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This study investigates the rheological properties of shear-thickening polishing
fluids with varying compositions using rheometric analysis. The results reveal
a significant correlation between the fluid's rheological behavior and the mass
fraction of the dispersant phase, identifying an optimal mass fraction of 40 wt%.
Further experiments, conducted using a customized metallographic grinding
machine, systematically analyze the influence of key process parameters. The
investigation demonstrates that a lapping duration of 30 min and a polishing
duration of 45 min yield optimal performance. Additionally, external pressure
experiments indicate that both material removal rate and surface roughness
increase with applied pressure, reaching a plateau due to reduced fluid flow
and enhanced abrasive penetration, with an optimal pressure of 150 kPa.
Furthermore, experiments with varying abrasive particle sizes show that material
removal rate and surface roughness increase with larger particles, with an
optimal size of 3 um. In summary, this study establishes the optimal parameters
for the integrated shear-thickening assisted abrasive lapping and polishing
process: an abrasive particle size of 3 um, a polishing pressure of 150 kPa,
a lapping time of 30 minat 200 rpm, and a polishing time of 45 min at
100 rpm. The implementation of these optimized parameters achieves a surface
roughness of 9.7 nm on SiC ceramic substrates, demonstrating the effectiveness
of this advanced processing technique.
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Introduction

With the advancement of technology, various advanced
manufacturing techniques, such as additive manufacturing
and precision machining technologies, are playing increasingly
important roles in modern industry (Ji et al., 2024; Shen et al., 2024;
Yang et al., 2024a; Yang et al., 2024b). The demand for advanced
materials with exceptional mechanical properties has surged in
recent years, particularly in sectors such as aerospace, automotive,
and electronics. Among these advanced materials, silicon carbide
(SiC) ceramics stand out due to their remarkable hardness, thermal
stability, and corrosion resistance. These properties make SiC
ceramics particularly suitable for high-performance applications,
including semiconductor devices, cutting tools, and wear-resistant
components (Qi et al, 2022b). However, the manufacturing
processes associated with hard brittle materials, particularly lapping
and polishing, pose significant challenges. Traditional abrasive
methods often lead to suboptimal surface finishes, high tool
wear rates, and lengthy processing times. However, some non-
traditional abrasive methods have been proposed and explored
to overcome these issues (Tan et al, 2023; Chen et al,, 2024;
Ge et al, 2024; Wang et al., 2024). Therefore, the development
of innovative techniques to enhance the lapping and polishing
of SiC ceramics is imperative to meet the growing demands
of industry.

Abrasive machining technology is one of the promising
advanced manufacturing technologies for the precision machining
process (Zhang et al., 2020; Zhao et al., 2020; Qi et al., 2021a;
2021b; 2022a), especially for the complicated surface finish, and the
related numerical and experimental studies have been conducted
to improve its machining quality and efficiency (Qi et al., 2017;
Zhang et al., 2018; Li et al.,, 2019; 2021; Chen et al,, 2023). One
promising avenue of exploration in this regard is the utilization of
shear-thickening fluids to assist in the abrasive lapping and polishing
processes (Wu et al., 2024; Chen et al., 2025). Shear-thickening fluids
are non-Newtonian fluids that exhibit an increase in viscosity with
the application of shear stress. This unique behavior allows shear-
thickening fluids to provide varying degrees of viscosity, which can
be manipulated to optimize the polishing process (Zhou et al., 2024).

FIGURE 1
Configure the finished shear-thickening polishing fluid.
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When incorporated into abrasive slurries, shear-thickening fluids
can significantly improve the effectiveness of the lapping process by
adapting to the forces applied during machining, thereby enhancing
material removal rates and improving surface finishes (Yuan et al.,
2024). The concept of using shear-thickening fluids in abrasive
machining processes is still relatively novel, and research in this
area is limited. Previous studies have demonstrated that shear-
thickening fluids can enhance machining performance in various
contexts, such as metal cutting and grinding, but there remains a
gap in knowledge regarding their application in the lapping and
polishing of hard ceramics like SiC. Understanding the interaction
between shear-thickening fluids and abrasive particles can lead to
improved material removal mechanisms and better control over
surface finish.

