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A B S T R A C T   

Ultrasonic polishing (UP), as an efficient and clean precision machining process, is increasingly applied in the 
hard and brittle material processing. To minimize the surface damage and polishing expenses, this paper aims to 
prepare novel graphene oxide/diamond hybrid slurries (GDS) by ultrasonication, and to investigate the UP 
mechanisms for silicon carbide (SiC) ceramics on UP and tribological experiments. Findings showed that GDS 
exhibited superior polishing performance compared to diamond polishing slurries. Moreover, the promotion 
effect of GDS was more obvious under UP. The surface roughness was improved by 31.62% after UP using GDS 
with a graphene oxide (GO) content of 0.1 wt%. On the one hand, the lubrication of GO reduce the wear and 
coefficient of friction. On the other hand, ultrasonic vibration induces stronger impact kinetic energy of abrasives 
to remove material and allows for a better uniform distribution of GDS to further enhance the lubrication 
characteristics of GO nanosheets. The application of GO in UP is a processing technology penetrating the 
manufacturing industry and even human life, laying the foundation for SiC nano-polishing.   

1. Introduction 

Currently, traditional polishing processing for hard and brittle 
ceramic materials suffers from notable defects, such as severe scratches, 
extensive brittle fractures, sub-surface damage, frosting phenomena, 
etc., which manifestly fail to meet the functional and performance re
quirements of the existing industry [1–3]. Moreover, the extraordinary 
hardness and wear resistance of ceramics continue to limit the further 
improvement of polishing efficiency and quality [4]. Along with the 
advent of ultrasonic technology in the manufacturing industry, ultra
sonic polishing (UP), as an efficient and clean precision machining 
process, has obtained satisfactory outcomes in the field of hard and 
brittle optical material processing [5–7]. To address the problems 
encountered with low polishing efficiency and quality, Zhao et al. [8] 
applied ultrasonic vibration technology to cylindrical surface polishing 
of SiC ceramic to investigate the interaction behavior between the ma
terial and tool. The results showed that the frictional resistance and 
surface roughness reduced with the introduction of ultrasonic vibration. 

Zhang et al. [9] conducted axial UP experiments on BK7 glass. The 
research results indicated that the polishing performance increased 
significantly with increasing ultrasonic amplitude. Compared to the case 
without ultrasonic vibration, the material removal rate (MRR) increased 
by 29.07% and the surface roughness decreased by 28.85% when the 
amplitude was 10 μm. Zhai et al. [10] combined ultrasonic vibration and 
magnetorheological polishing to further enhance the MRR of sapphire 
wafer. The MRR increased by approximately 3.4 times compared to 
ordinary magnetorheological polishing. Based on the vibration effect, 
Ge et al. [11] proposed an ultrasonic-assisted soft abrasive flow (SAF) 
method to target the low removal efficiency owing to turbulent layer 
separation. The findings indicated that ultrasonic vibration effectively 
improved the SAF polishing accuracy and efficiency without generating 
cavitation erosion. Yang et al. [12,13] developed ultrasonic assisted 
electrochemical mechanical polishing (UAECMP) used for 4H–SiC 
(0001) wafers. The findings showed that ultrasonic vibration signifi
cantly enhanced the anodic oxidation of 4H–SiC. Moreover, the MRR of 
UAECMP reached 14.54 μm/h, approximately 4.5 times higher than that 
of conventional electrochemical mechanical polishing (ECMP). 
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Unfortunately, ultrasonic vibration also increased the surface roughness 
of the polished surface. 

