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ARTICLE INFO ABSTRACT

Keywords: K9 optical glass plays an important role in the field of optics and optoelectronic information due to its high
K9 optical glass thermal stability and excellent optical imaging properties. Considering the low polishing efficiency and surface
E;CS(;% quality from its extremely high hard and brittle properties, a novel SiOy polishing slurry containing K,CO3 and 3-

aminopropyltriethoxysilane (CoH23NO3Si, KH550) is prepared for ultrasonic vibration chemical-mechanical
polishing (UV-CMP) of K9 optical glass, and its polishing characteristics and mechanism are investigated. The
results demonstrate that K2CO3 promotes the material removal rate (MRR) significantly, while the adsorption
effect of KH550 reduces the wear ratio and coefficient of friction (COF), and improves the dispersion of SiO5
abrasive particles and polishing performance of UV-CMP remarkably. Ultrasonic wave further induces softening
of surface hydration reaction, homogeneous distribution of abrasive particles and enhances impact and grinding
ability of abrasive particles. The optimal MRR is14.5298 ym/min and Sa is 54.07 nm at 1.5 wt% KCOs, 1.6 wt%
KH550 and the ultrasonic amplitude of 6 pm, indicating that the UV-CMP supplied guidance for multi-field-

Ultrasonic vibration chemical-mechanical
polishing (UV-CMP)

assisted polishing of hard and brittle materials.

1. Introduction

K9 optical glass, with the main component of SiOs, is widely applied
as an optical component due to its good reflection, refraction, and
transmission in the short visible and infrared wavelengths [1].
Currently, the processing of optical glass undergoes cutting, grinding
and polishing [2-4]. Among them, polishing as a crucial step directly
affects the imaging accuracy and measurement precision of optical
components [5]. There are many conventional polishing methods, such
as bonnet polishing (BP), magnetorheological polishing (MRF), laser
polishing (LP) and chemical mechanical polishing (CMP) [6-9]. Among
them, LP and MRF require extremely high requirements for experi-
mental environments and equipment, which increases the
manufacturing cost. BP hinders the manufacture of small optical com-
ponents due to the material properties and wall thickness of the pol-
ishing tool. CMP has a wide range of applications and simple
experimental conditions, but the lower processing efficiency does not
fully utilize the efficacy of chemical polishing slurries. There is an urgent
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requirement for a new polishing technique to improve the processing
efficiency and surface quality of optical glass, thereby enhancing the
performance of optical components. Therefore, a series of multi-energy
field-assisted CMP methods have been proposed such as ultraviolet
assisted CMP, plasma assisted CMP and ultrasonic vibration CMP (UV-
CMP) [10-13]. Among these assisted CMP methods, UV-CMP, as a
rapidly developing method, provides a large amount of impact energy
for chemical polishing slurries [14,15]. It shows favorable machinability
on difficult-to-machine material with hard and brittle characteristics,
which can effectively improve surface quality, increase machining effi-
ciency and extend the life of the polishing tool [16].

Many specialists have studied UV-CMP. Tsai et al. [17] utilized CMP
and UV-CMP to process copper-based materials, respectively. The
experimental results show that the material removal rate (MRR) of UV-
CMP is maximally enhanced by 90 % and the surface roughness is
reduced to 1.448 nm by 40 % compared with regular CMP. Zhou et al.
[18] investigated sapphire UV-CMP. It is found that polishing produces a
new softened chemical product Al;Si;O, which increases the MRR of
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sapphire UV-CMP by about 60 %, decreases the surface roughness by
about 25 %, lowers the surface damage layer thickness by 38 %, and
diminishes the residual stresses and the surface crystalline defects. Liu
et al.[19] employed ultrasonic elliptical vibration (UEV) technology in
combination with chemical mechanical polishing (CMP) for mono-
crystalline silicon. It is found that the processing efficiency of UEV-CMP
reaches about 700 nm/min and the surface roughness decreases to about
11 nm. The softened layer on the single crystal silicon surface can be
removed not only by mechanical removal of abrasive particles, but also
by ultrasonic vibration action. Chen et al. [20] conducted UV-CMP on
SiC. The effects of HyOy content, FeSO4 content and ultrasonic ampli-
tude on MRR and surface roughness of UV-CMP are analyzed experi-
mentally and theoretically. The results reveal that the combined action
of the ultrasonic wave and the Fenton oxidation reaction achieves
upgraded polishing efficiency and surface quality compared with CMP.
The maximum MRR obtained is 1350.63 pmz /min, which is 19.51 %
higher than that of CMP, when the polishing slurry with H,O, concen-
tration of 2.5 wt% and FeSO4 concentration of 0.025 wt% is applied to
UV-CMP on SiC at the ultrasonic amplitude of 6 pm.

