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Abstract: In this paper, a quartz glass with low hydroxyl groups was prepared by combining the
advantages of various processes, using a plasma heat source as the flame and high-purity quartz sand
as the raw material. The purity of the quartz sand was 99.997%. The number of air bubbles in the
quartz glass prepared using high-purity quartz sand was lower. The hardness and tensile strength of
the quartz glass were 737.7-767.1 GPa and 6.88-9.64 MPa, respectively. The hydroxyl content of the
sample was only 4.11 ppm, and the hydroxyl content of the homogenized quartz glass was reduced
to 2.64 ppm, which was an improvement of about 35%. After homogenization, the fictive temperature
(Ty) of the quartz glass was determined to be 1253 cm™~!, and the variation of the Ty value along the
radial direction was reduced, indicating a more homogeneous glass structure. The stress distribution
in the quartz glass was significantly improved. These results indicate that the preparation of quartz
glass from high-purity quartz sand using a plasma heat source as the flame opens up new avenues
for optical applications.
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1. Introduction

Glass production dates back several millennia, yet it was not until 1813 that Marcet
achieved the micro-scale synthesis of quartz glass. Quartz glass, characterized by high
hardness, high transmittance, and excellent chemical stability, has become an indispensable
material in cutting-edge technologies such as optical devices, biomedical microstructures,
space technology, and fiber-optic communications [1-4].

With the rapid advancements in high-purity quartz glass preparation techniques,
the primary methods for producing quartz glass include electric melting, gas refinement,
chemical vapor deposition (CVD) [5,6], and plasma chemical vapor deposition (PCVD) [7].
The electric melting method utilizes natural crystal or quartz sand as the raw materials,
with electric resistance or medium-frequency induction as the heat sources. This method
produces quartz glass with a low hydroxyl content and metal impurities, related to the raw
material purity, and is commonly used in lighting and crucibles. Zhang [8] et al. prepared
quartz glass tubes using the electric melting method, demonstrating that the lowest power
consumption was achieved when using 160 kW to melt a 400 mm diameter quartz glass
tube. The gas refinement method employs a mixture of hydrogen and oxygen as a heat
source to melt the raw materials (natural crystal or quartz sand) into quartz glass. Due
to the use of a hydrogen and oxygen mixture as the heat source, this type of quartz glass
has a lower economic cost and is often applied in low-grade optical plates and fiber-optic
holding rods. Wang et al. [9] successfully prepared Yb*"/Yb*" co-doped quartz glass using
the gas refinement method, which exhibited a strong absorption intensity and multiple

Appl. Sci. 2024, 14, 9137. https:/ /doi.org/10.3390/app14199137

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14199137
https://doi.org/10.3390/app14199137
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app14199137
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14199137?type=check_update&version=1

Appl. Sci. 2024, 14, 9137

2 0f 10

absorption peaks, with the absorption spectrum tail extending to longer wavelengths. The
CVD method uses SiCly or other synthetic silicon compounds as the raw materials, with
a mixture of hydrogen and oxygen as the heat source, to synthesize quartz glass through
chemical deposition. This type of quartz glass possesses advantages such as high purity,
high optical homogeneity, and radiation resistance and is commonly used in the production
of precision optical lenses and ultraviolet optical plates. Yuan [10] et al. synthesized
graphene superhydrophobic transparent glass using the CVD process, demonstrating
adjustable quality for all glass samples, excellent film uniformity, and potential scalability.
The PCVD process is employed to fabricate high-purity quartz glass. This method utilizes
a plasma flame as a heat source and high-purity SiCly as a precursor to produce Type IV
quartz glass with the highest purity [11,12]. The quartz glass produced by the PCVD process
is characterized by low metal impurities and hydroxyl content, high optical homogeneity,
high spectral transmittance, and a wide transmittance range (0.18-3.5 um), making it
an ideal material for specialized optical applications and high-quality quartz materials.
However, the PCVD process has the disadvantages of a slower deposition rate and a higher
cost, so it cannot be widely used in the field of optical materials.