Ultrasonic polishing technology has reached an outstanding level in 
the field of ultra-precision manufacturing of difficult-to-machine mate
rials. Yet, polishing is a time-consuming and accurate process. Ultra
sonic systems operating for long periods inevitably generate high 
volumes of heat whilst affecting the service life of the machine [14]. 
Therefore, in order to minimize the damage and polishing expenses 
during the high-quality ceramic surfaces processing in such a complex 
UP system, the reduction of frictional wear in the machining area be
comes a critical requirement in the manufacturing industry, where 
excessive wear could lead to additional sample damage and device 
malfunction [15,16]. Nano-lubrication technology is regarded as one of 
the effective methods of achieving high efficiency and quality surface 
machining and extending the lifetime of machine tools [17]. Hybrid 
nanofluids are widely used in the manufacturing and automotive pol
ishing fields owing to the potential to significantly offer lubricity for the 
machined area while accelerating material removal [18,19]. The early 
common formulations of MP slurry generally included one type of 
abrasive particles, such as diamond or cerium oxide [20]. Driven by the 
incessant pursuit of nanofluids with more desirable properties, Jana 
et al. [21] first investigated hybrid nanofluids in 2007. In recent years, to 
achieve ultra-smooth polished surfaces in the aerospace industry, 
nanoscale solid particles were added into conventional base fluids to 
improve the lubrication and processing characteristics of novel 
nano-polishing fluids. Therefore, developing an eco-friendly and lubri
cated hybrid slurry is critical for the production of high-precision optical 
mirrors at low costs. 

To date, carbon-based nanoparticle materials, typically dispersed as 
additions into nanofluids, exhibited different lubrication features [16, 
22,23], such as nanoscale diamond particles, graphene nanoparticles, 
graphite fluoride, graphene oxide (GO) nanosheets, carbon nanotubes 
and fullerenes. Due to the unique two-dimensional (2D) nano lamellar 
structure, high specific surface area and abundance of functional groups 
on the surface, GO enables a good enhancement of the lubricity of 
synergistic suspensions [23]. For instance, Li et al. [24] prepared GO 
coolants for ultra-precision grinding of Gd3Ga5O12 crystals, which 
resulted in a significantly improved ground surface quality than ionized 
water coolant due to its reduced abrasive-substrate interfacial friction. 
Yi et al. [25] found that drilling of titanium alloy with GO suspensions 
effectively reduced the value of surface roughness, tool wear, and co
efficient of friction in comparison to conventional drilling. Li [26] et al. 

formulated GO nanosheets coolants for cutting titanium alloy, which 
enabled the reduction of both cutting temperature and friction force 
compared to conventional coolant. Huang et al. [27] systematically 
evaluated the polishing performance of a water-based nanosuspension 
using diamond particles and GO nanosheets as additives in terms of 
oxidation, lubrication, and removal characteristics, and the results 
showed that diamond/GO hybrid nanosuspensions not only improved 
the removal efficiency, but also enhanced the polished surface quality. 
Furthermore, since GO is a non-toxic, green and renewable resource 
with low environmental impact, polishing with GO lubrication can 
avoid poor surface accuracy and severe surface damage, whilst not 
causing serious environmental pollution issues. In addition, the flaws of 
GO are surrounded by epoxide and hydroxyl groups, while the edges are 
modified by carboxyl groups [28]. During material removal, GO nano
suspensions increase the masses of active sites and free radicals for 
chemical reaction to accelerate the softening of machined surface and 
made it easier to be mechanically removed [29,30]. Apparently, 
GO-enhanced hybrid suspensions have exhibited promising practical 
applications in processing. However, the utilization of GO nano
materials combining the diamond abrasives as hybrid slurries has 
remained under-reported in the ultrasonic polishing mechanism 
research, especially in the field of ceramic polishing. 

In this paper, water-based GO nanofluids were prepared by ultra
sonication, and the optimum ultrasonication time for the uniformity was 
revealed based on ultraviolet–visible spectroscopy. Subsequently, novel 
GO/diamond hybrid slurries were synthesised by dispersing the GO 
nanofluids into diamond polishing base fluids. Ultrasonic polishing ex
periments were also carried out with different weight percent concen
trations of GO and ultrasonic amplitudes on SiC ceramics. Through 
analyzing the polishing and wear surfaces, the ultrasonic polishing 
mechanisms of GO/diamond hybrid slurries were revealed in terms of 
lubrication and mechanical removal. 

