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Abstract: Wollastonite glass ceramics were prepared using the reactive crystallization sintering method by mixing
waste glass powders with gehlenite. The crystallization property, thermodynamics, and kinetics of the prepared
wollastonite glass ceramics were determined by X-ray diffraction analysis, scanning electron microscopy,
energy-dispersive spectroscopy, high-resolution transmission electron microscopy, and differential thermal analysis.
Results showed that crystals of wollastonite and alumina could be found in the gehlenite through its reaction with
silicon dioxide. The wollastonite crystals showed a lath shape with a certain length-to-diameter ratio. The crystals
exhibited excellent bridging and reinforcing effects. In the crystallization process, the aluminum ions in gehlenite
diffused into the glass and the silicon ions in the glass diffused into gehlenite. Consequently, the three-dimensional
frame structure of gehlenite was partially damaged to form a chain-like wollastonite. The results of crystallization
thermodynamics and kinetics indicated that crystallization reaction could occur spontaneously under a low temperature
(1173 K), with 20 wt% gehlenite added as the reactive crystallization promoter. The crystallization activation energy
was evaluated as 261.99 kJ/mol by using the Kissinger method. The compression strength of the wollastonite glass
ceramic samples (7.5 cmx7.5 cm) reached 251 MPa.

Key words: glass ceramics; crystallization thermodynamics; crystallization kinetics
Cite this article as: SI Wei, DING Chao. An investigation on crystallization property, thermodynamic and kinetics of

wollastonite glass ceramics [J]. Journal of Central South University, 2018, 25(8): 1888-1894. DOI:
https://doi.org/10.1007/s11771-018-3878-5.

0.1CaMgSi,0O¢ glass ceramics under different

1 Introduction temperatures. SALMAN et al [9] used Na,O-K,0-
CaO-Si0,-F glass as the parent phase, melted it at

Wollastonite glass ceramic is a new type of 1673 K to 1723 K, annealed it at 773 K, and
building decoration material that exhibits high preserved the temperature for 1 h to obtain glass
intensity, attractive color, and no radioactivity [1-3].  ceramics with biological activity, whose main
It is usually prepared by melt crystallization, crystal phase was wollastonite. YOON et al [10]
controlling different temperatures of the mother mixed fly ash and waste glass, melted the mixture

phase glass with the different chemical composition at 1673 K, quenched it with water at room
[4-7]. JANG et al [8] melted the parent material at temperature, and heat-treated it under different
1863 K and prepared 0.9CagoMgp1SiO3- temperatures to obtain wollastonite glass ceramics.
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Wollastonite glass ceramics prepared via melting
are applied to bioactive materials, such as plasma-
spraying apatite-wollastonite glass ceramic on the
surface of titanium alloy [11] and apatite-
wollastonite bioactive glass ceramic [12].

Local and foreign researches on waste glass
focus mainly on manufacturing building materials,
such as glass mosaic, artificial marble, foam glass,
and wall and floor tiles, or replacing ceramic
materials, such as feldspar and clay, with waste
glass to preserve mineral resources [13—15]. Glass
ceramic preparation that involves waste glass, fly
ash, and volcanic ash using the solid phase sintering
method is being increasingly adopted [16-17].
ABBASI et al [18] used soda—lime waste glass as a
raw material to prepare glass ceramics with
biological activity via solid-phase reaction.

Our research group used waste glass as a raw
material to prepare a series of glass ceramic
materials, such as wollastonite and fluorine
amphibole, via the reactive crystallization sintering
method [19—23]. This method does not require
melting the glass with specific components, which
is highly significant for conserving energy,
reducing developing a
crystallization mechanism of this method requires
further research.