For quartz glass used in the optical field, there are many factors affecting optical
quartz glass, of which the hydroxyl content is particularly important. In terms of physical
properties, too much hydroxyl content in optical quartz glass will lead to quartz glass at
high temperatures prone to the cracking phenomenon, reducing its mechanical properties.
In terms of chemical properties, the hydroxyl group easily controls gas and impurities, thus
affecting the chemical stability and corrosion resistance of the quartz glass, in addition
to affecting its radiation resistance [13,14]. In terms of optical properties, the presence of
the hydroxyl group reduces the light transmission performance and optical purity of the
quartz glass and reduces its refractive index. Therefore, the preparation of quartz glass
with a low hydroxyl content is particularly important.

Based on the advantages of gas refinement, chemical vapor deposition (CVD) and
plasma chemical vapor deposition (PCVD) have been used for the preparation of quartz
glass. In this paper, quartz glass with a low hydroxyl content and a low cost was prepared
by using high-purity quartz sand as the raw material and a plasma flame as the heat
source. The silica network structure and hydroxyl content of the quartz glass were charac-
terized using a Twyman—Green interferometer, UV-Vis—-NIR spectroscopy, and infrared
reflection spectroscopy.

2. Experimental Section
2.1. Sample Synthesis

In this experiment, a plasma flame was generated in the reactor by means of high-
frequency induction, and high-purity quartz sand entered into the reactor through the
carrier gas. SiO; particles were formed under the high temperature inside the plasma flame,
and the SiO, particles deposited on the surface of the substrate melted to form quartz
glass under the heating effect of the plasma flame. The temperature inside the melting
furnace was 3000 °C, and the preparation cycle was 3 days. The prepared quartz glass was
transferred to a high-temperature homogenizing oven, kept at a high temperature for 1 h,
and then cooled to room temperature to obtain the desired glass samples. The samples
were then polished and ground before performance testing. The dimensions of the quartz
glass samples obtained were 240 mm in diameter and 200 mm in height. The preparation
process is shown in Figure 1. In this paper, two types of quartz sands were selected for
testing, labeled as Sample I and Sample II. The sample numbers of the prepared quartz
glass are labeled as Samples A-E, respectively.
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Figure 1. Process flow diagram.

2.2. Characterizations

The quartz glass melting furnace was designed and manufactured by China Building
Materials Academy Co., Ltd., Beijing, China. The high-purity quartz sand was prepared by
China Building Materials Academy Co., Ltd. The microscopic morphology of the quartz
sand was tested using a LEXT OLS5100 3D laser confocal microscope from OLYMPUS Co.,
Ltd., Tokyo, Japan. A Shimadzu UV3101-PC UV-Vis-NIR spectrophotometer was used
to measure the transmission spectrum of the quartz glass in the range of 190-3200 nm.
A PerkinElmer PE1600 Fourier transform infrared spectrophotometer was employed to
study the infrared reflection spectrum of the quartz glass, with a measurement range of
400-4000 cm ! and a resolution of 0.5 cm~!. The compressive strength of the quartz glass
was measured using a Mach-1 multifunctional 3D indentation machine from BMM. The
measurement of the tensile strength of the quartz glass was performed using a WAW-600D
electro-hydraulic servo universal testing machine.

3. Results and Discussion

The purity of quartz sand is one of the key factors affecting the quality of quartz glass.
The quality of the quartz sand will directly affect the quality of the quartz glass. Therefore,
it is especially important to choose a suitable quartz sand. Table 1 shows the impurity
content of two kinds of high-purity quartz sand. The SiO, content of sample I (99.997%)
is higher than that of sample II (99.982%). The content of the alkali metal impurities (Li,
Na, and K) of sample I is only 3.77 ppm, and the content of the alkali metal impurities will
directly affect the loss of permeability and the thermal stability of the quartz glass. Figure 2
shows the morphology photo of the quartz sand under a laser confocal microscope. The
morphology of sample I is lumpy with a similar aspect ratio. The morphology of sample II
is mostly long columnar.

Table 1. Content of impurity elements in different types of high-purity quartz sand.