In addition, chemical polishing slurry performance has an important
influence on the workpiece properties. Polishing slurry additives
directly affect the chemical polishing slurry performance. A large
number of scholars have explored polishing slurry additives. Liang et al.
[21] added sodium citrate (CgHsNa3O7) to the polishing slurry for CMP
of K9 optical glass. It is found that in the polishing slurry containing 3.0
% CeO; abrasive particles, 0.01 % CgHsNa3O; improves the abrasive
particles’ agglomeration and reduces the defects such as pitting and
corrosion pits. This decreases the scratches on the polished surface,
which in turn reduces the surface roughness of the K9 optical glass. Gold
et al. [22] investigated the effect of KCl and KNO3 on the hydration
reaction of SiO; surfaces at low temperatures. The team shows that the
silanol (Si-OH) content is increased significantly in the potassium salt
slurry. It is concluded that K" is a key factor influencing the CMP of the
SiO5 surface. It reduced the water activity of the slurry and thus
increased the Si-OH content of the surface. Xu et al. [23] formulated a
polishing slurry containing NayCO3 and CeO; abrasive particles for
processing fused silica. The surface roughness of the workpiece reaches
0.093 nm, which is 45 % lower compared with the commercial CeO4
polishing slurry. Based on the XPS and FTIR results, it is observed that
CeO; forms —Ce-O-Si- structure by chemical reaction during the CMP
and surface defects are removed by the mechanical force of the abrasive
particles, obtaining a smooth quartz glass surface. Han et al. [24] found
that different valence cationic salts (NaCl, CaCl,, AlCl3) could enhance
the material removal rate of silica thin film CMP. However, high valence
cations are more vulnerable to particle agglomeration and precipitation
under the steady-state conditions of the polishing slurry, due to the
stronger effect of high valence cations on the electrostatic interactions
between the abrasive particles than that of low valence cations. Xie et al.
[25] explored experimentally the effect of NH4 on the MRR of silicon
wafer CMP. When the NHJ concentration was 125 mol/L, the MRR
increased to 1687 A/min, and the polishing slurry maintained good
dispersion. COF and XPS measurements showed that NHj reduced the
electrostatic repulsion between silica nanoparticles and silicon wafers
while accelerating the chemical reaction between silicon wafers and
slurry.

Subsequently, surfactants are studied to improve the stability of the
chemical polishing slurry and the surface quality of the workpiece. Bu
et al. [26] prepared a chemical polishing slurry using sodium dodecyl
sulfate (SDS) and performed CMP on shallow trench (STI) structures of
SiO, material. The results indicated that the surface quality of the pol-
ished workpiece is significantly improved, but the MRR is significantly
reduced. Li et al. [27] injected a polishing slurry containing cetyl-
trimethylammonium bromide (C1¢TAB) into the two SiO5 interfaces. It is
detected that the hydration reaction between C16TAB and two SiOj
interfaces occurred using the atomic force microscopy (AFM) technique.
A double-layer structure is formed to undertake the external force,
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which results in the formation of the super lubrication phenomenon.
Kim et al. [28] investigated the effect of anionic surfactants on wafers
during CMP. Using contact angle experiments, it was found that the
polyacrylic acid (PAA) ammonium salts resulted in excellent flowability
of SiO, abrasive particles and an increase in polishing slurry stability.
The MRR of wafers increased significantly with the increase in pH. Penta
et al. [29] added sodium dodecyl sulfate, sodium dodecanoyl sarcosine,
dodecyl phosphate, and sodium dodecylbenzene sulfonate to the SiO5
polishing slurry to study the effect of four anionic surfactants on the
CMP of silica film, respectively. The experimental results show that the
dispersion of SiO, abrasive particles increased under an acidic envi-
ronment, while the material removal rate of SiO3 films changed less.

From the above analysis, it can be seen that cationic salt plays an
important role in MRR enhancement in SiO polishing slurry. The
anionic surfactants have little effect on MRR, and cationic surfactants
are likely to cause super-lubrication conditions in the polishing. Mean-
while, the two surfactants are susceptible to strong electrolytes, in both
acid and alkali environments. Therefore, this study selects a novel
surfactant-silane ~ coupling agent  3-aminopropyltriethoxysilane
(CoH23NO3Si, KH550). It is an organic silicide containing amino
groups and ethoxy groups, which is widely used in the fields of surface
modification and material filling [30].

To comprehensively enhance the polishing performance of K9 opti-
cal glass, a novel silica polishing slurry containing KoCO3 and KH550
was developed. The impact of K,CO3 and KH550 on the surface quality
and MRR of UV-CMP of K9 optical glass was investigated. The K2COs3
and KH550 on the properties and phase transitions of the chemical
polishing slurry were investigated for mean particle size, Zeta potential,
Polymer dispersity index (PDI), Fourier Transform infrared spectroscopy
(FTIR), Coefficient of Friction (COF) and X-ray photoelectron spectros-
copy (XPS). Finally, the polishing mechanisms of K9 optical glass in the
UV-CMP were systematically investigated in terms of hydration reac-
tion, adsorption mechanism of KH550 and ultrasonic vibration. A novel
approach was introduced in this study for the ultrasonic vibration and
hydration reaction processing of SiOs materials, and it has potential
applications in K9 optical glass polishing.

2. Material and methods

In this paper, colloidal silica (Jinghuo Technology Glass Co., Ltd.,
Dezhou, China) with an average size of 0.05 um, was chosen as a pol-
ishing abrasive particle, KoCOs3 (Sinopharm Chemical Reagent Co., Ltd,
China) as a cationic salt additive. The silane coupling agent KH550
(Sinopharm Group Chemical Reagent Co. Ltd, China) was used as a
novel surfactant. It contains amino groups and silane oxides. Deionized
water was utilized as a solvent for the preparation of the polishing
slurry.

