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Abstract

Fused silica glass is prepared by dispersing silica nanoparticles (SiNPs) through the hydroxyethyl methacrylate (HEMA).
The dispersion of SiNPs was characterized using transmission electron microscopy and small angle X-ray scattering. The
rheological properties and functional groups of SiNP slurries were analyzed utilizing a rotational rheometer and fourier
transform infrared spectroscopy. The sintering quality of the fused silica glass was characterized through scanning electron
microscopy and X-ray diffraction. The research results show that HEMA adsorbs on the surface of SiNP through hydrogen
bonding to form a solvation layer of a certain thickness, thereby hindering the agglomeration of SiNPs. The SiNP slurry
system exhibits bi-fractal properties. The viscosity and shear stress of the SiNP slurry initially decrease and then increase
with increasing HEMA content. Achieving a homogeneous dispersion of SiNPs in the slurry is essential for sintering high-
quality silica glass. The internal voids of agglomerates are the origin of crack formation.
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e The mechanism of dispersing silica nanoparticles by hydroxyethyl methacrylate (HEMA) was deeply investigated.
e The microstructure and rheological properties of silica nanoparticle slurries were analyzed.

e The effect of HEMA content on the sintering quality of fused silica glass was studied.

e The formation and origin of cracks during the sintering of fused silica glass were revealed.

1 Introduction

Fused silica glass is extensively applied in aerospace, inertial
navigation and medical semiconductor industries owing to its
corrosion resistance, high-temperature resistance, high hard-
ness, chemical stability and electrical insulation [1-6].
However, fused silica glass parts with complex three-
dimensional structures are difficult to manufacture [7] by
conventional processes such as injection molding [8],
grinding [9], plasma etching [10] and glass blowing [11].
This has largely limited the development of fused silica glass.
The advent of light-curing 3D printing technology has
brought enormous flexibility in the molding of fused silica
glass. This technology has the advantages of short manu-
facturing cycles, the ability to machine complex models,
reduced material waste, and gentle polymerization conditions
[12]. Light-curing 3D printing technology requires the use of
SiNP slurries as the “ink” for 3D printing, which are mainly
composed of a mixture of SiNPs and curable resins [13]. For
light-curing 3D printing, the adequate dispersion of SiNPs in
curable resins is a crucial factor affecting the sintering quality
of fused silica glass. Therefore, it is necessary to investigate
the dispersion of SiNPs in curable resins.

Currently, there are two main methods to improve the dis-
persion of SiNPs. One method is to adjust the pH of the slurry.
For example, Terpitowski et al. [14] improved the dispersion of
SiNPs in water/NaCl by adjusting the pH of silica slurry.
However, adjusting the pH of the SiNP slurry introduces
additional impurities that are detrimental to the sintering of high-
quality fused silica glass. Another method is to modify the
surface of SiNPs with small molecules or low molecular weight
polymers. For example, the dispersion effect of SiNPs in sus-
pension was improved by Zhang et al. [15] by creating a sol-
vation layer on the SiNP surface using a combination of ethanol
and water molecules. Chatterjee et al. [16] found that poly-
ethylene glycol (PEG) molecules adsorbed on the silica particle
surface through hydrogen bonding and formed a solvation layer
to enhance the dispersion of SiNPs. Chen et al. [17] improved
the dispersion of hydrophobic SiNPs in water by combining
hydrophobic SiNPs with hydrophobic ends of cellulose nano-
fiber (CNF). The surface modification of SiNPs using 3-(Tri-
methoxysilyl) propyl methacrylate (KH570) improved the
SiNPs dispersion stability by Tian et al. [18]. The ring-opening
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reaction between epoxy groups of epoxidized solution-
polymerized styrene-butadiene (ESSBR) and silanol groups
on the SiNP surface was utilized by Yuan et al. [19] to suc-
cessfully enhance the dispersion of SiNPs in ESSBR. However,
ethanol/water, PEG and CNF do not possess C=C functional
groups, and the molecular weight and viscosity of KH570 and
ESSB are too high. Therefore, they are unsuitable for applica-
tion as monomers or cross-linking agents for curable resins.

