to this result, combeite and devitrite were crystallized

throughout the treatments.
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Figure 31: DSC curves (10 °C/min) of cubic C:D samples treated at 730 °C for 4 and 25 h and
subjected to non-isothermal treatment from room temperature up to 1250 °C (10 °C/min). The dashed line
indicates the onset of the peritectic reaction.
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For partially crystallized glasses, two overlapped peaks due to the polymorphic
transition were observed during cooling (Figure 28). The peak that appeared at higher
temperatures was narrow and was immediately followed by a broad peak at lower temperatures.
Similar behavior was described in the previous section. For t > 18 h, the polymorphic transition

was observed on cooling as a single exothermic peak.

According to Figure 28b, for fully crystallized samples, Tpm on cooling shifted from
higher temperatures to values close to the Tpm of the stoichiometric combeite (~450 °C). Here,
one may suppose that at least part of the crystallized combeite behaved as a metastable phase
since the sodium-depleted solid solution is not stable for T > 810 °C. Above this temperature,
it partially disappears, and devitrite crystallizes. However, it was not clear if this process was a

diffusional mechanism on solid-state or dissolution and reprecipitation of phases.

The crystallization of Cs.s. was not predicted for the equilibrium since combeite melting
is a congruent reaction in the pseudo-binary studied in this work. However, Ostwald's Rule of
Stages states that the primary phase to crystallize in a supercooled liquid is not necessarily the
most stable [48]. Oppositely, the system can assume intermediate structural conformations, and
each stage leads to a decrease in free energy. For instance, during the early stages of

crystallization, metastable phases were reported for Li,0O-2S10; and Na,O-2CaO-3Si0> glasses
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[4,49]. For both glasses, the precipitation of solid solution was related to the decrease in the
thermodynamical barrier to nucleation for the stable phase. In the case of BaO-2SiO,
monoclinic crystals, which are the high polymorphic structure, nucleate before the stable phase
[50,51]. The stable polymorph at low temperatures was orthorhombic and only could be
obtained by sample recrystallization. In [51], the BaO-2S10, metastable phase disappeared after

non-isothermal treatments, likewise the ones performed in section 6.2.

Figure 32 shows samples of CD glass crystallized at 775 °C for different time intervals.
The surface crystallization of CD samples began with the nucleation of combeite crystals,
likewise CoD glass. However, the crystallization of devitrite occurred at an earlier stage. As a
result, devitrite crystallized internally to the glass but not homogenously (Figure 32d). In
general, this phase presents heterogeneous nucleation and is known as a defect that grows on
the surface of commercial soda-lime-silicate glasses [31,52]. The presence of combeite and

devitrite was confirmed by diffractogram analysis (Figure 33).

Figure 32: Glass CD treated at 775 °C for a) 90 min, b) 150 min, c¢) 240 min; and d) is a zoom view
of a devitrite crystal nucleated on the combeite surface in the sample treated for 150 min.

Source: Author (2021)
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Figure 33: Diffractogram of CD glass heat-treated at 775 °C for 4h
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The growth of combeite formed diffusion zones depleted in sodium in the residual glass,
which were observed as dark regions in the vicinity of the crystals in the EDS dot map (Figure
34). Diffusion zones are caused by the difference between the compositions of the parent glass
and the growing crystals. Here, the surface of combeite crystals acts as nucleating sites for
devitrite, and it crystallizes heterogeneously at the interface between combeite and the
supercooled liquid (Figure 32d). As a result, the devitrite crystals grew parallel to the combeite
layer and into the bulk of the glass. After the impingement of the devitrite crystals, the growth
of the combeite crystals was hindered. The devitrite crystals continue to grow until fully

crystallize the sample (Figure 32c¢).
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Figure 34: EDS dot map with an overlay of Na of combeite layer in CD sample heat-treated at 775
°C for 120 min.
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Besides the chemical composition change in the diffusion zone along the combeite
interface, the stress arising from the difference between the densities of the residual glass and
combeite crystals can lead to devitrite nucleation. This hypothesis was proposed due to the
formation of several cracks in the vicinity of the crystalline layer (Figure 32). Table 8 shows
the measured density of CD glass, p-p, and the calculated densities of combeite, p., and

devitrite, pp, crystals.