Steps in the preparation of chemical polishing slurry: First, colloidal
silica was dissolved in deionized water to adjust the SiO, abrasive par-
ticles to 12 wt%. Then KoCO3 was weighed using a precision balance and
dispersed by ultrasonication to fully dissolve it at 25 °C for 30 min.
According to the previous experimental results, the pH value of the
polishing slurry is between 11.5 and 12, which ensures the stability of
the SiO, abrasive particles and enhances the chemical action of the
polishing slurry to achieve a high MRR [31]. Finally, KH550 was grad-
ually dripped into the slurry and the pH of the slurry was adjusted to 12.
The slurry was stirred in a magnetic mixer to fully hydrolyze the KH550
and mixed at 70 °C, 300 rpm, and 60 min. The hydrolysis reaction of
KH550 is shown in Fig. 1.

The workpieces for UV-CMP experiments were split into 50 mm x 50
mm x 4 mm K9 optical glass. The SiO3 is the main component and
provides the basic structure and hardness of the K9 optical glass. It also
contains oxides such as B,03, BaO and As;03, which contribute to the
optical properties of the glass[32]. The workpieces were cleaned in an
ultrasonic cleaner containing anhydrous ethanol for 20 min before and
after experiments to remove surface impurities and subsequently dried
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Fig. 1. Schematic diagram of KH550 hydrolysis reaction.

in a drying oven. The polishing pad was selected from a porous poly-
urethane material with a 12 mm diameter cylindrical polishing tool. The
experiments were conducted on a self-constructed ultrasonic vibration
polishing machine tool with 300 mm X/Y/Z axis guide rail travel, as
shown in Fig. 2. The frequency of the ultrasonic spindle is 25 kHz, the
ultrasonic amplitude is 0-10 pm, and the speed range is 0-24,000 rpm.
The frequency of ultrasonic atomization is 55 kHz and the flow rate of
the peristaltic pump is 0.1-0.5 ml/s. The polishing force is adjusted
utilizing a cylinder and a pressure sensor. UV-CMP experiments are
performed on K9 optical glass using the prepared SiO chemical pol-
ishing slurry. The flow rate of ultrasonic atomization is 0.2 ml/s, the
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rotational speed of the polishing tool is 3000 rpm, the ultrasonic
amplitude is 3 pm, the feed rate is 0.015 mm/s, and the polishing time is
30 min.

The mean size, PDI and zeta potential of the abrasive particles, which
are important criteria for evaluating the performance of the chemical
polishing slurry, were measured using a nanoparticle size and zeta po-
tential analyzer (Anton Paar, litesizer 500) and a laser particle sizer
(Malvern, Mastersizer 3000), respectively.

To explore the effect of additives on the tribological properties
during the polishing process, friction and wear experiments were carried
out on a reciprocating friction and wear tester (MFT-4000) with
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Fig. 2. Ultrasonic vibration polishing machine tool.
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different KoCO3 and KH550 concentrations. The experiments were car-
ried out on the K9 optical glass surface with reciprocal scraping for 20
min, friction speed of 200 mm/min, pressure load of 10 N, abrasive ball
of Al,03, and wear distance of 4 m. The fixed component during the
experiment was 10 wt% SiO, abrasive particles, pH = 12, and the var-
iable components were KoCO3 and KH550 concentration. The tribolog-
ical properties of the additives were investigated using COF versus time,
mean COF and wear ratio.

To investigate the effect of K;CO3 on the hydration reaction on the
K9 optical glass surface as well as the adsorption properties of KH550 on
the K9 optical glass surface in an alkaline solution, the surface elemental
valence changes were analyzed by XPS using X-ray photoelectron
spectroscopy (Thermo Scientific, K-Alpha). Firstly, the K9 optical glass
was immersed for 360 min in different component solutions respec-
tively, as shown in Table 1. Then it was removed, rinsed with deionized
water and blown dry with compressed air. Finally, the XPS spectra were
analyzed by peak splitting and fitting with Thermo Avantage software.
Before analyzing the data, it is necessary to calibrate the energy spec-
trum based on the Cls with the binding energy of 284.8 eV and to
determine the chemical bonding of the elements on the K9 optical glass
surface through the curve changes and energy shifts [33,34].

To characterize the changes in chemical bonding and molecular vi-
bration before and after the modification of SiO, abrasive particles by
KH550, this paper was carried out by FTIR analysis using a Fourier
transform infrared spectrometer (Thermo Scientific Nicolet iS50).
Firstly, the KH550 was stirred at 70 °C for 180 min using a magnetic
mixer to fully hydrolyze it and slowly added into the diluted colloidal
silica slurry to mix thoroughly. Next, the slurry was completely centri-
fuged and the precipitate was filtered and dried to obtain the KH550-
modified SiO, abrasive particles. Finally, it was mixed with KBr and
dried in an oven, and samples were prepared in a tablet press for an
infrared spectrometer.

The surface roughness Sa, MRR were measured by laser scanning
confocal microscope (LSCM, OLS4100) from Olympus. To reduce
random errors, the workpiece was measured at three random locations
and the mean value was taken as the surface roughness of the workpiece.
In addition, the entire workpiece surface before and after polishing,
friction and wear experiments was also laser scanned with the aid of the
LSCM, and the maximum material removal depth Dyepmeye between the
removal profile and the initial flat surface was measured by the equip-
ment’s software to calculate the MRR or wear ratio during the polishing
time t.

