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Analysis of the surface characteristics of SiO,-Al,O;-Ca0O-Zn0O-Na,O-based
glass at heat-treatment temperature using Raman spectroscopy

Dongchan Kim and Seunggu Kang*
Department of Advanced Material Engineering, Kyonggi University, Suwon, Korea

In this study, the change in surface properties based on the heat-treatment temperature of SiO,-Al,0,-Ca0-Zn0O-Na,O sys-
tem glass was analyzed using Raman spectroscopy. Viscosity prediction for each temperature was also conducted through
the Vogel-Fulcher-Tammann model using differential thermal analysis and the temperatures (T, T, T,,) representing the
thermal properties observed under hot-stage microscopy. The surface roughness, hardness, and glossiness of the glass were
analyzed according to the heat-treatment temperature. Raman spectra measured at 800-1300 cm™ were deconvolved to ob-
serve the area and peak position changes of Q, (n = 1-4) units in terms of melt viscosity and polymerization, and the study
confirmed that the polymerization degree of the heat treated glass was the lowest at 1120 °C. Results showed that the aver-
age roughness of the glass heat-treated at 1120 °C for 90 min was the lowest (53.07 nm), and the hardness was the highest at 6.73
GPa.
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Introduction the viscosity of glass based on temperature have been
studied using various models, with the most common
Glass is used as a surface-coating agent for ceramic being the Vogel-Fulcher—Tammann (VFT) model [19-
substrates and is composed of various types of oxides 21]. To derive the VFT model, it can be calculated using
while exhibiting various characteristics depending on the the following equation after the specific temperatures
molar ratio of the oxides [1-5]. Glass has the unique (glass-transition, softening, and half-sphere) of the glass
advantage of being able to improve the physical and have been identified through thermophysical property
chemical properties (mechanical strength, chemical analysis [22, 23].
resistance, surface roughness, etc.) of the product surface B
at a relatively low cost [6-10]. logn =A+ —— (1)
. . T-Ty
In the case of glass, the melt viscosity changes
according to changes in the heat-treatment temperature. Constants 4, B, and T, used in (1) can be obtained
Predicting the heat-treatment temperature that exhibits using the following Egs. (2)-(4), respectively, where
the optimal physical properties based on the composition T\, T, and T5 denote the glass-transition (log n; = 12),
of the glass is a major factor in designing the glass softening (log n, = 9.25), and half-sphere (log n; = 3.5)
manufacturing process or choosing the application field temperatures, respectively [24].
[11-13]. If heat treatment is performed under conditions
of high melt viscosity, gas or water vapor generated Tylogn,—Tzlognz+(T2logn; -Tzwgfh);i:;}
inside the glass cannot escape smoothly, and this can Ty = TaT, 2)
lead to the formation of pores on the glass surface. logn,— logns+(logni—lognz)y, =
This inability of gas or water vapor to escape is the
main cause of the deterioration of physical properties A — Talognz ~Tylogns +(logns ~logn;)To 3)
such as the gloss and mechanical strength of the glass =T
surface [14, 15]. In the case of silicate glass, changes B = (T, — Ty)(logn; — A) “4)
in viscosity depend on how well the silica tetrahedrons
that form the glass network adhere to one another, as Wang et al. [25] doped soda-lime silicate-based glass
this affects the internal structure and physical properties using various rare earth oxides and analyzed the changes

of the glass [16-18]. Analytical methods for predicting in Raman spectra observed in the range of 950-1200
cm’. Accordingly, the authors predicted the degree of
*Corresponding author: polymerization and viscosity of the glass network by
Tel: +82-31-249-9767 quantifying the non-bridging oxygen fraction. They
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a decrease in viscosity and melting temperature in the
studied composition. Cheng et al. [26] analyzed the melt
viscosity of glass according to changes in the Al/Si ratio
using Raman spectroscopy. When deconvolution of the
wide Raman spectra was observed at 800 to 1300 cm™,
it could be expressed as Q. (n = 0-4) units related to
the Si-O bending structure, and the Al/Si ratio increased.
The authors reported that not only the viscosity of the
melt increased during melting but also correlated with
the changes in the Q, and Q. units analyzed in the
Raman spectra.

In this study, changes in the physical properties of a
glass surface based on variations in sintering temperature
were observed during heat treatment in the commercial
heat-treatment temperature range of 1040-1200 °C for
Si0,-ALO;-Ca0-ZnO-Na,O system glass used as a glaze
on the surface of a clay substrate. In addition, using the
data of the Q, unit related to the Si-O band structure
derived from the Raman spectra analysis, this study
predicted the change in melt viscosity and identified
the correlation between the surface physical properties.