Li and Xie (2022) investigated an ultra-precision machining
method called Green Chemical Jumping Thickening Polishing to
improve the surface accuracy of SiC ceramics. They found that
when the size of the dispersed phase closely matched the abrasive
particle size, the polishing results were optimal. This method was
able to reduce the surface roughness of SiC ceramics from an
initial Ra of 768 nm to Ra of 32 nm, with subsurface damage
ranging between 2.5 um and 4.5 pm. Lyu et al. (2020) analyzed three
key parameters, namely polishing speed, diamond abrasive particle
size, and diamond abrasive concentration, in the shear-thickening
polishing process to achieve efficient polishing of black lithium
tantalate substrates. Their study found that after 4 min of polishing,
the surface roughness of the black lithium tantalate substrate
dramatically decreased from Ra/Rz2005/1,374.6 nm to 4.2/22.1 nm,
without embedded abrasive particles on the surface. Additionally,
during experiments using the shear-thickening polishing setup, it
was discovered that centrifugal force affected the distribution of
abrasive particles in the polishing fluid, presenting a challenge
that needs to be addressed. Zhou et al. (2021) developed a
magnetic field-enhanced shear-thickening polishing technique.
They analyzed the microscopic material removal mechanism and
investigated the rheological properties of the magnetic shear-
thickening polishing fluid. A predictive model for material removal
rate was established based on the Preston equation, non-Newtonian
fluid hydrodynamics, and magnetorheological polishing theory,
with a maximum relative error of 7.56%. The effects of polishing
head rotation speed, abrasive concentration, and carbonyl iron
powder concentration on the material removal function were
studied, and the model’s stability was verified. After polishing a
zirconia workpiece for 20 min, a low-damage processed surface with
a surface roughness of 8.3 nm was achieved. The study confirmed
the feasibility of using magnetic field-enhanced shear-thickening
polishing for ultra-precision machining of hard and brittle materials
like ceramics.

According to the above analysis, unlike prior STP techniques
requiring fixed gaps between rollers/grinding wheels and workpieces
to generate shear thickening, this study eliminates hardware
constraints by achieving viscosity modulation through speed
transitions in a standardized metallographic machine. Further,
contrary to monophasic STP methods (e.g, Lyu etal's 4-
min polishing), this work exploits shear-rate-dependent viscosity
shifts: lapping at 200 rpm initiates quasi-solid behavior for
aggressive peak removal, while polishing at 100 rpm exploits
liquid-like flow for nanoscale refinement-enabling a two-stage
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Experimental setup: (a) Chuanhe Smoothneer-6 metallographic lapping and polishing machine, and (b) workpiece and shear-thickening polishing fluid.

synergy unachievable in static-gap systems. Whereas prior STP
studies focused on isolated parameters (e.g., abrasive size in
Lyu etal), this work establishes interdependent optima for
dispersant concentration, pressure, time, and abrasive size,
resolving trade-offs between material removal rate and surface
roughness.

In summary, shear-thickening polishing is typically achieved
by creating a high relative shear rate between a roller, grinding
wheel, or similar tool and the workpiece with a small gap in
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between, inducing the shear-thickening effect. Alternatively, the
shear-thickening polishing fluid itself can flow at a certain velocity
over the rough surface of the workpiece, generating a relative shear
rate, which triggers the shear-thickening effect. Simultaneously,
the polishing fluid produces dynamic pressure on the rough
peaks of the workpiece, effectively removing them. Thus, this
paper introduces an integrated shear-thickening planar lapping and
polishing method and the corresponding polishing disc used to
achieve this process. Experimental studies are conducted to verify
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(a)

FIGURE 4

polishing pad.

(b) ()

SEM images of different types of polishing pad surfaces: (a) polyurethane polishing pad, (b) damping cloth polishing pad, and (c) synthetic leather

TABLE 1 Mechanical properties of the SiC ceramic.

Workpiece

Mohs hardness

Density (g/cm3)

SiC ceramic 3.06

Compressive strength (MPa)

>2,500

(a)

FIGURE 5

SiC ceramic: (a) Original workpiece and (b) surface morphology of original workpiece.