In the current study, wollastonite glass
ceramics prepared using the
crystallization sintering method. The crystallization
property of wollastonite was studied, and
thermodynamic and kinetic calculations were
performed for the crystallization process to explore
the inherent law of crystal transformation.

emissions, circular

were reactive

2 Experiment

2.1 Synthesis

The components of the waste window glass
powder were 71.8 wt% SiOz, 9.5 wt% CaO,
12.9 wt% Na,O, 0.9 wt% AlO3, 4.6 wt% MgO, and
0.3 wt% K,O. Waste glass was washed, crushed,
ground, and screened through a 120-mesh sieve
(mesh size: 125 pm). Subsequently, 20 wt%
gehlenite (Ca,AlSiO7) and a suitable amount of
polyvinyl alcohol aqueous solution were added to
the glass powder and mixed evenly to prepare
round biscuits (¢ 40 mmx5 mm) under 7.5 MPa
pressure. The biscuits were then sintered at different
temperatures (1073, 1123, 1173, 1223, and 1273 K)

for different heat preservation time (0, 1, 2 and 4 h).
A layer of gehlenite powder was sandwiched
between two layers of glass powder to prepare the
sandwich sample according to the aforementioned
steps.

2.2 Characterization

A Rigaku Dmax-12 X-ray diffractometer was
used to determine the crystalline structure of the
glass ceramic under the following conditions:
voltage 40 kV, pipe flow 10 mA, and Cu K,
radiation (1=0.15406 nm). An Oxford-INCA
spectrum analyzer was used to analyze the changes
in the elemental contents at the interface of
gehlenite and glass of the sandwich samples at an
accelerating voltage of 20 kV. A JEM-2100F
high-resolution transmission electron microscope
was used to observe the morphology of the samples
at an accelerating voltage of 200 kV. An STA449F3
simultaneous thermal analyzer was used to measure
the differential thermal analysis (DTA) curves of
the samples (10 mg per sample) from 1170 K to
1263 K at heating rates of 5, 10, 15, and 20 K/min
in argon flow of 100 mL/min.

3 Results and discussion

3.1 Phase analysis

The effect of different sintering temperatures
on the phase structure of the glass ceramic was
investigated, and the results are shown in Figure 1.
The figure indicates that after being sintered at
1073 K, the main crystalline phase in the samples is
gehlenite, whereas the precipitated secondary
crystalline phases are wollastonite and small
amounts of alumina. The figure also shows that the
added gehlenite has partially reacted with the glass
powders at this time to produce wollastonite and
alumina. As the sintering temperature increased, the
amount of produced wollastonite gradually
increased and the main crystalline phase became
wollastonite. This result indicated that rising
temperature promoted reactive crystallization.

The effect of different heat preservation times
at the sintering temperature of 1173 K on the phase
structure of glass ceramic was investigated, and the
results are shown in Figure 2. As can be seen in the
figure, if heating was stopped immediately when
the sintering temperature reached 1173 K or if the
heat preservation time was 0, then the main
crystalline phase of the samples became
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Figure 1 XRD profiles of glass ceramics prepared at
different sintering temperature
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Figure 2 XRD profiles of glass ceramics prepared with

different heat preservation times

wollastonite as the furnace cooled. However, the
relative content of gehlenite increased. This result
indicated that gehlenite did not undergo reactive
crystallization completely with the glass powders.
When the heat preservation time was 2 h, most of
the gehlenite underwent reactive crystallization
with the glass powders and achieved balance. When
the heat preservation time was increased to 4 h, the
content of gehlenite did not continuously reduce.
This result indicated that preserving heat for 2 h
was suitable.

3.2 Morphology and energy spectrum analysis
The scanning electron microscopy (SEM)
photographs of the glass ceramics prepared with
different heat preservation time are shown in Figure
3. As shown in the figures, when the heat
preservation time was 0, an evident interface was
formed between the glass and gehlenite and holes
existed on the glass surface; moreover, granular

crystals clearly appeared in the holes (Figure 3(a)).
The waste glass used in the experiment exhibited
extremely weak crystallization capability. Thus,
crystallization was impossible. The outcome
indicated that reactive crystallization of glass
occurred between the glass and gehlenite. The
X-ray diffraction (XRD) profile of the glass
ceramic prepared with a heat preservation of 0 h
also verified this finding.