Experimental Procedure

This study used SiO,-AlLO;-CaO-ZnO-Na,O system
glass from the “H” company in Korea, with its chemical
composition presented in Table 1. Following crushing
and sieving (<325 mesh), the raw material was coated
on a ceramic substrate with a thickness of 200 um using
a doctor blade. The specimen was prepared by drying
at 100 °C for 4 h, heating at 3 °C/min, and holding at
1040, 1080, 1120, and 1200 °C for 90 min, respectively.

The particle size of the raw glass powder was
determined using a particle size analyzer (Mastersizer
3000, Marvern Panalytical, UK). X-ray diffraction
(XRD; MiniFlex II, Rigaku Co., Japan) was used to
analyze the crystal phase of the heat-treated specimens,
and thermogravimetry/differential thermal analysis (TG/

Table 1. The Chemical composition of parent glass (wt.%).

Component wt(%)
SiO, 57.79
CaO 9.45
AlLO; 11.91
Zn0O 5.65
Na,O 5.62
K,O 3.76
MgO 1.38
7r0, 0.68
Fe,05 0.19
SrO 0.62
L.OI 2.95
Total 100

DTA) was conducted using DTA (STA 409 PC-QMS
403C, Netzsch, Germany) to analyze the thermal
properties. The microstructures of the heat-treated
specimens were observed using field-emission scanning
electron microscopy (FE-SEM; Nova NanoSEM200,
FEI, USA) and optical microscopy (LV150N, Nikon,
Japan). The observed pore size and distribution were
analyzed using the “Image J” program. The surface
roughness and hardness of the heat-treated specimens
were measured using a surface-roughness measuring
instrument (DektakXT, Bruker Co., USA) and a micro-
Vickers hardness tester (HM-124, Mitutoyo, Japan),
respectively. Hardness analysis was performed at 4.9
N/10 s. The surface gloss of the heat-treated specimens
was measured using a gloss meter (Novo-Gloss Trio,
Rhopoint Instrument, UK) at reflection angles of 20°,
60°, and 85° according to the ISO-2813:2014 standard.
Using optical dilatometry (Misura 3.32, Expert systems
solution, Italy) and hot-stage microscopy (HSM; Misura
3.32, Expert systems solution, Italy), we observed an
increase in temperature of 3 °C/min in a temperature
range of room temperature RT-1300 °C. Changes
in glass thermal behavior were observed. Raman
spectroscopy (LabRAM Soleil, HORIBA, Japan) was
used to analyze the structural changes in the glass
surface according to the heat-treatment temperature at
an excitation wavelength of 532 nm.

Results and Discussion

Figs. 1 and 2 show the particle sizes and shapes
of raw materials. Particle size analysis revealed that
approximately 90% of particles had sizes in the range
of 0.1-1 pum, which was consistent with the results
observed in the microstructure.

Fig. 3 shows the thermal characteristics of the raw
materials obtained by TG-DTA. A weight loss of
approximately 3% was observed in the temperature
range of RT to 500 °C, which was determined to derive
from the combustion of organic matter contained in
the raw material.

Volume (%)
Cumulative distribution (%)

40

Size (um)

Cumulative distribution (%)

Fig. 1. Particle size distribution of raw material.
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Fig. 2. SEM micrographs of raw materials.
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Fig. 3. TG/DTA curves of raw material.

Fig. 4 shows the XRD patterns of the crystalline
phase of the heat-treated specimen in the temperature
range of 1040-1200 °C. Coesite (SiO,, ICSD: 98-002-
4259) and calcium-zinc-silicate (CaZnSiOg, ICSD: 98-
005-9937) crystalline peaks were weakly observed in
the heat-treated specimens at 1040 °C. By contrast, the
specimens heat-treated at temperatures above 1080 °C
showed an amorphous phase.

Table 2 shows the results of the surface roughness
measurements, and Fig. 5 shows a 3D image of the
specimens heat-treated in the temperature range of 1040-
1200 °C. The average roughness (R,) and maximum
roughness (R)) indicated the lowest surface roughness
deviations of 0.053 and 0.625 pm, respectively, under
a heat-treatment condition of 1120 °C. The highest
roughness deviations of 1.151 and 14.421 um were
observed in the specimens heat-treated at 1040 °C for
R, and R, respectively. In the range of 1040-1120
°C, the surface roughness tended to decrease as the
heat-treatment temperature increased, but at 1200 °C,
it tended to increase again.