7.638 um

20

0.0

the feasibility of this method and the usability of the integrated
polishing disc.
Experimental work

Preparation of shear-thickening polishing
fluid

Shear-thickening polishing fluid is primarily composed of a
shear-thickening phase, deionized water, and abrasive particles,

Frontiers in Materials

mixed and ultrasonically dispersed with the addition of a dispersant.
The rheological characteristics of the dispersing phase and abrasive
particles vary with different mass fractions. The thickening effect of
shear-thickening polishing fluid is mainly achieved by altering the
shear rate. Prior to reaching the critical shear rate, the polishing fluid
remains in a liquid state. However, once the shear rate surpasses
the critical threshold, shear-thickening occurs, transforming the
polishing fluid into a quasi-solid state. Therefore, before conducting
grinding and polishing experiments, it is necessary to determine the
rheological properties of polishing base fluids and polishing fluids
of different compositions and ascertain the critical shear rate.
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From the analysis of the references, it is evident that the
rheological characteristics of corn starch suspension are most
suitable for the formulation of shear-thickening polishing fluid. This
suspension exhibits insensitivity to changes in shear rate and can
achieve the highest viscosity among the non-Newtonian power-law
fluids mentioned in the introduction. In the integrated grinding
and polishing process studied in this paper, the grinding stage
requires high speeds to provide the shear-thickening polishing fluid
with high shear rates, inducing shear-thickening phenomena. High
speeds also enhance material removal rates, while necessitating a
high-viscosity polishing base fluid to retain the abrasive particles for
efficient grinding. Therefore, corn starch suspension is well-suited as
the polishing base fluid for the shear-thickening polishing fluid used
in the integrated shear-thickening lapping and polishing process
discussed in this paper.

The preparation process of shear-thickening polishing fluid
involves mixing shear-thickening components, namely corn starch
particles, deionized water, and abrasive particles. After allowing
the corn starch particles to fully dissolve in the deionized water,
additional corn starch is gradually added until the volume fraction of
corn starch meets the experimental requirement. Subsequently, the
prepared shear-thickening fluid undergoes ultrasonic dispersion,
followed by the addition of a dispersant. With these steps completed,
the preparation of shear-thickening polishing fluid is finalized.
As shown in Figure 1, the prepared shear-thickening polishing fluid
consists of 14 um corn starch particles as the shear-thickening
component, 6 um diamond abrasive particles, with corn starch
mass fraction at 40 wt%, and abrasive particle mass fraction
at 20 wt%.

The shear rheological tests of shear-thickening polishing fluid
and polishing base fluid were conducted using the Anton Paar
MCR302 rotational rheometer in Austria. PP20 plate fixtures
and a 20 mm diameter rotor were employed for the tests, with
a 1 mm gap between them. The shear rate varied within the
range of 0.5-2000 s-1. Analysis of the shear-thickening base fluid
rheological curves (see Figure 2) at different concentrations of corn
starch revealed that a higher mass fraction of shear-thickening
component led to a higher initial viscosity of shear-thickening
polishing base fluid. Shear-thickening polishing base fluid with
a mass fraction of 35% corn starch exhibited poor rheological
characteristics and did not show a distinct viscosity jump. On
the other hand, shear-thickening polishing with mass fractions of
40 wt% and 45 wt% corn starch demonstrated better rheological
properties with evident viscosity jumps. However, due to the
excessively high initial and maximum viscosity of the 35% corn
starch, it was not conducive to the relative motion between
the workpiece and polishing pad. Therefore, 40 wt% corn starch
was selected as the shear-thickening polishing base fluid for
subsequent experiments.

Experimental setup

The integrated shear-thickening assisted abrasive lapping and
polishing machining setup, as depicted in Figure 3, comprises the
main body of the Chuanhe Smoothneer-6 metallographic lapping
and polishing machine. Its lapping baseplate is detachable, with
the polishing disc primarily connected to the main baseplate
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of the metallographic lapping and polishing machine using
internal hexagon cylindrical screws. PVC and polyurethane bonded
polishing pads are fixed onto the polishing disc using internal
hexagon cylindrical screws. Directly above the polishing disc is
the workpiece fixture provided by the metallographic lapping and
polishing machine. During lapping experiments, the rotation speed
of the upper and lower discs, pressure, and polishing time can be
adjusted via the touchscreen interface. Figure 4 presents SEM images
of different types of polishing pads, wherein both polyurethane
and damping cloth polishing pads exhibit a micro-porous structure
on their surfaces. As shown in Figures 4a,b, the hole diameters
on the polyurethane polishing pad are mostly around 100 um,
while those on the damping cloth polishing pad are primarily
around 50 um, significantly smaller than those on the polyurethane
polishing pad. Figure 4c illustrates the surface morphology of the
synthetic leather polishing pad, mainly composed of numerous
fiber structures with a diameter of approximately 50 um. Overall,
the polyurethane polishing pad features larger holes, thereby
exhibiting the strongest capability to retain polishing fluid. For
the shear-thickening lapping and polishing process, the ability
of the polishing pad to retain fluid is crucial. Under high
pressure conditions, the polyurethane polishing pad with strong
fluid retention capacity can effectively remove material from
the workpiece.