2. Methodology 

2.1. Preparation of GO/diamond hybrid slurries 

The industrial grade monolayer GO nanosheets, supplied by Suzhou 
Tanfeng Graphene Tech. Co., Ltd., were used as nano-additives for the 
preparation of GO nanofluids. The X-ray diffraction spectra of GO 
nanosheets is shown in Fig. S1 in the Supplementary Information. 
Table 1 shows the detailed properties of GO nanosheets. Due to the high 

Nomenclature 

UP Ultrasonic polishing 
GDS Graphene oxide/diamond hybrid slurries 
UAECMP Ultrasonic assisted electrochemical mechanical polishing 
SAF Soft abrasive flow 
SiC Silicon carbide 
0.025GDS GDS with a GO content of 0.025 wt% 
0.05GDS GDS with a GO content of 0.05 wt% 
GO Graphene oxide 
2D Two-dimensional 
CNC Computer numerical control 
SEM Scanning electron microscopy 
WGO GO content 
Wa Abrasives content 
A Ultrasonic amplitude 
f Ultrasonic frequency 
d Pre-compressed distance 
z Vertical vibration position of polishing tool 
z0 Initial vertical vibration position of polishing tool 

t Polishing time 
MP Mechanical polishing 
DPS Diamond abrasives polishing slurry 
ECMP Electrochemical mechanical polishing 
MRR Material removal rate 
wt% Weight concentration 
0.075GDS GDS with a GO content of 0.075 wt% 
0.1GDS GDS with a GO content of 0.1 wt% 
DI Deionized 
3D Three-dimensional 
COF Coefficient of friction 
CLSM Confocal laser scanning microscope 
n Spindle speed 
R Polishing tool radius 
vw Feed rate 
Xd Average abrasives size 
X Reciprocation distance 
vz Vertical vibration speed of polishing tool 
φ0 Initial phase of ultrasonic system  
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surface area of nanoparticles, the agglomeration or adsorption of other 
particles easily occurs, resulting in the deterioration of the specific 
surface properties [31]. In order to achieve non-clustering and uniform 
dispersion of GO, ultrasonic dispersion is one of the eco-friendly, 
effective, time-saving and economical alternatives for improving the 
dispersion stability of nanofluids [32], breaking the agglomeration of 
nanoparticles and exfoliating them homogeneously in the fluid through 
the sonication-induced cavitation effect [33]. A three-step method was 
established to prepare GO/diamond hybrid slurries. Firstly, 0.25 g of 
graphene oxide and 100 g of deionized (DI) water were weighed and 
mixed, then magnetically stirred for 30 min at 500 rpm. Secondly, an 
intensive ultrasonic probe (Biosafer 1800–99) with a 20 mm diameter 
variable amplitude rod was used to agitate GO nanofluids at 20 kHz, as 
displayed in Fig. 1(i). Due to the degradation of GO above 38 ◦C, the 
temperature was controlled at 30 ◦C during the preparation process. An 

ice-water bath was also adopted for constant temperature control, and 
the ultrasonic process was pulsed at 360 W with 2 s ON and 5 s OFF to 
prevent the fluid temperature from rising too quickly. The ultra
sonication time of the GO was set to 90 min according to Fig. S2. The 
SEM images of GO in Fig. 1(a–c) displays that the lateral size of the 
origin GO is approximately dozens of microns, and it has some wrinkles 
on surface. After ultrasonic dispersion, the size of GO reduces to 
approximately hundreds of nanometers, and it presents a thin and 
smooth laminated structure with no small wrinkles, as shown in Fig. 1 
(d). Thus, the GO used in this paper is a few-layer structured nano
material, which is expected to achieve lubrication function in the pol
ishing slurries. Thirdly, GO nanofluids and DI water were added in 
proportion to the diamond base fluids, and then sonicated for 30 min to 
obtain GO/diamond hybrid slurries (GDS) with four GO concentrations, 
as shown in Table 2. The diamond base fluid used in this paper was an 

Table 1 
The properties of GO nanosheets used in this paper.  