Sio B Ca Co Cu Fe K Li Mg Mn Na Ni Ti
Sample o
(%) Hg/s
I 99.997 0.04 058 <0.01* 0.02 0.17 015 232 <0.04* <0.01* 143 <0.02* 152
I 99.982 139 07 <0.03* 0.04 0.17 092 423 <0.08* 0.14 121 <0.03* 0.07

s

indicates the minimum range of the test equipment.
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(a)

Figure 2. Morphology photos of quartz sand under laser confocal microscope. (a) Sample I, and
(b) Sample II.

Figure 3 shows photographs of the bubble distribution of the quartz glass prepared
using different quartz sands. As can be seen from Figure 3, the number of bubbles in the
quartz glass prepared from raw material I is smaller than in the quartz glass prepared from
raw material II, and the average size of the bubbles is much smaller than in raw material II.
The bubble defects in quartz glass due to residual impurities can be greatly reduced because
of the lower content of residual impurities in raw material I. Therefore, the high-purity
quartz sand of type I was selected as the raw material of the quartz glass.

(b) L a
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Figure 3. Photographs of the bubble distribution of quartz glass prepared using different quartz
sands. (a) Sample I, and (b) Sample II.

Compressive strength and tensile strength are two important characteristics of quartz
glass. The compressive strength of the samples was tested by the indentation method, and
the results are shown in Table 2. The compressive strength of the samples was in the range
of 737.7~767.1 GPa. The samples were processed to measure the tensile strength, and the
dimensional error of the quartz glass processing was 0.05 mm. The testing instrument
recorded the tensile value of each test sample in real time from the beginning of stretching
to the occurrence of rupture. In order to minimize the testing error, five samples of quartz
glass were tested, and the tensile strength was calculated according to Equation (1).

Ry =" @
where R;; denotes the tensile strength of the sample; F,;, denotes the value of the maximum
tensile force corresponding to the occurrence of a fracture in the sample; and A denotes
the cross-sectional area of the fracture zone. The tensile strength of the samples was
6.88~9.64 MPa, only one-seventieth of the compressive strength, which is consistent with
the general results for materials such as glass and ceramics, i.e., compressive strength is
much greater than tensile strength. According to previous studies [15], quartz glass belongs
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to a group of typical brittle materials, with little toughness, low plasticity, and a poor
ductility ability, so a brittle fracture occurs under a very small tensile force; however, quartz
glass has large hardness and good stiffness, so it has a strong compressive ability.

Table 2. Compressive strength and tensile strength of quartz glass.

Sample A Sample B Sample C Sample D Sample E

Compreﬁé;’j)Strength 7548 +0.6 7357407 7377409 7382404 767.1+06

Tensile strength (MPa)  8.15 £ 0.2 8.41 £04 8.19£0.3 9.64 £ 0.6 793 £03

The density of quartz glass is an important parameter, which is closely related to the
quality, performance, and application of quartz glass. Normally, the density of optically
transparent quartz glass is 2.20-2.21 g/cm?, and the density of opaque quartz glass is
smaller, about 2.02-2.10 g/cm?®. In this experiment, the drainage method was used to
determine the density of the quartz glass. The quartz glass sample with a diameter of
0.1 mm wire was suspended in the analytical electronic balance in the air and water,
weighing the quartz glass, and, finally, Equation (2) was used to calculate the density of the
quartz glass.

m —m

(my —my) — (my —my)
where m; represents the total weight of the quartz glass sample and metal wire in air, 7,
denotes the weight of the metal wire in air, m3 indicates the total weight of the quartz glass
sample and metal wire in water, and m4 signifies the weight of the metal wire in water. The
density of water is represented by p, while 0.0012 g/cm?3 is the average density of air at
room temperature. To minimize experimental data errors, the sample was tested five times,
as illustrated in Figure 4. The quartz glass densities obtained from these five tests were
2208 g/cm?,2.213 g/cm?3,2.197 g/cm?, 2.198 g/cm3, and 2.209 g/cm?, with a margin of
error of +0.003. The average density was calculated to be 2.205 g/cm?.

d:
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Figure 4. Density of quartz glass.