Fig. 6 shows the results of the micro-Vickers hardness
of the specimens heat-treated in the temperature range
of 1040-1200 °C. When the heat-treatment temperature
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Fig. 4. XRD patterns of heat-treatment specimens with different
sintering temperature.

Table 2. Surface roughness of specimens with different sintering
temperatures.

Specimen R, (um) R, (um)
1040 °C 1.151 14.421
1080 °C 0.601 6.424
1120 °C 0.053 0.625
1200 °C 0.195 3.474
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Fig. 5. Surface topography of specimens with different sintering temperature. (a) 1040 °C, (b) 1080 °C, (c) 1120 °C, (d) 1200 °C

increased from 1040 °C to 1120 °C, the hardness
increased from 6.20 to 6.73 GPa. However, at 1200
°C, the hardness tended to decrease again to 6.23 GPa.

Fig. 7 shows the results of the surface gloss of the
specimens heat-treated in the temperature range of 1040-
1200 °C. As the heat-treatment temperature increased

2250.00

1900.0C iy

from 1040 °C to 1120 °C, the gloss of the glass increased
from 69.03 to 82.26 GU. However, at 1200 °C, a slight
decrease in gloss was observed.

Fig. 8 shows the results of observations of the
thermal shrinkage as well as images of the specimens
with increasing temperature under HSM. The images
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Fig. 6. Micro-Vickers hardness of specimens with different
sintering temperature.
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Fig. 7. Gloss values expressed as Gloss Unit (GU) of specimens
with different sintering temperature.

for the glass-transition (T,), softening (Ts), and half-
sphere (Ti,) temperatures are shown in (a), and images
at the different heat-treatment temperatures (1040, 1080,
1120, 1200 °C) are shown in (b). The glass composition
showed initial shrinkage of approximately 660 °C, and a
maximum shrinkage of approximately 65% occurred at
1160 °C. When the glass powder with various particle
size distributions was heat-treated, the initial shrinkage
stage occurred when the smallest particles formed necks
due to viscous flow, which could be explained by the
Frenkel model [27]. As the temperature increased, the
pores between the larger particles then disappeared, and
the glass reached maximum shrinkage. The sintering
kinetics can be explained by the Mackenzie and
Shuttleworth model [28]. However, in the final stage of
the sintering process following maximum shrinkage, the
trapping of undissolved gas or other physical processes
such as crystallization may have affected the sintering
kinetics, causing a slight increase in shrinkage [29].
Table 3 lists the values for T, A, and B obtained using
(2)-(4), respectively. The table also lists the observed
thermal characteristic temperatures (T,, Ts, Ti») derived
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Fig. 8. (a) Variation in height of glaze powder during the HSM
measurement, (b) Photomicrographs of the shape specimen
evolution associated to (a).

Table 3. The calculated parameters of VFT equation for parent
glass.

Specimen To(°C) A B
Parent glass 149 1.51 4280

from DTA and HSM for predicting the viscosity of the
glass when using the VFT model. Fig. 9 shows the
changes in viscosity of the glass in the temperature
range of 400-1300 °C when using the VFT model as
derived from (1). We observed that the viscosity of
the glass, which initially was approximately 10" Pa-s
at 400 °C, decreased to approximately 10° Pa's as the

20
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Fig. 9. Viscosity curve according to the equation proposed by
Vogel-Fulcher-Tammann (VFT).
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Fig. 10. Optical image of polished surface and pore diameter of specimens with different sintering temperature.

temperature increased to 1300 °C. This indicated that the
glass had higher viscosity values than those of typical
silicate glass compositions [30].

Fig. 10 shows the results of optical microscopy of the
surface of glass that was heat-treated in the temperature
range of 1040-1200 °C. These observations confirmed

the presence of numerous pores on the surfaces of all
the specimens due to their high viscosity. The specimens
heat-treated at 1040 °C and 1080 °C showed pore
sizes in the range of 10-80 pum, whereas the pore-size
distribution decreased to 40 pm or less at 1120 °C. As
the heat-treatment temperature increased, the pore size
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Fig. 11. Representative deconvolution results of Raman spectra in the range of 800-1300 cm™ of specimens with different sintering

temperature.

tended to decrease, and the smallest pores were observed
at 1120 °C. However, the pore size increased again as
the heat-treatment temperature increased to 1200 °C. The
specimen heat-treated at 1120 °C exhibited the smallest
number and size of pores at the approximate temperature
at which the maximum shrinkage was observed in the
HSM analysis as shown in Fig. 8.