In contrast, HEMA is frequently employed as a monomer in
curable resins because of its low viscosity, high dilution cap-
ability, and high reactivity [20]. In addition, the hydroxyl group
at the end of the HEMA molecular chain has good dispersion for
SiNPs. However, research on using HEMA dispersed silica
nanoparticles to prepare fused silica glass lacks deep discussions
of dispersion mechanisms, microscopic properties, rheological
properties, sintering quality and cracking phenomena. To fill
these gaps, this paper thoroughly investigates the mechanism of
HEMA dispersed silica nanoparticles for the preparation of
high-quality fused silica glass parts. The microstructure and
rheological properties of SiNP slurries with different HEMA
contents were analyzed. The effect of HEMA on the sintering
quality of fused silica glass was clarified. Meanwhile, the for-
mation and origin of cracks in the sintering process of fused
silica glass were revealed. This study can provide theoretical
guidance for the preparation of well-dispersed SiNP slurries and
high-quality fused silica glass parts.

2 Materials and experimental methods
2.1 Materials

Aerosil OX50 amorphous silica nano-powder from Evonik,
Germany, was used as the experimental material. Hydro-
xyethyl methacrylate (HEMA), polyethylene glycol dia-
crylate (PEGD), diethylene glycol di-benzoate (DEDB), and
diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TPO)
were purchased from Shanghai Aladdin.

2.2 Preparation of SiNP slurry

The curable resin was made from a mixture of the
monomer HEMA, the cross-linker PEGD, the plasticizer
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Fig. 1 Preparation of slurry (a) and fused silica glass (b)

DEDB and the photoinitiator TPO. The ratios of the light-
curable resins were as follows: 15.45wt% DEDB,
39.16 wt% PEGDA and HEMA, and 0.26 wt% TPO.
HEMA and PEGDA were mixed in a ratio of x/1 —x
(x =100 wt%~50 wt%). The 45wt% amorphous silica
powder was added to the configured light curable resin
several times and stirred well, as shown in Fig. la. The
prepared SiNP slurry was sonicated at 40 kHZ for 20 min
to eliminate air bubbles from the slurry.

2.3 Molding and heat treatment of green body

The configured slurry of silica nanoparticles was poured
into a silicon rubber mold with a diameter of 33 mm and a
height of 4 mm. Simultaneously, the molds were irradiated
under a UV lamp with a power of 1000 W and a wavelength
of 405 nm for 10 s for light-curing molding to form a green

~ Debinding

™ TPO - PEGDA

Sintering

DEDB and HEMA

body. The green body was put into the DZF-6020 vacuum
drying oven (Changzhou Nuoji Instrument Co., Ltd., China)
for drying treatment. The drying temperature was 60 °C,
and the drying time was 12 h. Debinding of the green body
was carried out using a KSL-1100X miniature box-type
furnace (Hefei Kejing Material Technology Co., Ltd.,
China). During the debinding process, the heating rate was
set at 0.5 °C/min until reaching 600 °C. The brown parts can
be obtained without cracks by holding them at 90 °C,
253 °C, 338 °C, 500 °C, and 600 °C for 2h, 4 h, 4 h, 4 h and
1 h, respectively. Then, the GSL-1600X high-temperature
tube furnace was used for vacuum sintering. To achieve
complete sealing of pores in the brown part, we increased
the temperature to 1300 °C at a rate of 3 °C/min under a
vacuum condition of 1x 10 2mbar. Transparent fused
silica glass could be sintered under this condition, as shown
in Fig. 1b.
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2.4 Microstructural characterization

The microstructure of the diluted SiNP slurry was observed with
a JEOL F200 transmission electron microscope (JEOL Science
and Technology Co., Ltd., Japan). A Xeuss 2.0 X-ray small
angle scatterometer (Xenocs, France) was utilized for SAXS
characterization. The functional groups in the SiNP slurry were
analyzed using an IRTracer 100 fourier transform infrared
spectroscopy instrument manufactured by Shimadzu in Japan.
Fourier transform infrared spectroscopy experiments were
conducted using the KBr disk method. Rheological properties
were performed utilizing an MCR 302 rotational rheometer
(Anton Paar, Austria). Thermogravimetry analysis was per-
formed employing a STA2500 regular thermal analyzer
(Netzsch, Germany). The physical phases were analyzed
through UltimalV X-ray diffraction (Rigaku, Japan). The copper
target was used for the experiment. The scanning step was 5°/
min and the diffraction angle was varied from 10° to 90°. The
surface morphology of the samples was observed using a
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Tescan Mira4 field emission scanning electron microscope
(Tescan, Czech Republic).