D

MRR = rertnove (1)

3. Results and discussion
3.1. Effect of K2CO3 on the polishing slurry performance

The dispersion of abrasive particles in the polishing slurry is related
to the concentration of the ionic salt additive and is characterized uti-
lizing the PDI value and the mean particle size. The smaller the PDI
value, the better the dispersion of the abrasive particles and the more
uniform the abrasive particle size. Fig. 3 illustrates the effect of KoCO3
concentration on abrasive particle size and PDI value. When no ionic salt
additive is added, the SiO abrasive particles are dispersed properly in
the polishing slurry, with the mean particle size of 50.5 nm, and the

Table 1
Solution compositions for workpiece immersion before XPS inspection.

No. Components

deionized water

deionized water, PH = 12

deionized water, KoCO3 (1.5 wt%), PH = 12

deionized water, K,CO3 (1.5 wt%), KH550 (1.6 wt%), PH = 12

AW N
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Fig. 3. Effect of K,CO3 concentration on abrasive particle size and PDI.

distribution of abrasive particle size between 50 nm and 70 nm. When
the K5CO3 concentration is lower than 1.5 wt%, the mean size of the
abrasive particles increased slightly compared with that without addi-
tion. As the concentration is increased to 2 wt%, the mean abrasive
particle size is significantly increased to 67.9 nm, which is a 34.46 %
increase compared with no addition. The experimental results are
consistent with the findings of Wonseop Choi et al [35].

The effect of KoCO3 concentration on the PDI value follows the same
trend as that on the mean size of the abrasive particles. The PDI value
increased gradually with the KpCOs3; concentration with the KyCOs
concentration lower than 1.5 wt%. However, when the K,CO3 concen-
tration reached 2 wt%, the PDI value increased to 0.216.

A large number of hydroxyl groups (OH") are absorbed on the SiO,
abrasive particle. The hydroxyl groups on the colloidal silica surface
hydrolyze with OH™ to form SiO~, which subsequently reacts with K* to
form Si-OK, the chemical reaction is shown as follows [36]:

=Si—0-Si= +OH +K'-SiOK+H,0 2)

In addition, the Si-OK size is larger than the Si-OH size, causing an
increase in the SiO; abrasive particle size. In the alkaline slurry, cations
adsorb on the SiO, abrasive particle surface and attract negative
charges, so that the adsorption layer with the negative charge and the
diffusion layer with the positive charge on the abrasive particle surface
form a double electric layer structure [37].

According to the Derjaguin-Landau-Verwey-Overbeek (DLVO) the-
ory, it is known that there are attractive forces and repulsive forces
between SiO, abrasive particles, which makes van der Waals potential
energy and electrostatic potential energy exist[38,39]. The two poten-
tial energies are relevant to the distance between the abrasive particles
and also determine the stability of the chemical polishing slurry[40].
The interaction potential energy (Uorq)) between the abrasive particles is
the sum of the van der Waals potential energy (U,,) and the electrostatic
potential energy (U,,) as shown below:

Utotat = Upa + Uer (3)

The van der Waals potential energy between the abrasive particles in
the chemical polishing slurry is expressed as:

_ AHaRabr

U,, =
wa 6Har

4

-abr

The electrostatic potential energy between the abrasive particles in
the chemical polishing slurry is expressed as:
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1 4 e KaebyeHaryy,

1 — e KaebyelToryy,

Uer = m€o€wRabr (251 &ln( )+ (& + E2)In(1 — e KaereHargy, ))

)

where Ay, is the Hamaker constant in the vacuum state of the abrasive
particle; Hagrgpr is the distance between two abrasive particles; ¢ is the
dielectric constant in the vacuum state, which is 8.854 x 107!2
cv lm 'at 25°C; ¢y, is the relative dielectric constant in water; £; and &,
are the zeta potential values of the abrasive particle surface, respec-
tively. kqepye is the debye length, which is associated with the concen-
tration and valence of the electrolyte.

The variation of the interaction potential energy Uyyq between the
abrasive particles is shown in Fig. 4. As the SiO, abrasive particles
approach each other, the van der Waals potential energy Uy, decreases
while the electrostatic potential energy U,, increases. This shift results in
a distinctive peak on the interaction potential energy curve, termed the
energy barrier. The energy barrier prevents the SiO, abrasive particles
from contacting each other, so that the SiO, abrasive particles need to
overcome the energy barrier to contact. As the energy barrier decreases,
the SiO, abrasive particles are more likely to contact each other more
readily, which completely destabilizes the polishing slurry and leads to
agglomeration of the SiO, abrasive particles. The change in electrolyte
concentration of the polishing slurry drives the change in the energy
barrier. The stability of the polishing slurry depends on the balance
between the van der Waals potential energy U,, and the electrostatic
potential energy U,.