Fictive temperature (Tf) is a crucial parameter for characterizing the structure of quartz
glass. The concept of “fictive temperature” was first proposed by Tool et al. [16] in the
1940s, who suggested that this parameter could represent the structural state of glass. If the
structure of glass in a certain state is identical to the equilibrium structure at temperature
T, the fictive temperature of that glass state can be considered as Ty = T [17]. In other
words, when quartz glass reaches equilibrium at temperature T and is suddenly cooled
to room temperature, its fictive temperature is T. Agrawal et al. [18] found that infrared
spectroscopy can be used to characterize the imaginary temperature of the quartz glass.
Figure 5 displays the infrared reflection spectrum of quartz glass from 300 to 1600 cm ™!,
featuring three characteristic vibration bands at 1122, 780, and 480 cm !, consistent with
the measurements by Agarwal et al. The 480 cm ! band corresponds to the Si-O-Si rocking
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vibrations, while the 780 cm~! spectral band is attributed to the Si-O-Si bending vibrations.
According to the literature, the 1122 cm ™! band is ascribed to the Si-O-Si bond stretching
vibrations, with the position of this reflection band primarily determined by the Si-O-5i
bond angle. Notably, the position of the 1122 cm~! band is related to the fictive temperature
(Ty). As shown in Figure 5, after the peak deconvolution of the 1122 cm ™! band using a
Gaussian function, the radial fictive temperature (Ty) of the glass sample was calculated
using Equation (3) to characterize the structural changes in the quartz glass [19].

v = 11145 + (11603.51/Tf) 3)

where v; represents the measurement position of the 1122 cm ™! spectral band with an error
value of £0.3. Ty = 1253 cm ! is obtained according to Equation (3). The calculated Trvalue
was 1253 K. Figure 6 illustrates the variation of the Ty values along the radial direction
before and after homogenization (with a test point position at 40 mm). As depicted in
Figure 6, for homogenized quartz glass, Ty values at the edge are higher than those at the
center, attributed to the higher cooling rate at the edge compared to the center during the
cooling process after a high-temperature homogenization. However, the differences in
the fictive temperatures at various radial positions of the homogenized quartz glass are
relatively small, indicating a more uniform structure throughout the quartz glass. This
uniformity is also related to the distribution state of hydroxyl groups and their impact on
structural relaxation.
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Figure 5. Infrared reflectance spectra of quartz glass.
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Figure 6. Value of T along radius of quartz glass before and after homogenization.

For optical quartz glass, hydroxyl groups disrupt the integrity of the silica network
structure, leading to an increase in the “non-bridging oxygen” content and greater disorder
in the silica network. An uneven distribution of hydroxyl content within quartz glass can
result in anisotropy, affecting light refraction and absorption when passing through these
local regions, manifesting as differences in optical homogeneity in test results. Therefore,
to improve the optical homogeneity of the glass, hydroxyl groups must be uniformly
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distributed in the vertical plane through which light passes. The hydroxyl content of
samples can be measured using the transmission spectrum of quartz glass. The hydroxyl
content in quartz glass can be calculated using the hydroxyl absorption peak at a 2730 nm
wavelength according to Equation (4) [20]:

— 9651 1oe( 0
C =965 log( 1) 4)

where C is the hydroxyl content in the sample (ppm) with an error of £0.02, d is the sample
thickness (mm), Ij is the distance from the baseline to the zero line at 2730 nm (mm), and I
is the distance from the absorption peak to the zero line at 2730 nm (mm). Figure 7 shows
the UV-visible transmission spectra of the quartz glass before and after homogenization.
Using Equation (4), it can be seen that the hydroxyl content of the quartz glass prepared in
this experiment was only 4.11 ppm, and the hydroxyl content of the quartz glass prepared
by the CVD process was 1108 ppm. According to the literature, the hydroxyl content
of quartz glass prepared by the CVD method is 880 ppm according to Jia et al. [21] and
1200 ppm according to Sato et al. [22]. Comprehensively, the hydroxyl content of the quartz
glass prepared in this paper is much lower than that from the CVD process, which may
be due to the difference in the heat source of the preparation process. The CVD process
uses hydrogen and oxygen as the heat source, and the reaction between the hydrogen and
oxygen generates water, so that the hydroxyl group of the quartz glass prepared by the
CVD process has a high content of the hydroxyl group. In addition, the hydroxyl content
before homogenization was 4.11 ppm, and, after homogenization, it decreased to 2.64 ppm.
The homogeneity improved significantly by 35% after the high-temperature treatment.
According to the water molecule diffusion reaction Equation (5) and the diffusion rate
Equation (6), during high-temperature homogenization [23-26], D denotes the diffusion
coefficient of water and dC/0X denotes the concentration gradient of water. The relationship
between the diffusion coefficient D and temperature T is LnD~1/T, which is linear. At high
temperatures, water diffuses more readily from high to low concentrations, promoting
a uniform hydroxyl distribution in the glass. Simultaneously, during high-temperature
vacuum pressure tank homogenization, the glass flow facilitates the physical migration
and homogenization of the hydroxyl groups.