3 Results and discussion
3.1 Microstructure of SiNP slurry

The microstructure of SiNP slurries with different HEMA
contents is shown in Fig. 2. When HEMA = 50 wt%, SiNPs
aggregated in the curable resin to form network-like micro-
structures. A 100-500 nm void appeared inside the network
after the gel network was formed by the aggregation of multiple
agglomerates, as shown in Fig. 2a. When the content of HEMA
was increased, the gel network structure was gradually opened
to form long chain-like agglomerates with loose structures (Fig.
2b, ¢). Voids were also present inside long chain-like agglom-
erates. With the further increase of HEMA content to more than
70 wt%, the long-chain SiNP agglomerates gradually



Journal of Sol-Gel Science and Technology

Fig. 3 2D SAXS images of
SiNP slurries with different
HEMA contents
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Fig. 4 I(q)—q curves

disappeared to form stable nanoscale short chain-like agglom-
erates, as shown in Fig. 2d—f. At this time, the SiNP slurry was
also transformed from a gel state to a sol. The above results
indicate that HEMA can effectively hinder the accumulation of
SiNPs.

In addition, we used SAXS to analyze the internal
structure of the SiNP slurry with 2D SAXS images
obtained, as shown in Fig. 3. From Fig. 3, the 2D SAXS
images all show circles of uniform size, which implies that
the SiNP slurries were isotropic. Therefore, the physical
properties of the SiNP slurry do not change with the mea-
surement direction.

Figure 4 shows the I(q)—q curves. when ¢ <0.05, I(q)
decreased rapidly. However, the I(g) change gradually

decreases as ¢ increases. It is worth noting that the 1(¢)—¢g
curves of SiNP slurries with different HEMA contents are
slightly different. The I(q)—g curve gradually raised with
increasing HEMA content. It shows that HEMA has a
better dispersion for SiNPs. The lowest /(q)—g curve was
observed when the HEMA = 50 wt%, which indicated that
the SiNP agglomerates had the largest particle size. The
SAXS test results agree with those of the TEM micro-
scopic results.

Figure 5 shows the [In/(g)]—In(qg) curves that can be obtained
from the I(g)—g curves. The information about the homogeneity
of the agglomerates can be obtained by fractal analysis of the
[Ini(q)] — In(g) curves. When 1 < —d < 3, then the slope d of the
[Ini(g)] — In(g) curve can be fractal analyzed. This fractal is a
mass fractal, which shows that the mass M of the agglomerate
changes exponentially with its radius R.

M o RP» (1)

D,=—d (2)

Where, D,, is the mass fractal, reflecting information such
as the aggregation state.

When 3 < —d<4, the surface fractal can be analyzed
according to Eq. (3).

Ds=6+d (3)

Where, D is the surface fractal dimension, which can
effectively reflect the irregularity of the particle surface. The
smaller the Dy value, the smoother the agglomerate surface.
The particles are dense and smooth at Dy = 2.
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Table 1 Results of fractal analysis

HEMA 100 wt% 90 wt% 80 wt% 70 wt% 60 wt% 50 wt%

Slope dl d2 dl dz dl dz dl d2 dl dz dl dz
—0.2467 -3.973 —-0.2261 —-3.965 —-0.4542 -3.967 —-0.5101 —-3.974 —-0.5684 —3.976 —0.6510 —3.984

Fractal information D,, Dy D, Dy D, Dy D,, Dy D, Dy D, Dy
0.2467 2.027 0.2261 2.035 0.4542 2.033 0.5101 2.026 0.5684 2.024 0.6510 2.016

Figure 5 shows the double logarithmic curves of the SiNP
slurry fractal properties. When —1 < In(g) < —1.5, the curve had
a linear portion with the slope noted as d;. The curve also
appears linear for —2.5 <In(g) < —5, where the slope was noted
as dp. Two linear regions, d; and d,, correspond to the mass
fractal and surface fractal, respectively. This phenomenon
demonstrates the presence of bi-fractal properties in the system.
The distribution and agglomeration of SiNPs in the system is a
stochastic and nonlinear process, which also predicts the pre-
sence of an interfacial phase.