At low K»COj3 concentration, it will cause the van der Waals potential
energy U,, to decrease. The electrostatic potential energy U, is larger
than the van der Waals potential energy U,,,, the adhesion state between
SiO4 abrasive particles is reduced due to Brownian motion, and the
interaction potential energy Uy > O, so that the silicon slurry main-
tains a stable state. As the K,CO3 concentration continues to increase,
the van der Waals potential energy U, is virtually unaffected, but the
bilayer thickness on the SiO, abrasive particle surface is compressed,
resulting in a decrease in the electrostatic potential energy U, and a
decrease in the energy barrier value. When the abrasive particles over-
come the energy barrier and the van der Waals potential energy Uy, is
greater than the electrostatic potential energy U, the interaction po-
tential energy Uyt < 0. As a result, the stability of the colloidal silica
decreases, and the abrasive particles tend to settle, resulting in the
instability of the colloidal silica system [41,42].

Fig. 5 shows the effect of K;CO3 concentration on the zeta potential
of the chemical polishing slurry. When the absolute value of zeta po-
tential is greater than 30 mV (red straight line), the chemical polishing
slurry lies in a stable condition. On the contrary, when its value is less

H, abr

Fig. 4. Interaction potential energy Uy versus distance between abra-
sive particles.
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Fig. 5. Effect of K;CO3 concentration on zeta potential.

than 30 mV, the chemical polishing slurry lies in a nonstable state
[43,44]. As shown in Fig. 5, the zeta potential increases from —45.43 mV
to —38.72 mV as the K,CO3 concentration increases from 0 to 1 wt%.
However, when the concentration reaches 1.5 wt%, the zeta potential is
—29.16 mV. In the low K5CO3 concentration, the electrostatic repulsion
ensures the dispersion of SiOy abrasive particles, and the chemical
polishing slurry remains in a stable state. However, excessive amounts of
KoCOs3 significantly increase the aggregation of the abrasive particles so
that the chemical polishing slurry becomes unstable.

3.2. Effect of K2CO3 on polishing performance

The effect of K;CO3 on MRR can be observed in Fig. 6. When the
concentration of K3COj3 is from 0.5 wt% to 2 wt%, the MRR increases
continuously with the increase of K2COg, and the MRR improves from
10.1342 pm/min to 13.1785 pm/min, which is an increase of 30.04 %.
However, the MRR decreases slightly at the 2.5 wt% KyCOs. It is
analyzed that the addition of K,CO3 promotes the hydration reaction
rate on the K9 optical glass surface, which results in rapid material
removal from the optical glass surface in the presence of SiO, abrasive
particles [36]. As a result, the MRR is increased. When K,COg3 continued
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Fig. 6. Effect of K»CO3 concentration on the polishing results of K9 opti-
cal glass.
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to increase, the excess K led to agglomeration of SiO, abrasive parti-
cles, which resulted in the attraction potential energy greater than the
repulsion potential energy of SiO, abrasive particles [37]. The
agglomeration of SiO, abrasive particles leads to a reduction of effective
abrasive particles, resulting in a slight decrease in MRR.

As shown in Figs. 6 and 7, with the increase of K5COs, the Sa of K9
optical glass gradually increases and the surface quality decreases
significantly from 56.61 nm at 0.5 wt% K>COs to 84.37 nm at 2.5 wt%
K5CO3, with the Sa value increasing by 49.04 %. This is mainly because
the negative charge of the SiO, abrasive particle surface is neutralized
by K", leading to a decrease in the dispersion of SiO, abrasive particles.
During UV-CMP of K9 optical glass, the SiO; abrasive particles impact
the workpiece surface, which leads to non-uniformity in the size and
distribution of pits on the microscopic surface. As a result, the Sa value
increases and the surface quality decreases.

3.3. Effect of K2COs3 on tribological properties

Fig. 8(a) illustrates the COF curves with KoCO3 concentration and
wear time for K9 optical glass under a pressure load of 10 N. The COF
curves oscillate more in the initial stage, when the shear stress is much
larger than the fracture strength of K9 optical glass, leading to the dense
crack generation. Subsequently, the cracks expand staggeringly and
produce brittle flakes under the effect of the reciprocating shear stress,
and gradually reach a steady state, and the COF tends to stabilize.
Therefore, the curves for the last 5 min were selected for calculating the
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mean COF.

The wear removal volume per unit load and per unit length is known
as the wear ratio. It can be seen from Fig. 8(b) that in the absence of
K5CO3, the COF is 0.351 and the wear ratio is 1.876 x 10~* mm® N!
m~L. When the K»COj concentration increased from 0.5 wt% to 2 wt%,
the mean COF increased from 0.358 to 0.393 and the wear ratio
increased from 2.013 x 10 * mm®*N"'m™ t0 3.134 x 10 * mm® N!
m~ L. The mean COF and wear ratio were higher than those without
addition. This is mainly attributed to the fact that K,CO3 promotes the
hydration reaction between the chemical polishing slurry and the K9
optical glass surface, and forms a hydration layer. The hydration layer is
lower in hardness compared with the grinding ball, which tends to insert
deeper into the K9 optical glass surface and increase the sliding resis-
tance, resulting in a slight increase in the mean COF. The hydration
reaction rate rises with the increase of K,COs3 concentration, and the
hydrated layer can be removed rapidly by the grinding ball, which
causes a significant increase in the wear ratio.