The mechanical properties of the SiC ceramic workpieces
processed in this study are presented in Table 1. Initially, SiC
ceramic slices with a thickness of 2 mm were obtained by wire
cutting, resulting in square pieces with a side length of 10 mm.
Subsequently, these pieces underwent uniform grinding using 400#
diamond polishing films to achieve a certain level of accuracy
and surface quality. The surface roughness ranged from 401 nm
to 452 nm. Figure 5a depicts the SiC ceramic square piece after
grinding with polishing film, while Figure 5b illustrates the initial
surface morphology of the SiC ceramic square piece before grinding.
The highest peak on the workpiece surface measures 7.638 pm, with
numerous pits present on the surface.

Results and discussion

Effect of processing time on the surface
quality in the lapping and polishing stages

The shear-thickening lapping and polishing integrated
processing method enhances the abrasive fluid’s gripping force
on abrasive particles by inducing shear thickening effects when
the shear rate exceeds a critical threshold, facilitating material
removal with minimal surface damage. Experimental design
separates lapping and polishing into distinct stages, varying speeds
to differentiate between them. At 200 rpm, the relative shear
rate surpasses the critical threshold, triggering shear thickening
in the abrasive fluid. This stage, termed lapping, involves the
shear-thickening base fluid removing surface peaks from SiC
ceramic workpieces using diamond abrasives. As speed decreases to
100 rpm, the relative shear rate falls below the critical threshold,
reducing viscosity akin to free abrasive polishing. However,
the fluid’s viscosity remains higher than typical water-based
polishing fluids, providing some grip on diamond abrasives,
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TABLE 2 Effect of lapping and polishing time on the surface roughness.

Rotation speed (rpm)

10.3389/fmats.2025.1649115

Surface roughness, R, (nm)

1 0 451 +22.6
2 15 143 +7.2
3 Lapping 30 200 32+1.8

4 45 63.5+3.5
5 60 100 £5.5
1 0 315+ 1.7
2 15 21.1+1.2
3 30 16.3£0.9

Polishing 100

4 45 9.7+0.6

5 60 142 £0.8
6 75 16.2+0.9

defining this phase as polishing. Lapping experiments at 200 rpm
reveal plowing phenomena, while polishing experiments at
100 rpm show over-polishing occurrences, as shown in Table 2.
For each experimental condition the experiment was
repeated for 5 times and the average data was taken for
further analysis.

It can be seen from Table2 that during the experiment
investigating the impact of lapping time on the surface roughness
of SiC ceramic workpieces, the initial roughness was 451 nm. After
15 min of grinding, the surface roughness significantly decreased
to 143 nm. Subsequently, with increasing lapping time, the surface
roughness continued to decrease to a minimum of 32 nm. However,
after 30 min of lapping, the surface roughness began to increase,
reaching 100 nm after 60 min of lapping. This phenomenon suggests
that during the integrated lapping and polishing stage of the
process, plowing occurred on the workpiece surface at 30 min,
leading to a significant increase in surface roughness. Therefore,
during the integrated lapping and polishing stage, the processing
time should be controlled within 30 minto prevent plowing
phenomena. Moreover, During the experiment investigating the
impact of polishing time on the surface roughness during integrated
lapping and polishing, the surface roughness of the workpiece
decreased from 31.5 nm to 9.7 nm after polishing at 100 rpm for
45 min. However, as the polishing continued, the roughness began
to increase, indicating an over-polishing phenomenon occurring
on the workpiece.