Table 8: Densities of CD glass, combeite and devitrite crystals.

Pcp (g/em?) pc (g/em®) pp (g/cm?)
2.70[7] 2.82 [29] 2.71 [53]

Source: Macena e/ al/ (2020), Maki and Sugimura (1968) and IEM Databases and Datasets, Card No:
10288 (2020) [7,29,53]

The density misfit parameter, 04, that indicates the difference between p.p and p. is
given by Eq. (11) and is proportional to the to the elastic stress energy originated during the
crystallization [54,55]:

04 = w ~ 0.044 (11)

Pcp

The stress-induced crystallization was found in stoichiometric diopside glasses
(CaO-Mg0O-2Si10,)[54]. For diopside 64 = 0.160 is a significant density variation between the
crystals and the isochemical glass. Similar to the CD glass, diopside crystallization occurs by
surface crystallization. Firstly, diopside crystals formed on the surface of a monolithic sample.

As the diopside crystals impinge, the elastic stress energy produced by constricted diopside
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crystallization leads to the crystallization of a second crystalline layer of wollastonite crystals.
Wollastonite precipitated as a solid solution with density misfit parameter o4 = 0.07. The
formation of this second phase decreased the elastic energy stored in the sample due to its low

density.

Additionally, the crystallization of the wollastonite layer terminates the crystallization
of diopside. Therefore, although the density misfit parameter between combeite and CD glass
was not high as observed for stoichiometric diopside, some resemblances can be suggested. For
instance, the densities of CD glass and devitrite crystals are very close (4 = 0.004) (Table 8).
Also, as mentioned before, the formation of the second crystalline layer stopped the combeite

crystallization.

The compositional profile of CD glass heat-treated at 775 °C for 120 min was
investigated by EDS (Figure 35). The combeite layer shows a different composition compared
to the devitrite and the residual glass. Still, no compositional variation was identified between
the devitrite and the glass or diffusion zone in residual glass. Since this sample presented a
small volume fraction of combeite (Figure 32) at this stage of crystallization, the composition
of the residual glass was analogous to the parent glass. Thus, devitrite may crystallize as a solid

solution.
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Figure 35: SEM BSE image and concentration (line scan) along the polished surface layer of cubic
sample of CD glass (2 mm edge length) heat-treated at 775 °C for 120 min. 1, 2 and 3 show the glass, devitrite
crystal and combeite layer, respectively.
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6.4 Crystallization at temperatures between Ts and TL

Figure 36 shows the cross-section sample of C;D and CD glasses treated at 1100 °C for
20 and 90 min, respectively, i.e., between 1050 °C and 1260 °C, approximately Ts and Tr of

these compositions (Figure 13), immediately after melting at 1350 °C. Again, a glassy matrix
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surrounded the dendritic crystals. According to the phase diagram (Figure 17), three phases

exist in equilibrium for samples of both glasses at 1100 °C: B-wollastonite, combeite, and liquid.

Figure 36: Reflected light optical micrography along the polished surface layer of glasses: (a, b)
C:D heat-treated at 1350 °C for 20 min and then 1100 °C for 15 min and (¢, d) CD treated at 1350 °C for 20
min and 1100 °C for 90 min

50 ym

Source: Author (2021)

The concentration of the elements Na, Ca, Si and O in the C,D was examined across the
width (line scan) of the C2D sample (Figure 37). The compositional variation evidenced three

phases.

Figure 37: SEM BSE image and concentration along the polished surface layer of C:D glass heat-
treated at 1350 °C for 10 min and then 1100 °C for 20 min
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Source: Author (2021)

Table 9: Composition (wt%) of the phases formed in C:D composition after heat-treatment at 1350
°C for 10 min and then 1100 °C for 20 min measured by EDS and the nominal compositions (wt%) of
combeite, wollastonite and, C:D glass.