3.4. Effect of K2CO3 on the hydration reaction of K9 optical glass

The Si2p spectra shown in Fig. 9 contain two peaks which can be
considered as the characteristic peak of SiO; located at 103 eV and the
characteristic peak of Si-OH at 102.5 eV according to Srikar Rao et al
[45]. In Table 1, the peak area ratios of SiO2 and Si-OH for sample 1
immersed in deionized water are 86.51 % and 13.49 %, respectively.
When sample 2 is immersed in deionized water at pH = 12, the peak area

(a) 0.5 wt% K,CO;

(b) 1.5 wt% K,COs

(c) 2.5 wt% K,CO;

Fig. 7. Surface microstructure of K9 optical glass polished with different K,CO3 concentration.
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Fig. 8. Effect of K;CO3 concentrations on COF and wear ratio.

ratio of SiO, decreases to 81.85 %, and the peak area ratio of Si-OH
increases to 18.15 %.

Sample 3 is immersed in deionized water with 1.5 wt% Ko,CO3 and
pH = 12, the peak area ratio of SiO5 further decreases to 79.94 %, and
the peak area ratio of Si-OH further increases to 20.06 %. From the
above XPS spectral analysis, the peak area ratio of SiOy decreases and
the peak area ratio of Si-OH increases with the introduction of alkaline
solution and K»COs. The hydration reaction is weak under the deionized
water. However, the alkaline condition and K;COj3 can further intensify
the hydration reaction, promoting the breakage of Si-O-Si bond and the
generation of Si-OH bond on the K9 optical glass surface. The optical
glass has a dense Si-O-Si three-dimensional spatial structure, which is
softened into a loose porous structure after the hydration reaction, thus
enhancing the thickness of the surface hydration layer [46,47].

In summary, the introduction of K* in the alkaline solution decreases
the electrostatic repulsion between the abrasive particles and the optical
glass surface, which improves the mechanical removal of the abrasive

particles in the UV-CMP, accelerates the hydration reaction rate and
increases the surface hydration layer thickness. The XPS Si2p mea-
surements shown in Fig. 8 can well explain the MRR changes of UV-
CMP.

3.5. Effect of KH550 on the polishing slurry performance

Fig. 10(a) shows the effect of KH550 concentration on SiO5 abrasive
particle size and PDI. The mean size of the SiO, abrasive particle is
55.19 nm when only 1.5 wt% K3CO3 is added. The mean size of SiOy
abrasive particle increases from 55.47 nm to 58.61 nm with the increase
of KH550 concentration from 0 wt% to 1.6 wt%, with a maximum in-
crease of 6.20 %. This is mainly attributed to the hydrolyzed polymer of
KH550 adsorbed on the SiO5 abrasive particle surface. The PDI value
decreases sharply with the increase of KH550 concentration from 0.132
at 0 wt% to 0.054 at 1.6 wt%. The distribution of abrasive particles tends
to be homogeneous, and dispersibility gradually becomes better. This
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Fig. 10. Effect of KH550 concentration on the polishing slurry performance.

Intensity (a.u.)

indicates that the addition of KH550 can improve the dispersion of SiO5
abrasive particles in the chemical polishing slurry. Fig. 10(b) shows the
effect of KH550 on the zeta potential of the chemical polishing slurry.
The absolute value of zeta potential increased with increasing KH550.
The zeta potential decreases from —29.16 mV to —49.55 mV when the
KH550 is increased from 0 wt% to 1.6 wt%, an increase of 69.92 % in
absolute value.

The experimental results are explained as: Due to the amino group
hydrolyzed by KH550 and grafted to the SiO, abrasive particle surface,
which caused the grafted side chains to extend outward and increased
the steric hindrance effect between the abrasive particles. The longer the
side chain, the more obvious the spatial resistance effect [48]. The zeta

potential of the chemical polishing slurry decreases, the repulsion force
between SiO, abrasive particles increases, and the dispersion of the

110

L L L L L L chemical polishing slurry increases.
108 106 104 102 100 98 96

Binding energy(eV) 3.6. Effect of KH550 on polishing performance

(c) sample 3 The effect of KH550 on the MRR of K9 optical glass can be observed
in Fig. 11. The MRR increases gradually when KH550 concentration is
between 0.4 wt% and 1.6 wt%. It increased from 10.8141 pm/min to
13.4518 pm/min, an increase of 24.39 %. However, when the KH550
concentration was increased to 2.0 wt%, the MRR decreased slightly to
13.0382 pm/min. This phenomenon can be attributed to the fact that the
increase in KH550 concentration enhances the repulsive force between

Fig. 9. Si2p spectra of optical glass surface.
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Fig. 11. Effect of KH550 concentration on the polishing results of K9 opti-
cal glass.

the SiO, abrasive particles, which improves the dispersion and the me-
chanical removal ability of SiOy abrasive particles, leading to an in-
crease in MRR. However, excessive KH550 significantly reduces the

(a) 0.4 wt% KH550
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friction between SiO, abrasive particles and the polished contact area
due to the adsorption of KH550, resulting in a decrease in MRR.

The effect of KH550 concentration on the surface morphology and
surface roughness Sa of K9 optical glass are shown in Figs. 11 and 12.
The Sa decreases gradually with the increase of KH550 concentration. It
decreases from 75.42 nm at 0.4 wt% to 48.93 nm at 2 wt%, a decrease of
35.12 %. It is analyzed that the abrasive particles are dispersed homo-
geneously with the increase of KH550 concentration. In addition, due to
the strong adsorption of KH550 itself, it covers the craters on the
workpiece surface, which reduces the chemical reaction rate at the
craters and decreases the mechanical removal probability of SiOy
abrasive particles on the workpiece surface. Instead, the surface bumps
are more likely to be removed by abrasive particles, which leads to
improved surface quality.