Table 1 shows the fractal results of the SiNP slurries obtained
according to Fig. 5. From Table 1, the D,, exhibited a decreasing
trend as the HEMA content increased from 50 wt% to 90 wt%.
The D,, reached a minimum value when HEMA content is
90 wt%. The mass fractal results show that the mass distribution
of the gel network formed by aggregation of SiNPs becomes
inhomogeneous with the HEMA increase. Also, the network
structure of the gel gradually becomes looser as HEMA
increases. The slurry was transformed from a gel to a sol. This
phenomenon may be due to the gradual decrease in the size of
SiNP agglomerates and the increase in the thickness of the
interface layer under the action of HEMA. The increase in the
thickness of the interface layer erodes SiNPs with the closely
distributed mass, resulting in the gel network structure becom-
ing loose [21]. However, the D, value increased instead with a
further increase in HEMA content. Excessive HEMA incor-
poration leads to a bridging effect between the interface layers
on the SiNP surface. This bridging effect will somewhat
exacerbate the SiNP aggregation [22], increasing the Dy, value.

When the HEMA content was increased from 50 wt% to
90 wt%, the surface fractal Dg values also increased gradually,
and the Dg were all greater than 2, as shown in Table 1. The
increase in Dg value may be attributed to the fact that the
number of HEMA molecules anchored to the SiNP surface
increases with HEMA content, resulting in a rougher surface.
Whereas, the fractal surface Dg value decreases to 2.027 when
the content of HEMA reaches 100 wt%. The phenomenon
occurs because the HEMA molecules adsorbed on the surface of
the SiNPs reach their limit. A uniform solvation layer is formed
on the SiNP surface, decreasing in the Dg value.

Porod theory can be used to analyze the structure of sol-gel
interfaces. According to Porod’ s theory, when the system is
composed of two phases with a sharp interface, the curve
[¢’I(g)] — ¢* tends to be a straight line when under the

condition of the scattering angle is significant, as shown by the
curve A in Fig. 6a.

lim [¢*1(q)] = K (4)

q—0

However, in many cases, the systems we study are not
ideal two-phase systems. On the contrary, when ¢ tends to
large values, ¢°I(g) is not a constant and the curves show
positive and negative deviations, as shown in curves B and
C in Fig. 6a. Positive deviations are caused by factors such
as the heat density in the material and the electron density

inhomogeneity within the particles. Now, the curve
[q3I(q)] — q2 is formulated as follows:
I(q) = Kq~* exp(6°q®) (%)

The generation of negative deviation is attributed to the
unclear phase boundary. This means there is no clear phase
boundary between the two phases, and a transition region of
a certain width exists between them (i.e., interfacial layer or
dissolution layer). Now, the [q3I(q)] — q2 curve exhibits a
negative deviation in the high angle region.

1(q) = Kq~ exp(—0°¢’) (6)

From Fig. 6b, the slope at the end of the [¢°I(g)] — ¢* curve
was negative when the HEMA content was 80 wt% to 100 wt%.
It indicates that the system does not obey Porod’s theorem,
where different degrees of negative deviation are present.
Meanwhile, it also shows the presence of interface layers in the
system [23]. The slope at the end of the [q3I(q)] — q2 curve
changes from negative to positive as the HEMA content
decreases, i.e., there was a positive deviation of the [¢°1(¢)] — ¢
curve, as shown in the inset in Fig. 6b. The inhomogeneous heat
and electron densities in the system lead to a positive deviation
of the [¢°1(¢)] — ¢° curve. It shows that when the HEMA con-
tent is lower than 70 wt%, the SiNPs start to exhibit some degree
of agglomeration.

3.2 Rheological properties and FT-IR analysis

Figure 7 shows the viscosity of SiNP slurries with different
HEMA contents. Figure 7 was divided into two areas, I and II,
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corresponding to shear rates of 0-20s~! (low shear rate area)
and 20100 s~! (high shear rate area), respectively. In area I, the
viscosity decreases as the shear rate increases. The slurry had a
shear-thinning behavior. In area II, the viscosity increases with
the shear rate. The slurry showed shear thickening behavior. The
shear behavior of areas I and II has been analyzed as follows. In
the initial state, the arrangement of SiNPs in the slurry is
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disordered and the network structure is formed [24], as shown in
Fig. 8a. These network structures are difficult to move. Con-
sequently, the slurry exhibits a higher viscosity. The network
structure is opened as the shear rate increases. The SiNPs
formed an ordered arrangement under the shear force, as shown
in Fig. 8b. Relative motion between SiNPs is more likely to
occur. So, the macroscopic manifestation is a reduction in the
viscosity of the slurry. When the shear rate is increased to area
II, the fluid lubrication force of the slurry destroys the short-
range friction between the SiNPs [25]. The SiNPs form
agglomerates (Fig. 8c), so the slurry exhibits shear thickening at
high shear rates [26].