Fig. 11 shows the Raman spectra observed in the
range of 800-1300 cm” on the surfaces of glass
specimens that were heat-treated in the temperature
range of 1040-1200 °C. The Raman spectra were used
to evaluate the changes in the properties of the glass
matrix. Deconvolution of the Raman spectra obtained
from each specimen using Gaussian curves is presented
in the figure, and all four specimens could be expressed

in terms of Q, (n= 1-4) units. Table 4 presents the
criteria used for this process. Q, is typically divided
into five structures. As the number of bridging oxygen
atoms and degree of polymerization of the glass structure
both increases, the value of n also increases. These
structures are based on monomers, dipolymers, chain
polymers, layer polymers, and mesh polymers, referred
to as Qo Qi, Q2, Qs, and Q., respectively [31, 32]. The
peaks in this range can be represented by Q, units as
the non-bridging oxygen increases. The relative ratios
of the deconvoluted areas of each Q, unit can be used
to qualitatively compare the degree of polymerization
in the glass composition. Accordingly, changes in the
area fraction of each Q, unit are presented graphically
in Fig. 12. As the heat-treatment temperature increased

Table 4. The vibrational mode of Raman active spectra and appropriate Q, unit.

Structure unit Q. Wavenumber(cm™) Vibrational mode
[SiO4] Qo 850~875 Symmetric stretch
[Si,07] Q 900~920 Symmetric stretch
[Six06] Q 950~975 Symmetric stretch
[Si,05] Q; 1045~1055 Symmetric stretch
[SiO;] Qs 1134~1170 Symmetric stretch
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Fig. 13. The Area ratio of (Qs+Q4)/(Q:+Q.) of specimens with
different sintering temperature.

from 1040 °C to 1120 °C, the area of Q. gradually
decreased, resulting in an increase in the area of Q.
However, in the case of the specimen heat-treated
at 1200 °C, the area of Q. increased again, whereas
the area of Q; decreased. In a study by Guo et al.
[33], the ratio of (Qs + Q4)/(Qo + Qi + Q,) was used
as a measure to predict viscosity. They reported that
as the ratio increased, the proportion of nonbridging
oxygen in the melt decreased, resulting in an increase in
viscosity. Fig. 13 shows the (Q; + Qu)/(Qo + Qi + Q»)
ratio of the specimens heat-treated at each temperature.
Results showed that the ratio decreased in the range of
approximately 1.4-1.6 as the heat-treatment temperature
increased from 1040 °C to 1120 °C; the ratio then
increased again at 1200 °C. Therefore, we correctly
predicted that the glass used in this study had the
lowest viscosity at 1120 °C, which was consistent with
the results of the surface roughness analysis showing
the lowest surface roughness for the sample treated at
1120 °C. We believe that as the viscosity decreased
during heat treatment, the pores generated during the
treatment gradually decreased, leading to a decrease in

R. and an increase in the hardness of the glass surface
[34].

Conclusion

In this study, a SiO,-ALO;-Ca0-ZnO-Na,O system
glass was sintered in a temperature range of 1040-
1200 °C to investigate the changes in surface properties
of the glass according to sintering temperature. The
results showed that the sample sintered at 1120 °C
had the lowest average surface roughness and highest
hardness and glossiness. Viscosity predictions based on
the VFT equation indicated that the glass composition
evaluated in this study had a higher viscosity than
typical silicate glass compositions. By analyzing the
Q. unit area changes in Raman spectra at 800-1300
cm’', the study predicted the viscosity changes at each
sintering temperature and confirmed that the viscosity
gradually decreased from 1040 °C to 1120 °C and then
increased again at 1200 °C. HSM analysis revealed that
the maximum shrinkage temperature due to changes
in sintering kinetics based on the particle size of the
raw powder was approximately 1160 °C. Therefore,
the probability of pore formation on the surface of the
sample sintered at 1120 °C was confirmed to be the
lowest. For the other sintered samples, pores generated
due to higher viscosity were not completely removed
and instead hardened on the surface. This resulted in
a higher pore distribution, which adversely affected the
physical properties at the surface.
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