Composition measured by EDS (wt%) Nominal composition (wt%)
Grey White Black Combeite  Wollastonite C.D
0] 36+ 8 38.2+0.2 42 +£8 40.63 41.32 41.86
Na 145402 0.1+0.2 13.3+£0,7 12.97 - 10.62
Element
Si 23+£2 22.8+0.1 33.6+4 23.78 24.18 25.94
Ca 26+ 6 38.9+0.2 12+3 22.62 34.50 21.59

Source: Author (2021)

Although the chemical contrast shown in Table 9 does not correspond to absolute
values, it suggested that the grey, white, and black phases Figure 37 were combeite,
wollastonite, and a glassy matrix, respectively. The surface layer of the treated sample was

subjected to XRD, confirming the presence of combeite and -wollastonite (Figure 38).
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Figure 38: Driffractogram of C:D glass treated at 1350 °C for 10 min and immediately treated at
1100 °C for 20 min.
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A powdered sample of the stoichiometric D glass was heat-treated at 1100 °C for 72 h
(Figure 39). The sample showed a background corresponding to residual glass and crystallized

only B-wollastonite according to the diffractogram analysis.

Figure 39: Diffractogram of D glass heat-treated at 1100 °C for 72 h with Si as internal reference
pattern.
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Source: Author (2021)

Therefore, the endothermic peak with onset at Ts (Figure 13 and Figure 31) corresponds
to the peritectic reaction at which devitrite forms B-wollastonite and liquid on heating. The
peritectic transformation temperatures of the glasses in this work are summarized in Table 6.
The T; values were higher than the 1030 °C presumed in Figure 16. However, Maki and Morey
reported that stoichiometric devitrite would decompose to -wollastonite and liquid at 1045 °C

and 1060 °C, respectively, which are closer to the temperatures found [56,57].

6.5 Formation of solid solution

C, CisD, C7D, CsD and, C2D glasses were crystallized by the Tammann method, as
summarized in Table 5. According to the XRD patterns, only combeite was formed in these
compositions. The behavior of the lattice parameters a and ¢ of combeite are shown in Figure
40. Since the samples were fully crystallized, the crystals present the same average composition
as the parent glass. Compositions with sodium content below 13.6 mol% did not show

homogeneous nucleation in laboratory time scales.
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Figure 40: Dependence of the hexagonal unit cell parameters of combeite as a function of the parent
glass composition.
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Stoichiometric combeite hexagonal crystal parameters presented values of a =
10.471 + 0.004 A and ¢ = 13.177 + 0.008 A, which coincide with the literature [29]. The
mean values of a are not significantly different. On the other hand, parameter ¢ decreases with
the sodium concentration in the parent glass, notably between compositions C and C7D (16.7
and 15.84 mol% Na2O). The variation of this parameter may indicate the formation of combeite

in solid solution.

In [4], during the crystallization of stoichiometric combeite glass, the amount of sodium
in the crystals was greater at the begging of the crystallization than in the parent glass. As
crystals grow, this difference in composition between crystal and glass tends to vanish due to
the lower availability of sodium ions in the vicinity of the crystal. Thus, the combeite crystals
present a sodium concentration gradient as a function of the diameter: the closer to the center

of the crystal, the greater the sodium concentration. On the other hand, the content of Ca** ions
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shows an opposite behavior. At BSE images, regions enriched in havier atoms are brighter when
compared to ones that present less of these elements. Thus, one may expect that the vicinity of
the crystal would be bright, whereas the center of the crystal dark and getting lighter towards
its edge. Figure 41 shows SEM BSE image of C>D glass heat-treated at 582 °C for 120 h and
700 °C for 60 min. Neither diffusion zones at the vicinity of the crystal nor changes of

composition in the crystal were detected in this analysis (Figure 41).

Figure 41: SEM BSE image of C:D glass heat-treated at Tn = 582 °C/120 h + Ta = 700 °C/60 min
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Source: Author (2021)
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Figure 42: EDS dot map with overlay of Na of glass C:D heat-treated at Tn = 582 °C/120 h + Tq =
700 °C/60 min.