Property Value 

Layer 1–2 
Purity 90% 
Thickness 3–8 nm 
Lateral size 0.2–50 μm 
Appearance Dark brown sheet 
Thermal conductivity 5300 W/(m⋅K)  

Fig. 1. Characterization results of GO nanosheets, DPS, SiC sample, and intensive ultrasonic probe: (a–d) SEM and mapping images of GO nanosheets before and after 
ultrasonication; (e–f) SEM and spectrum images of DPS; (g–h) CLSM images of SiC; (i) Image of intensive ultrasonic probe. 

Table 2 
Percentage of diamond and graphene oxide of the prepared hybrid slurries.  

Group No. Diamond content (wt%) GO content (wt%) 

1 15 0 
2 0.025 
3 0.05 
4 0.075 
5 0.1  
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advanced diamond abrasives polishing slurry (DPS) supplied by Xin Hui 
Electronic Technology Co., Ltd. The SEM image of DPS in Fig. 1(e–f) 
depicts that the diamond particles with an average particle size of 1.5 
μm are uniformly distributed and sharp-edged. 

2.2. Ultrasonic polishing experimental setup 

In order to explore the effect of GO content in GDS and ultrasonic 
amplitude on the surface roughness and MRR, 10 groups of surface 
polishing experiments were conducted on a self-built 5-axis computer 
numerical control (CNC) polishing machine tool, as shown in Fig. 2. 
Wool-type polishing tools with a diameter of 4 mm were used to achieve 
material removal. The wool polishing tool fixed on the ultrasonic spindle 
rotated at 6000 rpm and reciprocated at a lateral feed rate of 2 mm/s 
over a distance of 12 mm, as shown in Table 3. The SiC samples with a 
size of 50 (length) × 50 mm (width) × 8 mm (height) were fixed in the 
polishing sink and a force dynamometer (Kistler 9257 B) was clamped at 
the sink bottom for the calibration and measurement of the polishing 
force. The CLSM images in Fig. 1(g–h) reveals that the as-received sur
face of the SiC sample has numerous surface defects (pits and bulges) 
with a surface roughness Sa of 85 nm. Each GDS was used for two groups 
of polishing experiments with ultrasonic amplitudes of 0 and 6 μm 
respectively. 

2.3. Tribological experimental setup and surface characterization 

To further evaluate the lubrication performance of GDS, the tribo
logical properties of samples under different GO lubrication conditions 
were measured using a ball-on-block reciprocating friction and wear 
tester (MFT-4000), as shown in Fig. 3. The 5 mm diameter SiC ceramic 
balls were used to reciprocally scratch SiC samples with the size of 30 
mm (length) × 30 mm (width) × 4 mm (height) under a load force of 10 
N, a reciprocating distance of 5 mm and a speed of 200 mm/min for 30 
min. Before the frictional wear experiments, the SiC samples were pol
ished to flatten the surface. Then, the wear area shown in Fig. 3(b) was 
defined. 

Before/after the tribological and polishing experiments, the samples 
were ultrasonically cleaned in alcohol and DI water bath for 20 min and 
dried at 40 ◦C for 20 min to remove any contaminants. Field emission 
scanning electron microscopy (SEM, ZEISS ULTRA PLUS) was employed 
to determine the morphology of GO and diamonds, and a confocal laser 
scanning microscope (CLSM, OLS4100) was employed to inspect the 
sample machined surface and measure the MRR and surface roughness. 