When the heat preservation time was extended,
the glass moved toward gehlenite via viscous flow.
At this time, the interface between the glass and
gehlenite was not evident. Instead, a transition layer
with a certain thickness was formed. The thickness
of the transition layer increased with heat
preservation time (Figures 3(b)—(d)). When the heat
preservation time was 2 h, the viscous flow resulted
in the densification of the glass ceramic with holes
on the surface. The crystallized wollastonite
crystals exhibited a lath structure with a certain
length-to-diameter ratio. The crystals demonstrated
excellent bridging effect. The glass and the
crystalline phases were in contact and formed an
interlock structure.

Energy spectrum analysis was conducted on P;,
P>, P3, and P4 (Figure 3) of the transition layer near
gehlenite during the heat preservation process, as
shown in Table 1. The results indicated that
compared with the aluminum content of P; with a
heat preservation time of 0, the aluminum contents
of P,, P; and P; decreased with prolonged heat
preservation time. However, the silicon contents
increased significantly. This result indicated that the
AP** ions in gehlenite diffused into the glass and the
Si** ions in the glass diffused into gehlenite during
reactive crystallization.

High-resolution transmission electron
microscopy (HRTEM) analysis was conducted on
the glass ceramic that was sintered at 1173 K with a
heat preservation time of 2 h, and the photograph is
shown in Figure 4. Figure 4(a) presents the
microscopy (TEM)
photograph. The figure indicates that the
crystallized wollastonite crystals have a long
cylindrical shape. The diffraction pattern shows that
the crystallized crystals are single crystals.
Figure 4(b) shows clear (130) crystal stripes of
wollastonite crystallized in the glass substrate,
which demonstrate good crystallization.

transmission electron
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Figure 3 SEM photographs of glass ceramics with different heat preservation time: (a) 0 h; (b) 1 h; (c) 2 h; (d)4 h

Table 1 Element contents at interface between gehlenite into gehlenite. Oxygen replaced the [ALSiy]

and glass in the holding process

Element Mass fraction/%
0 lh 2h 3h
(6] 54.89 46.56 47.96 50.11
Na 4.39 591 4.19 4.86
Mg 0.15 0.48 0.41 0.83
Al 9.82 5.68 2.07 1.28
Si 9.34 17.36 22.95 25.57
K 0.06 0.47 0.38 0.38
Ca 21.36 23.54 22.05 16.98
Total 100.00 100.00 100.00 100.00
3.3 Crystallization mechanism
Figure 5 presents the crystal structure

diagrams of gehlenite and wollastonite, where the
lattice parameters of gehlenite are ag=0.769, bg=
0.769, ¢=0.510, and o=p=y=90°, and those of
wollastonite are aw=1.010, bw=1.105, cw=0.730,
0=99.5°, p=100.5°, and y=84.4°. The results of
XRD, energy-dispersive X-ray spectroscopy, and
HRTEM of the glass ceramic during the sintering
process show that the AI*" ions in gehlenite diffused
into the glass and the Si*"ions in the glass diffused

aluminum tetrahedron in gehlenite to form a [SiO4]
tetrahedron. lon movement damaged the 3D frame
structure in gehlenite. At this time, [CaOg]
octahedrons formed a single chain through common
edge connection and the double oxygen—silicon
tetrahedrons staggered with single silicon—oxygen
tetrahedrons to form another single chain with
[Si30¢] as the structural unit [24]. The composite
single chain formed by the two chains constitutes
the wollastonite structural unit. Therefore, bg=cw
and ZCGzaw.

The following reaction may occur during the
reactive crystallization process:

Ca,ALSiO,+8i0, — 2CaSiO;+ Al,0, (1)

3.4 Crystallization thermodynamic analysis

The standard molar enthalpy of formation of
the oxides and the Gibbs free energy function of the
substances can be obtained from the Practical
Handbook of the Thermodynamics of Inorganic
Materials, as shown in Table 2.