3.7. Effect of KH550 on tribological properties

Fig. 13(a) shows the COF curve with KH550 concentration and wear
time. The COF curves for KH550 show less fluctuation compared with
those for K;COs. Again, the curves for the last 5 min were chosen to
calculate the mean COF. As can be seen in Fig. 13(b), the mean COF is
0.384 and the wear rate is 2.6680 x 10~* mm® N~! m~! without KH550.
When the KH550 concentration is increased from 0.4 wt% to 1.6 wt%,
the mean COF decreases from 0.363 to 0.311, and the wear ratio grad-
ually decreases from 2.4945 x 10™* mm® N™' m~! to 2.1930 x 107*

35
647

(b) 1.2 wt% KH550

(c) 2.0 wt% KH550

Fig. 12. Surface microstructure of K9 optical glass polished with different KH550 concentration.
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mm® N~! m™!. The mean COF and wear ratio are lower than those
without addition. KH550 adsorbs on the K9 optical glass surface and
forms a lubrication film, which changes the lubrication between the
grinding ball and the K9 optical glass, and reduces the damage of the
grinding ball on the K9 optical glass surface during the sliding process.
As a result, excellent wear reduction and wear resistance can be main-
tained throughout the friction and wear experiment.

3.8. KH550 modification analysis of SiOz abrasive particle

To further reveal the interaction between KH550 and SiO, abrasive
particle, the effect of KH550 on the chemical bonding characteristics of
the SiO, abrasive particle surface is investigated by FTIR technique as
shown in Fig. 14. The telescopic vibrational peak of the O-H group is
observed at a wavelength of 3430 cm™!, which is associated with the
physical water absorption on the SiO, abrasive particle surface. The
peak is weakened by the addition of KH550, indicating that KH550
combines with SiOy abrasive particles and part of the O-H is replaced,
thus hindering the bonding of SiO, abrasive particles with water mole-
cules. The spectra show characteristic peaks of SiO, abrasive particle at
1104 ecm ™1, 800 cm ™! and 472 cm ™!, which indicates the antisymmetric
telescopic vibrational peak, the symmetric vibrational peak and the
bending vibrational peak of the Si-O-Si bond, respectively [49].
Compared with the spectra of pure SiO; abrasive particles, the addition
of KH550 resulted in new vibrational peaks, with Si-CHy stretching
vibrational peaks and bending vibrational peaks appearing at 2924
cm ™}, 2848 cm ™! and 1382 cm ™. The bending vibrational peak of Si-
OH appeared at 1630 cm™!. The bending vibrational peak of N-H in
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Fig. 14. FTIR plot of SiO, abrasive particles before and after modification
by KH550.

the —N-H, group is found at 1560 cm™* [50,51].

The experimental results showed that KH550 reduced the hydroxyl
groups and formed new organic groups, which then modified the SiO,
abrasive particles. It is known that the organic groups can change the
stability of SiO4 abrasive particles in the polishing slurry, increase the
solubility of SiO, abrasive particles and reduce the agglomeration of
abrasive particles according to the principle of similar solubility.
Because of the strong hydrophilicity of the amino functional group
(-NHy), it makes KH550 have a better dissolution in the polishing slurry,
which contributes to the bonding of KH550 with the abrasive particle
surface [52]. As the KH550 concentration increases, KH550 adheres to
the SiO, abrasive particle surface, forming a “soft-shell abrasive parti-
cle” and inducing a slight increase in abrasive particle size. The
analytical results are consistent with the experimental results in section
3.5.

3.9. Adsorption mechanism analysis of KH550 on K9 optical glass

Fig. 15 illustrates the N1s spectra and Si2p spectra of the K9 optical
glass surface after immersion in solution 4 from Table 1. It can be seen
from Fig. 15(a) that the immersed optical glass surface contains two
characteristic peaks associated with -NH, which are the amino group (C-
NH;) with the binding energy located at 399.2 eV and the protonated
amine (C-NH3) with the binding energy located at 401 eV, which are
induced by the combination of the C-NHj group with hydrogen (H) [53].
The peak area ratios of C-NH, and C-NH3 are 71.03 % and 28.97 %,
respectively. Since only KH550 contains N element in solution 4, the N1s
spectra show that KH550 occurs chemical reaction with K9 optical glass
and adsorbs on its surface. Three different characteristic peaks can be
observed from the Si2p spectra in Fig. 15(b). There are the characteristic
peaks of SiO; at 102.5 eV and Si-OH at 103.0 eV analyzed in section
3.34, but the peak area ratio is reduced to 78.73 % and 19.76 %,
respectively. After the addition of KH550, the amino silane (Si-O)
characteristic peak appeared at 102.2 eV, which is the characteristic
peak corresponding with KH550 adsorption on optical glass, with a peak
area ratio of 1.51 % [53]. This proves that KH550 is adsorbed on the K9
optical glass surface by chemical bonding.