To be specific, as the lapping process progresses, the workpiece
surface gradually smoothens, with the highest point of surface
peaks decreasing from 7.638 um to 3.725 pm. However, after 30 min,
the highest point gradually increases to 7.542 pum, with visible
scratches on the surface. The surface morphology of the workpiece
after different processing times in the lapping stage is shown in

Figure 6. As the polishing process continues, the highest point
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on the workpiece surface decreases from 338.5 nm to 299.6 nm
after 45 min of processing. However, after an additional 30 min of
processing, the highest point gradually increases to 387.5nm,
as shown in Figure 7.

Effect of pressure on the surface quality in
the lapping stage

Since the lapping stage demands high material removal rates,
experiments were solely conducted during this stage. Utilizing
abrasive particles with a size of 1 um and a concentration of 25 wt%,
four experimental groups were conducted on the workpiece at
200 rpm. Surface morphology observations and material removal
rate calculations were performed, as shown in Table 3. For each
experimental condition the experiment was repeated for 5 times and
the average data was taken for further analysis.

As shown in Table 3, in experiments investigating the effects
of pressure on material removal rates and surface roughness
during the lapping stage of integrated lapping-polishing processes,
both material removal rates and surface roughness increase with
increasing pressure. However, as the pressure reaches a certain
threshold, the rate of increase in both material removal rates and
surface roughness slows down. This phenomenon occurs because
as the pressure increases, the gap between the workpiece’s bottom
surface and the polishing pad gradually decreases. Consequently,
the shear-thickening polishing fluid passing through this gap
also decreases. Although the polyurethane polishing pad surface
provides space for the polishing fluid to reside, its contribution
to material removal rates diminishes under high pressure. Thus,
a plateau phase exists in the graph where the material removal
rate no longer increases. Regarding surface roughness, increased
pressure results in decreased flowability of the polishing fluid,
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FIGURE 6

The surface morphology of the workpiece after different processing times in the lapping stage: (a) original surface, (b) 15 min, (c) 30 min, (d) 45 min,
(e) 60 min.
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The surface morphology of the workpiece after different processing times in the polishing stage: (a) original surface, (b) 15 min, (c) 30 min, (d) 45 min,
(€) 60 min, (f) 75 min.

causing abrasive particles to produce deeper scratches on the bottom  continuous increase in the highest point on the workpiece surface as

surface of the workpiece. Figure 8 shows the surface morphology of ~ the pressure gradually increases. This elevation rises from 3.725 pm
the workpiece after 30 min of lapping at different pressures revealsa  to 6.138 pm.
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TABLE 3 Effect of pressure on the materials removal rate and surface roughness in the lapping stage.

No. Rotation speed (rpm)

Concentration (wt%)

Pressure (kPa)

Material removal Surface roughness,

rate (um/h) Ra (nm)

1 150 4+03 162+0.9

2 300 6.2+0.2 223+1.2
Lapping 25

3 450 79+0.4 23.7+13

4 600 8.1+0.2 249+ 1.5

3.725 pm

4523 pm

(¢)

FIGURE 8

450 kPa, (d) 600 kPa.

The surface morphology of the workpiece after 30 min of processing under different pressures in the lapping stage: (a) 150 kPa, (b) 300 kPa, (c)

3778 pm

(d)

Effect of abrasive particle size on the
surface quality in the lapping and polishing
stages

During the experimental investigation on the effect of abrasive
particle size on material removal rate and surface roughness in

Frontiers in Materials

the lapping and polishing stage, the lapping process lasted for
30 min, while the polishing process lasted for 45 min. The abrasive
concentration was maintained at 25 wt%, with abrasive particle sizes
of 1 um, 3 um, 6 um, and 9 um used. Surface morphology was
observed, and the material removal rate from the bottom surface
of the workpiece was calculated, as presented in Table 4, where it
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TABLE 4 Effect of abrasive particle size on the surface quality in the lapping and polishing stages.

Type Abrasive particle size Concentration (wt%) | Surface roughness, Ra Material removal rate

(um) (nm) (um/h)

1 1 6.4+0.4 317420

2 3 72404 46.2+2.9
Lapping

3 6 8.1+0.5 57.6+3.6

4 9 9.2+0.6 61.2+43

25

1 1 32£02 9.6+ 0.6

2 3 4.5+03 12.4+0.8
Polishing

3 6 6.1£03 178+ 1.1

4 9 7.1+0.4 21.8+1.4

3.725 um 4.523 pm

a0

3.0

20

o0 00

5.653 m 7542 pm

(©) (d)

FIGURE 9

The surface morphology of the workpiece after 30 min of processing under different abrasive particle sizes in the lapping stage: (a) 1 um, (b) 3 um, (c)
6 pm, (d) 9 pm.
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FIGURE 10

6 um, (d) 9 um.