3. Results and discussion 

3.1. Polishing characteristics of GO/diamond hybrid slurries 

Fig. 4 displays the surface roughness and MRR of SiC samples pol
ished by mechanical polishing (MP) and UP using the DPS and four types 
of GDS. As shown in Fig. 4(a), for the DPS, the surface roughness of 
polished SiC sample was 26.6 nm in MP, while the addition of ultrasonic 
vibration increased the surface roughness to 27.2 nm in UP. In com
parison, the polished SiC surfaces using GDS was significantly superior 
to those polished using DPS. The GDS with GO contents of 0.025, 0.05, 
0.075, 0.1 wt% are assigned as 0.025GDS, 0.05GDS, 0.075GDS and 
0.1GDS, respectively. During the MP using 0.025GDS, 0.05GDS, 
0.075GDS and 0.1GDS condition, the surface roughness was 24, 23, 
22.8, 20 nm, respectively, which was decreased by 9.77%, 13.53%, 
14.29%, and 24.81% relative to the DPS condition. During the UP using 
0.025GDS, 0.05GDS, 0.075GDS and 0.1GDS condition, the surface 
roughness was 25, 23.2, 19.4, 18.6 nm, respectively, which was 
decreased by 8.09%, 14.71%, 28.67%, and 31.62% relative to the DPS 
condition. Meanwhile, Fig. 5 exhibits the 2D and three-dimensional (3D) 
surface morphology of SiC ceramic polished by MP and UP under DPS 
and four types of GDS. The polished surface exhibited the plastic 
scratching behaviour of diamond abrasives to remove material. The 
defects such as furrows, protrusions, small cracks and holes on the 
sample surface indicated that most material removal was completed in 
the plastic state. In particular, the polished surface using DPS showed an 
obvious fluctuation in Fig. 5(a and b). During the four GDS conditions, 
the scratches phenomenon was significantly reduced. The 3D surface 
morphology in Fig. 5 shows that the addition of GO improved the 

Fig. 2. Illustration of ultrasonic polishing system.  

Table 3 
Ultrasonic polishing experimental conditions.  

Experimental conditions Parameters 

GO content, WGO (wt%) 0, 0.025, 0.05, 0.075, 0.1 
Abrasives content, Wa (wt%) 15 
Ultrasonic amplitude, A (μm) 0, 6 
Ultrasonic frequency, f (kHz) 25 
Pre-compressed distance, d (mm) 0.05 
Polishing time, t (s) 1800 
Spindle speed, n (rpm) 6000 
Polishing tool radius, R (mm) 4 
Feed rate, vw (mm/s) 2 
Average abrasives size, Xd (μm) 1.5 
Reciprocation distance, X (mm) 12  
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polished surface quality. As the GO concentration increased, the 
scratches on the 3D morphology were significantly reduced, and the size 
and amount of small holes on the 2D morphology was smaller, mean
while the polished surface was smoother. Especially in the 0.1GDS 
condition, a relatively smooth machined surface was clearly observed in 
Fig. 5(i and j). 

The surface roughness and quality in the four GDS conditions were 
superior relative to the DPS condition. Meanwhile, the increasing GO 
concentration resulted in a smaller surface roughness and better surface 
quality. It was probably mainly because more GO nanosheets allowed 
for better lubrication in the polished area, which could lower the coef
ficient of friction (COF), ploughing intensity and microcutting force, and 
better the surface quality [34]. Furthermore, by comparing MP and UP, 
it can also be found that the using of ultrasonic vibration deteriorated 
surface quality when GO concentration was less than or equal to 0.05 wt 
%, but the surface quality was improved with ultrasonic vibration when 
GO concentration was greater than 0.05 wt%. The surface roughness 
improvement reached a maximum of 31.98% under the GDS condition 
combining ultrasonic vibration and 0.1 wt% GO. This was likely 
attributed to the lower ploughing intensity, as ultrasonic vibration 
effectively provided better flow, uniformity and lubrication properties 
of GDS [35]. 

As shown in Fig. 4(b), the MRR of polished SiC sample using the DPS 
in MP and UP conditions were 4.978 and 5.413 μm/h, respectively. 
Apparently, the MRRs of SiC samples polished by GDS were lower than 
those of the samples polished by DPS for both MP and UP, and the MRR 
decreased with increasing GO content. During the 0.1GDS condition, the 
MRR in MP and UP conditions were 2.959 and 3.186 μm/h, reaching a 
maximum decrease rate of 40.56% and 41.13% relative to the DPS 
condition. This may be attributed to the fact that more GO nanosheets 
could produce an improved lubrication between the abrasives and 
workpiece [27]. Furthermore, ultrasonic vibration contributed effec
tively to increasing the MRR of the SiC polishing process. The maximum 

increment of removal rate reached 18.3% under GDS condition with a 
GO concentration of 0.075 wt%. It could be principally because the ul
trasonic tool endowed with a high-frequency vibration energy increased 
the relative linear velocity of diamond abrasives, which enhanced the 
removal rate [36,37]. Moreover, the ultrasonic-induced cavitation of the 
polishing solution also has a slight ameliorating function, albeit this is 
relatively weak [38]. 