The @'173 of the substances at 1173 K can be
calculated based on @100 and @200 presented in
the table using the following formula:
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Figure 4 TEM photograph and embedded selected area
electron diffraction pattern (a) and HRTEM photograph
of wollastonite glass ceramics (b)

(a) Gehlenite

(b) Wollastonite a b
o] B
o O o o O o o O o©o

Figure 5 Crystal structure diagrams of gehlenite and
wollastonite
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On the basis of the Gibbs—Helmholtz or Van’t
Hoff equation,

By 1173 = Piaioo + 1173-1100)  (2)

AGY - AHsy, ~TA®, 3)

Table 2 Standard molar enthalpy of formation and Gibbs
free energy function of oxides

Compound AHEZ)‘?* / @100/ D'1200/ D'/

(kJ-mol ™) (J'’K'mol™") (J-K'mol™") (J-K-mol™)

Ca2ALSiO7 —3904.509  330.111 347.976 343.152
SiO2 —847.260 79.225 83.271 82.179
CaSiOs  —1634.270  142.545 149.916 147.926
ALOs  —-1675.274 109.770 117.084 115.109

On the basis of the crystallization equation, i.e.,
Eq. (1), the Gibbs free energy of the standard
reaction is calculated by using Eq. (3) as follows:

o _ <} e}
AH s =2AH £298,Casi0; T AH £,298,A1,0,
e e} _
AHf,298,CaZSiO7 - AHf,298,Si02 =2(-1634.270) +

(~1675.274) — (=3904.509) — (—847.260)
=-192.045 kJ/mol

AP 3 = Z (nidsi’,l 173 ) Resultant _Z (nigpz{,l 173) Reactants
=2(147.926) +(115.109) —
(343.152 +82.179)
=-14.37J/(K-mol)

AG), =AH5, —TAD| ., =-175.189 kJ/mol
AG,; = AG1®173 <0

Given that AG<0, the crystallization reaction
can occur spontaneously at 1173 K with gehlenite
as the promoter to produce wollastonite glass
ceramics.

3.5 Crystallization kinetic analysis

Figure 6 presents the DTA curves of the
mixture of gehlenite and glass powders measured at
the heating rates of 5, 10, 15 and 20 K/min. The
figure shows that the mixed powders exhibit an
evident crystallization exotherm in the heating
process with crystallization exotherms, 7p, of
1172.032, 1202.357, 1219.297 and 1230.829 K,
respectively.

Glass crystallization kinetics was analyzed
based on the Johnson—Mehl-Avrami (JMA) state
transition kinetics equation [25]. On the basis of the
Kissinger equation,

In(T? / @)= E, | RT, +In(E, / R)—In 4 4)

where a is the heating rate.
Relation diagram between In(7,%/a) and 1/T,, is
indicated in Figure 7. The reactive crystallization
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Figure 6 DTA curves of glass ceramics under different
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activation energy can be calculated according to the
slope k= EJ/R, where E,=261.99 kJ/mol.

3.6 Mechanical property analysis

The wollastonite glass ceramic samples with
dimensions of 7.5 cmx7.5 cm were prepared using
a mold, as shown in Figure 8. The figure indicates
that the samples exhibit a compact structure and a
smooth surface. The mechanical property test
shows that the compression strength is 251 MPa.

4 Conclusions

A wollastonite glass ceramic was prepared
with waste glass added gehlenite by the reactive
crystallization sintering method. Wollastonite and
alumina crystals were found in gehlenite through its
reaction with SiO,. The wollastonite crystals were
lath-shaped, exhibited bridging effect, and
performed transportation and reinforcing roles. In
the crystallization process, the aluminum ions in
gehlenite diffused into the glass and the silicon ions
in the glass diffused into gehlenite, which damaged
the 3D frame structure of gehlenite to form a

Figure 8 Photograph of wollastonite glass ceramics

chain-like wollastonite. The crystallization reaction
could occur spontaneously at 1173 K, with 20 wt%
gehlenite added as the reactive crystallization
promoter. The JMA formula indicated that the
crystallization activation energy calculated using
the Kissinger method was 261.99 klJ/mol. In
addition, the compression strength of the
wollastonite glass ceramic samples (7.5 cmx7.5 cm)
reached 251 MPa. The reactive crystallization
mechanism of silicate glass ceramics is also
discussed.
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