Calculate the average viscosity in the shear rate range of
0-10?s~", as shown in Fig. 9. From Fig. 9, the viscosity of the
slurry was reduced by 2.665%, 41.864%, 6.866%, and 41.35%
as HEMA content increased from 50 wt% to 90 wt%. The
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Fig. 7 The viscosity of SiNP slurries with different HEMA contents
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Fig. 8 Shear rheological properties of slurry. a static state, b low shear rates, ¢ high shear rate
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viscosity of the SiNP slurry decreased from 0.9910 to  areaIll in Fig. 9. We also measured the average shear stress of
0.2821 Pa.s. Interestingly, the viscosity of the slurry exhibited a  the slurry, as shown in Fig. 10. As HEMA content increased
significant increase when HEMA was further added, reachinga  from 50 wt% to 90 wt%, the shear stress of the slurry was
value of 0.5401 Pa.s. The minimum viscosity of the slurry was reduced by 41.05%, 44.18%, 16.58%, and 31.91% (from
obtained when the HEMA content was 90 wt%, as shown in 15.99Pa to 2.988 Pa), respectively. The slurry shear stress
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Fig. 9 Average viscosity of slurries with different HEMA contents Fig. 10 Average shear stress of slurries with different HEMA contents
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Fig. 11 The solvation layer on the silica nanoparticle surface at different HEMA contents. a HEMA =50 wt%, b HEMA = 60 wt%,
¢ HEMA =70 wt%, d HEMA = 80 wt%, e HEMA = 90 wt%, f HEMA = 100 wt%

@ Springer



Journal of Sol-Gel Science and Technology

(a)
100 -
80
S
860
=]
<
R=
Z 40
sl ~—OH
H
20
~—C=0
O 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber/(cm™)
(©
-OH
HEMA=50 wt%
HEMA=60 wt%
3486.835 cm’!
S HEMA=70 wt%
S 3478332 cm’!
§ HEMA=80 wt%
Z HEMA=90 wt%
=
HEMA=100 wt%
W/__
3439.003 cm’!
1 1 1 1
3200 3400 3600 3800 4000

Wavenumber/(cm™)

(b)
Si-OH~— Si-0-Si  C=0 -
Ve v OH HEMA=50 wt%
HEMA=60 wt%
é W HEMA=70 wt%
E \//‘V\A-\/\,—\'V" R e
g
8 HEMA=80 wt%
E -
2}
g HEMA=90 wi%
[_‘ —
HEMA=100 wt%
Y
500 1000 1500 3500 4000 4500
Wavenumber/(cm™)
(d)
HEMA=50 wt%
1718.575 cm™ HEMA=60 wt%
g 1716.646 cm™! HEMA=70 wt%
>
Q
§ 1715.542 cm™! HEMA=80 wt%
‘g
g 1714717 cm’! HEMA=90 wt%
&
1712788 cm’™ HEMA=100 wt?
1710.900 cm’!
1 " 1 " 1 " 1
1500 1600 1700 1800 1900 2000

Wavenumber/(cm™)

Fig. 12 FT-IR spectra of SiNP slurries and HEMA. a FT-IR spectra of HEMA. b FT-IR spectra of slurries. ¢ Enlarged view of FT-IR spectrum of

hydroxyl group. d Enlarged view of FT-IR spectrum of C=0

increased to 5.532 Pa instead when the HEMA content was
increased to 100 wt%. The trend of shear stress variation with
HEMA content was consistent with viscosity. The above
experimental results show that HEMA can effectively reduce
the viscosity and shear stress of SiNP slurry. Shear stress and
viscosity decrease and then increase with increasing HEMA
content, achieving a minimum at HEMA = 90 wt%.