3.10. Effect of ultrasonic vibration on polishing performance

The CMP (A = 0 pm) and UV-CMP (A = 3 pm, 6 pm) polishing
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Fig. 15. XPS spectra of K9 optical glass surface.

experiments were carried out using polishing slurry containing 1.5 wt%
K2COs3, 1.6 wt% KH550 and pH = 12. The MRR was 12.3246 pm/min,
13.4518 pm/min and 14.5298 pm/min at ultrasonic amplitudes of O pm,
3 pm and 6 pm, respectively, with a maximum increase of 17.89 %. The
Sa value was 75.24 nm, 58.98 nm and 54.07 nm, respectively, with a
maximum decrease of 28.14 %. As shown in Fig. 16(a), the workpiece
surface is subjected to the scratching action of the SiO5 abrasive particles
to accomplish material removal in CMP. The polished surface is left with
uneven scratches and large-sized pits. Fig. 16(b) and (c) show the mi-
crostructures for different axial ultrasonic amplitudes. Compared with
CMP, UV-CMP utilizes ultrasonic vibration energy to provide stronger
impact kinetic energy to the SiO, abrasive particles. With the increase of
ultrasonic amplitude, the high-frequency vibration enables the abrasive
particles to obtain a larger motion path and higher impact velocity,
accompanied by an obvious ultrasonic cavitation effect, thus signifi-
cantly increasing the MRR, the original surface defects are gradually
removed, and the surface quality is gradually improved.
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Based on the above research results and analysis, combined with the
softening mechanism of hydration reaction on the workpiece surface
and the adsorption mechanism of KH550, the synergistic removal
mechanism of K;CO3, KH550 and ultrasonic vibration in UV-CMP is
shown in Fig. 17.

The chemical interaction of K>COs in an alkaline polishing slurry
softens the workpiece surface, enhances the hydration reaction rate and
accelerates the thickness of the hydrated layer. The Si-O-Si bond is
broken and bonded with OH™ to form silanol (Si-OH). The double
electric layer structures of the abrasive particle and optical glass surface
are compressed under the effect of K*, which enhances their electro-
static interaction and mechanical contact. KH550 modifies SiO, abrasive
particles, and its self-contained (CH3)3NH; group hinders abrasive par-
ticle agglomeration and contributes to abrasive particle dispersion.
Meanwhile, KH550 adsorbs on the abrasive particles and the K9 optical
glass. The impact of abrasive particles on the workpiece surface under
ultrasonic vibration induces the cavitation effect and the local temper-
ature increase in the polishing slurry, according to Chen et al [54]. It can
be concluded that the large amount of energy generated by ultrasonic
vibration prompts the hydrolysis of KH550 and its bonding with O-Si-O
bonds formed by the hydration reaction of SiO, abrasive particles and
optical glass surfaces. With the flow of polishing slurry in the contact
area, the SiO, abrasive particles detach from the bond, and the Si-O
bond of the hydration layer on the optical glass surface is broken,
bringing the hydration product away from the contact area to achieve
the surface material removal.

4. Conclusion

In this paper, a novel chemical polishing slurry with SiO, abrasive
particle is produced by combining K2CO3, KH550 and ultrasonic vibra-
tion technology for the precision polishing of K9 optical glass. The
polishing characteristics and mechanism are investigated through the
analysis of the chemical polishing slurry performance, the local micro-
structure, material removal efficiency and phase transformation. The
following conclusions are obtained:

(1) With the increase of K;CO3 concentration, the abrasive particle
size increases, the PDI value increases, and the absolute value of
zeta potential decreases, thus lowering the chemical polishing
slurry stability. KoCO3 accelerates the hydration reaction rate on
the K9 optical glass surface, resulting in a thicker hydrated layer,
which facilitates SiO, abrasive particle removal and improves

MRR. The maximum MRR is 13.1785 pm/min with a poor surface

quality of 75.32 nm at 2.0 wt% K2COs.

KH550 enhances chemical polishing slurry stability and surface

quality while reducing wear ratio and COF. As the KH550 con-

centration grows, the SiO, abrasive particle size is increased
slightly, the PDI value is reduced and the absolute value of zeta
potential is increased, resulting in a stabilized slurry and
improved particle dispersion. The MRR is increased while the

surface quality is improved. The optimal surface quality is 48.93

nm at 2.0 wt% KH550, then the MRR is 13.0382 pm/min.

(3) The UV-CMP achieves precision processing of K9 optical glass
through the combined effects of ultrasonic vibration, K,CO3 and
KH550. KoCO3 compresses the double electric layer, enhancing
electrostatic and mechanical contact. Ultrasonic vibration causes
abrasive particles to impact the workpiece surface, inducing
cavitation and local temperature rise, which promotes KH550
hydrolysis. Hydrolysis products bond with O-Si-O from hydration
on SiO, abrasives and the glass surface. Ultrasonic vibration-
induced slurry flow removes hydration products, improving
polishing performance. This process ensures uniform abrasive
distribution, strong shock loading and fluid invasion, accelerating
hydrated layer generation and removal.

(2)
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Fig. 17. Schematic diagram of the material removal mechanism of K;CO3-KH550 in UV-CMP on K9 optical glass.

The research results will further advance the development and uti-
lization of innovative polishing slurry for K9 optical glass. In the future,
the feasibility and cost-effectiveness of this advanced polishing slurry
will be validated in industrial production, facilitating its integration into
practical manufacturing processes to enable high-efficiency polishing of
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K9 optical glass.
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