3.2. UP mechanism analyses of GO/diamond hybrid slurries 

The UP of SiC using GO/diamond hybrid slurries is a complicated 
process in which GO lubrication and abrasives mechanical removal 
complement and facilitate each other. Tribological behaviors are an 
important characteristic to reveal the lubrication properties of GO dur
ing SiC polishing, which can be evaluated by the COF, wear profiles 
(wear depth) and wear morphology (wear width and wear area). Fig. 6 
shows the COF curves with time of different samples using DPS and GDS 
with four different GO concentrations. It shows that the COF value in 
liquids was relatively stable except for the initial stages. The curve data 
from the last 10 min were used to calculate the average COF at steady 
stage with different GO lubrication. The COF value of difference samples 
follow the given order: DPS >0.025GDS >0.05GDS >0.075GDS 
>0.1GDS. For DPS, the COF showed a maximum value of 0.389. The 
COF under the other four GDS were all significantly lower than that 
under the DPS. And the value of the COF decreased as the GO concen
tration increased. When the GO concentration was 0.1 wt%, the average 
COF decreased to 0.340, which was 0.874 times of DPS and 0.919 times 
of 0.025GDS. This also reveals that effective GO can properly modify the 
friction between samples. 

Fig. 3. (a) Schematic of tribological experimental setup, (b) the definition of 
wear area. 

Fig. 4. Material removal rate (a) and surface roughness (b) of the SiC polished 
by MP and UP under DPS and four types of GDS. 
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Fig. 7 shows the cross-section profiles, wear depth and wear area of 
samples using DPS and GDS with four different GO concentrations ac
quired from Fig. S3. The sample under DPS showed largest wear depth 
and wear area of 5.415 μm and 2880 μm2 respectively. As expect, the 

samples under GDS displayed a smaller profile, indicating that smaller 
depths and areas were removed by the grinding ball. In addition, as the 
increase of GO concentration in GDS, the wear depth and wear area 
constantly decreased. When 0.1 GDS was used, the minimum wear depth 

Fig. 5. 2D and 3D surface morphology of SiC ceramic polished by MP and UP under DPS and four types of GDS. Note that the selected surface morphology is the most 
representative and sufficient to express the tendency with increasing GO concentration. 
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was 3.628 μm, which was 0.670 times that of DPS, and the minimum 
wear area was 1900 μm2, which was 0.660 times that of DPS. 

The 2D local morphologies of wear samples and grinding balls using 
DPS and GDS with four different GO concentrations were shown in 
Figs. 8 and 9. Majority of the machined surfaces of grinding balls and 
wear samples presented the microcutting removal-induced uniform 
scratches phenomenon in the plastic zone, which was fundamentally 
created by the abrasive wear of diamond abrasives in the wear area 
under lubricated conditions. The wear morphology of wear samples and 
grinding balls in Figs. 8(a) and 9(a) exhibit the presence of the widest 
scratches and largest removal under DPS. Apparently, better areal 
lubrication properties were found in GDS with more GO nanosheets. A 
higher GO content of GDS left a narrower wear track and smaller wear 
ball area, which explained the minimal SiC polishing rate in the GDS 
condition at high concentrations, as shown in Figs. 8(e) and 9(e). Thus, 
more GO nanosheets within a reasonable range were advocated in 

manufacturing processes that ultimately seek high-precision surfaces 
with trace removal. 

According to the above results, the promotional mechanism of ul
trasonic vibration and GO nanosheets in SiC polishing is shown in 
Fig. 10. During the conventional MP in Fig. 10(a), the sample surface is 
mainly polished by the scratching action of diamond abrasives to plough 
and remove the material. A few scratches and pits are left on the pol
ished surface, as shown in Fig. 5(a) of the experimental results. Fig. 10 
(b) depicts the UP using DPS process. Compared to conventional MP, UP 
uses ultrasonic vibration energy to provide diamond abrasives in DPS 
with stronger impact kinetic energy. The high frequency of vibration 
brings the abrasive a larger movement range and a higher cutting speed 
[39], as shown in Eqs. (1) and (2), thereby removing more SiC samples 
and leaving deeper scratches and pits. 

z= z0 + A sin(2πft+φ0) (1) 

Fig. 6. Coefficient of friction curves with time of different samples using diamond polishing slurry and GO/diamond hybrid slurries with four different GO 
concentrations. 