To further analyze the reasons for the change in the slurry
rheological properties, we directly observed the SiNP surface
at higher magnification using a TEM, as shown in Fig. 11.
We did not observe a solvation layer on the SiNP surface
when HEMA <70 wt%. Agglomerates were formed by
direct contact between SiNPs (Fig. 1la—c). The slurry
exhibits high viscosity and high shear stress owing to the
poor flowability of the agglomerates. From Fig. 11d, e,
the SiNPs were fully dispersed, and a solvation layer
with a thickness of 3—5 nm was clearly observed on the
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particle surface with the increase of HEMA content. Due
to the steric hindrance mechanism, SiNPs maintain stable
dispersion in the slurry [27], which greatly improves the
fluidity of the slurry. So, the viscosity and shear stress of
the slurry decreased gradually as HEMA content
increased. When the content of HEMA was further
increased up to 100 wt%, we observed an overlapping of
the solvation layers, interpenetrating each other, and the
SiNPs were close to each other, as shown in Fig. 11f.
This phenomenon indicates that the bridging effect between
particles begins to occur [22]. The bridging effect accelerates the
aggregation of the powder to some extent, thereby increasing the
viscosity and shear stress of the slurry [28]. The experimental
results above indicate that HEMA hinders the agglomeration of
SiNPs by adsorbing on the SiNP surface to form a solvation
layer. Additionally, HEMA improves the flowability of the
slurry, but the amount of HEMA added exhibits a threshold.
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We performed FT-IR spectroscopy on the slurry to further
explain the mechanism of HEMA dispersed silica nanoparticles.
The stretching vibrations of the C = O and hydroxyl group of
HEMA were observed at 1720cm™" and 3200 ~ 3600 cm™ !,
respectively, as shown in Fig. 12a. Figure 12b shows the FT-IR
spectrum of the SiNP slurry. The Si-O-Si stretching vibration
appears as broadband at 10001150 cm™" [29]. The absorption
peak at 951.0cm™! corresponds to the Si-OH [30]. The IR
spectra of the hydroxyl group and C=0 of SiNP slurries were
magnified, as shown in Fig. 12c, d. From Fig. 12c, d, the
absorption peak of the hydroxyl group at 3486 cm ™! shifted to
3439 cm™!, and the C=0 peak shifted from 1718 cm™! to
1710 cm™! with increasing HEMA content [31-33]. Addition-
ally, the absorption peak of the Si-OH shifted from 951.0 cm ™"
to 945.2 cm™". These shifts indicate the formation of hydrogen
bonds between the hydroxyl and carbonyl groups of HEMA and
the silanol groups on the SiNP surface [34-36]. Based on the
above experiments, we can infer that HEMA is adsorbed on the
SiNP surface through hydrogen bonding to form a solvation
layer.

3.3 Heat treatment and microstructure analysis

Thermogravimetry analysis of the green body was con-
ducted, as shown in Fig. 13a. Analysis of the DTG and TG
curves showed significant mass loss of the green body at
253.4°C, 338.7 °C and 493.7 °C. The DTG curve levels off
after reaching 500 °C, indicating that the thermal decom-
position of organic compounds in the green body is
essentially completed. After the debinding process was
completed, the mass loss of the green body was 53.28%.
Thus, the debinding temperatures were set at 253.4 °C,
338.7°C, and 493.7°C to remove organic compounds
altogether. Additionally, a holding step was introduced
during the debinding process to ensure the complete
decomposition of organic compounds within that tempera-
ture range. We adjusted the debinding process based on
preliminary experiments, as shown in Fig. 13b. During the
debinding process, the heating rate was set at 0.5 °C/min
until reaching 600 °C. The brown parts can be obtained
without cracks by holding them at 90 °C, 253 °C, 338 °C,
500 °C and 600 °C for 2h, 4h, 4h, 4h and 1h, respec-
tively. To achieve complete sealing of pores in the brown
part, we increased the temperature to 1300 °C at a rate of
3°C/min under a vacuum condition of 1x 102 mbar.
Subsequently, the temperature was maintained for 30 min to
complete the densification process of the fused silica glass.

Figure 14 shows the optical and SEM images of the
brown parts at different HEMA contents after sintering at
1300 °C for 30 min, showing different features. When the
HEMA content ranged from 80 wt% to 100 wt%, the
brown part sintering was more effective, and transparent
and dense fused silica glass was obtained with smooth
surfaces and free of any defects, as shown in Fig. 14a—c.
However, when the HEMA content was lower than 70 wt
%, surface defects, such as cracks, were observed on the
fused silica glass after sintering, as shown in Fig. 14d—f.
Also, we performed X-ray diffraction (XRD) physical
phase analysis on the fused silica glass in Fig. 14, as
shown in Fig. 15. The X-ray diffraction peaks show a
humping, indicating that the sintered product is amor-
phous fused silica glass with no crystallization behavior.