The surface morphology of the workpiece after 45 min of processing under different abrasive particle sizes in the polishing stage: (a) 1 pm, (b) 3 um, (c)

296.924 nm

2500

200.0
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50.0

434.540 nm

400.0

3000

100.0

00

(d)

indicates that the material removal rate and surface roughness of the
workpiece both increase with the increase in abrasive particle size.
For each experimental condition the experiment was repeated for 5
times and the average data was taken for further analysis.

Figure 9 illustrates the surface morphology of the workpiece
after machining in the lapping stage with different abrasive particle
sizes. As the abrasive particle size increases, the highest point on
the underside of the workpiece gradually increases from 3.725 pm
to 7.542 pum. Surface scratches and pits become more pronounced,
indicating that the increase in abrasive particle size leads to a higher
probability of surface scratches and pits, which is detrimental to
subsequent polishing stages. Comparing the surfaces obtained after
the lapping stage using four different diamond abrasive particle sizes,
considering the occurrence of pits, scratches, and the height of micro
peaks on the underside of the workpiece, 3 um diamond abrasive
particles are preferred for machining in the lapping stage.

Figure 10 illustrates the surface morphology of the workpiece
after 45 min of machining in the polishing stage with different
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abrasive particle sizes. As the abrasive particle size increases
during the polishing stage, the number of pits on the workpiece
surface gradually increases, and the highest point on the underside
of the workpiece increases from 221 nm to 435 nm. Therefore,
during the polishing stage, an increase in the abrasive particle
size leads to a higher probability of pits generated by surface
rolling on the workpiece, which is detrimental to achieving a
super-smooth surface. Comparing the surfaces obtained after the
polishing stage using four different diamond abrasive particle sizes
and considering the occurrence of pits and scratches and the
height of micro peaks on the underside of the workpiece, 3 pm
diamond abrasive particles are preferred for machining in the
polishing stage.

In summary, the optimized conditions for the integrated
shear-thickening assisted abrasive lapping and polishing process
are as follows: using 3 um abrasive particle size, applying a
pressure of 150 kPa, conducting the lapping stage for 30 min at
a speed of 200 rpm, followed by a polishing stage for 45 min at
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(a)

FIGURE 11

The (a) physical and (b) surface morphology of SiC ceramic workpiece under optimized lapping and polishing conditions.

(b)

a speed of 100 rpm. Figure 11 depicts the physical appearance
and surface morphology of the workpiece after the hybrid lapping
and polishing process under the optimized conditions, starting
from an initial roughness of 451 nm on the SiC ceramic substrate.
As a result, a smooth surface with a roughness of 9.7 nm
is achieved.

Conclusion

This study systematically investigates the rheological behavior of
shear-thickening polishing fluids with varying compositions using
rheometric analysis. A clear and direct correlation is established
between the rheological properties of the polishing fluid and the
mass fraction of the dispersant phase, with an optimal dispersant
phase mass fraction of 40 wt% identified. Subsequent experiments,
conducted using a customized metallographic grinding machine,
thoroughly evaluate the effects of key processing parameters. The
results indicate that an optimal lapping time of 30 minand a
polishing time of 45 min yield superior outcomes. Furthermore,
external pressure experiments reveal that both the material removal
rate and surface roughness increase with applied pressure, while
reaching a plateau due to reduced fluid flow and enhanced abrasive
penetration. The optimal operating pressure is determined to
be 150 kPa. Additional experiments examining the influence of
abrasive particle size demonstrate that both material removal rate
and surface roughness increase with larger particle sizes, with 3 um
identified as the optimal size.

In conclusion, the optimized parameters for the integrated
shear-thickening assisted abrasive lapping and polishing process are
as follows: an abrasive particle size of 3 um, a polishing pressure
of 150 kPa, a lapping time of 30 min at 200 rpm, and a polishing
time of 45 min at 100 rpm. The implementation of these parameters
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achieves a highly smooth surface with a surface roughness of 9.7 nm
on SiC ceramic substrates, demonstrating the robust effectiveness of
this advanced processing methodology.
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