H,O+ = Si — O — Si === SiOH+ = SiOH (5)

] = —D(3C/0X) (6)

Figure 8 shows the radial variation of the hydroxyl content in the quartz glass after
homogenization. As shown in Figure 8, the hydroxyl content in this sample shows an
increasing trend from the center to the edge, which may be due to the different atmospheres
at various places near the deposition surface during the deposition process, which, in turn,
causes the uneven distribution of hydroxyl groups.
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Figure 7. The UV-visible transmission spectra of quartz glass before and after homogenization.
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Figure 9 compares the stress interference color patterns of quartz glass samples before
and after homogenization. Figure 9a shows circular stress patterns before homogenization,
with alternating blue and orange colors at equal distances from the sample center, divided
into four quadrants. This phenomenon occurs because in quadrants I and III, the total
optical path difference ¢ equals the sum of the polarizing stress meter’s full glass plate
optical path difference 6y and the glass optical path difference J¢. In quadrants Il and 1V, the
total optical range difference J is the difference between the polarimeter’s full slide optical
range difference 6y and the quartz glass optical range difference J,. Consequently, the stress
interference color sequences are opposite. When glass exhibits compressive stress, g < 0;
when tensile stress is present, Jy > 0. Therefore, in the first quadrant, the compressive stress
interference colors precede purple-red (e.g., yellow, orange, and red), while the tensile
stress interference colors follow purple-red (e.g., blue, green, and yellow-green). Figure 9a
shows alternating orange-blue—orange interference colors in the first quadrant, indicating
alternating a compressive—tensile-compressive circular stress distribution. Figure 9b dis-
plays the stress interference color pattern after annealing, showing an overall purple-red
color, indicating a significant stress improvement.

Figure 9. Stress photographs of quartz glass before and after homogenization. (a) Before homoge-
nization, and (b) after homogenization.

4. Conclusions

A plasma heat source was used as the flame and high-purity quartz sand was used as
the raw material to prepare quartz glass. The purity of the quartz sand was measured to
be 99.997%. Under the microscope, the morphology of the quartz sand was mostly lumpy
with a similar length and width. The number of air bubbles in the prepared quartz glass
was low. The hardness and tensile strength of the quartz glass were 737.7-767.1 GPa and
6.88-9.64 MPa, only one-seventieth of the hardness, which was consistent with the general
results of hard and brittle materials such as glass and ceramics, i.e., compressive strength
is much greater than tensile strength. This was mainly due to the different choice of heat
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source. The CVD process uses hydrogen and oxygen as the heat source, which generates
water during the reaction process, leading to a high hydroxyl content in the quartz glass.
After homogenization, the assumed temperature of the quartz glass was determined to be
1253 cm~! and the variation of the Ty value along the radial direction decreased, indicating a
more homogeneous glass structure. The hydroxyl content of the sample was only 4.11 ppm,
which was much lower than that of the quartz glass prepared with the CVD process. After
homogenization, the hydroxyl content was reduced to 2.64 ppm, which was a significant
improvement of about 35%. Moreover, the hydroxyl content of the samples tended to
increase from the center to the edge. A comparison of the stress interference color sequence
diagrams before and after homogenization shows that the stress of the homogenized quartz
glass was significantly improved. These results indicate the potential application of this
quartz glass in the optical field.
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