HEMA adsorbs on the surface of the SiNPs through
hydrogen bonding to form a solvation layer at high
HEMA content (>70 wt%). Under the effect of the steric
hindrance mechanism, when SiNPs are close to each
other, the solvation layer on their surface is compressed,
which triggers repulsive forces and prevents direct con-
tact and agglomeration between particles. So, the silica
nanoparticles are uniformly, stably and orderly dispersed
in the slurry. The adequately dispersed slurry was light-
cured to form a green body, which a defect-free, trans-
parent and dense fused silica glass was obtained after
sintering, as shown in Fig. 16a. However, when the

@ Springer



Journal of Sol-Gel Science and Technology

Fig. 14 Optical and SEM images of brown parts with different HEMA contents after sintering at 1300 °C for 30 min. a HEMA = 100 wt%,
b HEMA = 90 wt%, ¢ HEMA = 80 wt%, d HEMA = 70 wt%, e HEMA = 60 wt% and f HEMA = 50 wt%
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HEMA content was not sufficient to coat the SiNPs
(HEMA <70 wt%), hydrogen bonds were formed
between the different SiNPs through the silanol groups
on the surface, which agglomerated together to form
agglomerates [37]. Multiple agglomerates aggregated to
form the gel network and long chain-like agglomerates,
which have many internal voids, as shown in Fig. 2a—c.
The internal voids formed by agglomerate aggregation
are the weak areas of the light-cured green body. During

HEMA=50 wt%

HEMA=60 wt%

HEMA=70 wt%

HEMA=80 wt%

Intensity/(a.u.)
i

HEMA=90 wt%

At it
WM HEMA=100 wt%
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Fig. 15 X-ray diffraction analysis of sintered fused silica glass at
1300 °C
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o — @ —

’
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Si=— O, O=—Sj=|
@ »—@
Hl

Stable and evenly
dispersed

the debinding process, the resin filling the voids in the
green body undergoes thermal decomposition to form
cracks, which is the origin of crack formation [38].
Concurrently, at high-temperature sintering, the brown
part shrinkage generates large shrinkage and thermal
stresses [39, 40]. Shrinkage and thermal stresses caused
the cracks to further enlarge and extend, as shown in
Fig. 16b.

From Sections 3.1 and 3.2, the bridging between the
solvation layers on the surfaces of different SiNPs occurred
when the HEMA content reached 100 wt%, which led to a
certain degree of agglomeration of the SiNPs. However, this
agglomeration phenomenon is not very serious and the
formed agglomerates still exhibit stable nanoscale short
chain-like structures, as shown in Fig. 2f. So, when the
HEMA content reached 100 wt%, the sintered fused silica
glass also did not show defects such as cracks.

4 Conclusions

In this study, the microstructure and rheological properties of
SiNP slurries were analyzed, and the mechanism of dispersing
SiNPs by HEMA was deeply investigated. The sintering
quality of fused silica glass was studied by analyzing the sur-
face topography and physical phase of fused silica glass. The
formation and origin of cracks during the sintering of fused

Defect-free fused
silica glass

Cracked fused silica
glass

Fig. 16 Dispersion evolution of silica nanoparticles in a curable resins and sintering [41, 42]. a Dispersion mechanism and sintering process of
silica nanoparticles in curing resins. b Silicon dioxide nanoparticle agglomeration in curable resins and crack generation during sintering
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silica glass were revealed by the dispersion evolution of SiNPs
in curable resins. The several critical conclusions were drawn:

1. HEMA can effectively disperse silica nanoparticles.
As the content of HEMA increases, gel networks and
long chain-like agglomerates are dispersed into stable
nanoscale short chain-like structures.

2. The SiNP slurry system exhibits mass fractal and
surface fractal properties, in which the distribution and
agglomeration of particles is a random and nonlinear
process. With the HEMA content, the mass fractal trend
decreases and then increases, while the surface fractal
changes by first increasing and then decreasing.

3. The shear stress and viscosity of the slurry first decrease
and then increase with the HEMA content. HEMA
adsorbs on the SiNP surface to form a solvation layer of
a certain thickness for dispersing SiNPs.

4. Defect-free fused silica glass can be prepared when the
HEMA content is 80wt% —100 wt%. When the
HEMA content is below 70 wt%, the fused silica glass
obtained by sintering shows defects such as cracks.
Crack formation originates from voids within the gel
network and long chain-like aggregates. Shrinkage and
thermal stresses generated during the sintering process
can cause cracks to further enlarge and extend.
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