Source: Author (2021)

However, the EDS dot map of this sample (Figure 42) showed that combeite crystals
presented a higher Na content than the residual glass. As mentioned before, fully crystallized
samples of C,D glass presented only combeite. Therefore, the amount of sodium in the crystal
diminishes with the increase in its diameter. Also, according to Figure 43, crystals nucleated in
the surface of the sample's present compositional variation: the crystal growth is accompanied

by a decrease of Na content.
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Figure 43: EDS line profile of the cross section parallel to the surface of glass C:D heat-treated at
Tn =582 °C/120 h + Ta =700 °C/60 min

Source: Author (2021)

Fokin et al. and Soboleva et al. reported that the formation of combeite solid solution in
soda-lime glasses is accompanied by an increase in parameter a with the Na content increase
[4,5]. Figure 44 shows a parameter as a function of the NaxO content for fully crystallized
glasses. As mentioned before, the modification in the combeite crystalline network is a
consequence of exchanging one Ca’' for two Na', which forms a continuous series of
Nay+2xCas«[SicO13] solid solutions. However, these authors studied compositions close to the

metasilicate section or at the metasilicate join (Na,SiO3 - CaSiO3).
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Figure 44: Dependence of a parameter as a function of Na2O content in the parent glass for fully

crystallized glasses.
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However, according to Figure 40, the lattice parameter variation was observed in the ¢

axis. Also, the dependence of the ¢ parameter as a function of sodium content was not linear.

In this work, the proportion of silicon oxide increased systematically. Therefore, this simple ion

exchange could not explain the variation of the parameters in their entirety, and more complex

solid solutions may occur. In fact, for some solid solutions, the introduction of cations within

the lattice forces displacements in the host structure, causing deviations of the linear

dependence between the crystal parameters and composition [58,59]. Further investigations are

required.
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7 CONCLUSION

This work investigated the phases formed in glasses in the Na;O-2CaO-3Si0:—

Naz0-3Ca0-6Si0: pseudo-binary system after isothermal and non-isothermal treatments.

In the assessment of glasses with composition between 0 and 50 mol% D, combeite was

the kinetically preferred phase even for CD glass that undergoes only surface crystallization.

Combeite and devitrite were identified in CoD and CD glasses after non-isothermal
treatments in DSC. This occurrence is consistent with the equilibrium phase diagram. In both
glasses, it was observed two combeite types in terms of sodium content. After treatments up to
the first crystallization peak shown in DSC, combeite was crystallized as a solid solution. This
phase presented less sodium and a smaller compositional gradient than the combeite formed in
the second crystallization peak. Also, the combeite volume fraction decreased during the non-
isothermal treatments up to the second peak. The crystallization of devitrite accompanied the

decomposition of combeite solid solution.

Thus, it 1s suggested that the combeite solid solution was metastable against the
stoichiometric one. This transformation does not occur up to 810 °C for C2D glass. The
precipitation of this solid solution decreases the thermodynamical barrier to the crystallization

of devitrite.

Lamellar combeite and wollastonite in a matrix of residual glass were obtained by slow
colling from Tt samples of CoD and CD compositions and isothermally treating them above Ts.
It was confirmed that Ts corresponded to the onset of the peritectic reaction of devitrite.
Stoichiometric D glass also crystallized wollastonite after isothermal treatment at the same

temperature.

The occurrence of combeite solid solution. was investigated by XRD in the hypo-
eutectic section of the binary (less than 33.3 mol% of D). The variation of the lattice parameter
c of combeite crystal suggests the formation of combeite solid solution in the interval between
0 and 33.33 mol% of D. This relation between the ¢ parameter and the content of Na,O was
never reported. A distinct solid solution may be formed due to the variation in the proportion

of Si0; in the parent glasses.
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8 FOR FUTURE INVESTIGATION
e To study the mechanism of crystallization of devitrite in glasses with
composition 33.33 and 50 mol% D.

e To investigate the combeite solid solution structure formed in glasses

with composition between 0 and 33.33 mol% D.
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