Fig. 7. (a) The cross-section profiles, (b) depth and (c) area of wear samples using diamond polishing slurry and GO/diamond hybrid slurries with four different GO 
concentrations. 
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vz = 2πAf cos(2πft+φ0) (2)  

where z and vz are the vertical vibration position and speed of polishing 
tool, A and f are the ultrasonic vibration amplitude and frequency of 
ultrasonic system, respectively, z0 is the initial vertical vibration posi
tion of polishing tool, φ0 is the initial phase of ultrasonic system. 

Fig. 10(c) exhibits the MP using GDS process. The addition of GO can 
strengthen the lubrication performances of slurries with respect to the 
wear-resisting and friction-reducing. GO nanosheets are penetrated be
tween the polishing tool, diamond abrasives and sample surface to form 
a microscopic ‘bearing-like’ structure, and the formation of which can 
not only enhance the wetting performance of the diamond base slurry, 
also reduce the aggregation of diamond abrasives [40,41], which in turn 
reduces wear during machining. Fig. 10(d and e) exhibits the UP using 
GDS process. GO lubrication performances are also present in UP of SiC. 
Ultrasonic vibration not only directly induces an accelerated impact of 
diamond abrasives, but also allows for a more uniform distribution of 

GO and abrasives to further enhance the lubrication characteristics of 
GO nanosheets, as shown in Fig. S4. Diamond abrasives can be induced 
by GO nanosheets and ultrasonic vibration to establish a better SiC 
surface compared to polishing using DPS. Moreover, the coupling of 
ultrasonic vibration and GO is even more dramatic in improving the 
polishing surface quality, and this is even more evident in GDS with high 
concentrations of GO, as shown in Fig. 5. The GDS of more GO nano
sheets exhibits excellent lubricating performances, improves the lubri
cating state during the polishing region, lower the COF, wear force, and 
ploughing intensity of abrasives, thereby obtaining a smaller material 
removal depth and a smoother surface in SiC polishing [42]. 

4. Conclusions 

In this paper, water-based GO nanofluids and GO/diamond hybrid 
slurries were prepared by ultrasonication method for high precision 
ultrasonic polishing of SiC optical mirror materials. GO/diamond hybrid 

Fig. 8. 2D local morphology of wear samples using diamond polishing slurry and GO/diamond hybrid slurries with four different GO concentrations.  

Fig. 9. 2D morphology of grinding balls using diamond polishing slurry and GO/diamond hybrid slurries with four different GO concentrations.  
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slurries exhibited superior polishing performance on surface quality 
compared to traditional diamond polishing slurries. A surface roughness 
improvement of 31.62% was achieved on the surface after ultrasonic 
polishing using 0.1GDS. As the GO concentration increased, the surface 
roughness and MRR decreased, with significantly smoother surface and 
fewer scratches, fluctuations, and pits. This is probably attributed to the 
fact that more graphene oxide effectively enhances the lubrication 
characteristics among the polishing tool, diamond abrasives and sample 
surfaces, which in turn reduces the wear and COF between the abrasives 
and samples. In addition, the high frequency of ultrasonic vibration 
effectively increased the MRR of SiC polishing by 18.3% compared to 
MP, mainly due to the higher impact kinetic energy and cutting speed of 
abrasives. Meanwhile, ultrasonic vibration also effectively improved the 
surface quality polished using the GDS. This is because ultrasonic vi
bration allows for a better uniform distribution of GO and abrasives to 
further enhance the lubrication characteristics of GO nanosheets. The 

synergistic use of hybrid slurries and ultrasonic polishing provides a 
novel perspective for green, efficient and high-precision polishing of 
ceramic materials. 
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