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Abstract: Na2CO3—1.5 H2O2, KClO3, KMnO4, KIO3, and NaOH were selected for dry polishing
tests with a 6H-SiC single crystal substrate on a polyurethane polishing pad. The research results
showed that all the solid-phase oxidants, except NaOH, could decompose to produce oxygen under
the frictional action. After polishing with the five solid-phase oxidants, oxygen was found on the
surface of SiC, indicating that all five solid-phase oxidants can have complex tribochemical reactions
with SiC. Their reaction products are mainly SiO2 and (SiO2)x. Under the action of friction, due to the
high flash point temperature of the polishing interface, the oxygen generated by the decomposition
of the solid-phase oxidant could oxidize the surface of SiC and generate a SiO2 oxide layer on the
surface of SiC. On the other hand, SiC reacted with H2O and generated a SiO2 oxide layer on the
surface of SiC. After polishing with NaOH, the SiO2 oxide layer and soluble Na2SiO3 could be
generated on the SiC surface; therefore, the surface material removal rate (MRR) was the highest,
and the surface roughness was the largest, after polishing. The lowest MRR was achieved after the
dry polishing of SiC with KClO3.

Keywords: 6H-SiC; fixed abrasive; tribochemical mechanical polishing; solid-phase oxidant; dry polishing

1. Introduction

As a third-generation semiconductor material, SiC has excellent chemical and physical
properties [1,2] and widely used in satellite communications, integrated circuits and con-
sumer electronics [3–5]. However, SiC is characterized by high hardness, high brittleness,
and good physical and chemical stability, therefore, it is typically a difficult material to
machine [6].

At present, the common method for ultra-smooth processing of SiC is free abrasive
chemical mechanical polishing (CMP), which achieves the ultra-smooth, damage-free, and
ultra-flat surface processing of the workpiece through acombination of chemical etching
of polishing solution and mechanical action of abrasive, and is one of the more effective
global flattening processing methods for semiconductor materials [7,8]. However, CMP
has the following disadvantages, low processing efficiency, poor environmental friend-
liness, poor surface consistency, and poor process engineering controllability [9]. Fixed
abrasive chemical machining can effectively avoid the above disadvantages of free abrasive
machining and has become one of the emerging technologies in the field of ultra-precision
machining [10–12]. Fixed abrasive tribochemical mechanical polishing is a fixed abrasive
chemical-mechanical processing technology, which can use the abrasive and chemical addi-
tives in the polishing pad and the surface of the workpiece in a tribochemical reaction to
change the surface of the workpiece material and chemical organization. This mechanism
achieves the efficient removal of its material; therefore, is the process increasingly gaining
the attention of researchers [13].
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The core of fixed abrasive tribochemical mechanical polishing is the tribochemical
reaction produced on the surface of the workpiece in the polishing process. Therefore,
understanding its chemical reaction mechanism is the key to studying its processing mech-
anism. Usually, there are two kinds of tribochemical reaction, one is the tribochemical
reaction in the dry friction state, and the other is the tribochemical reaction in the lubricated
state [14]. Tribochemical mechanical polishing does not use apolishing solution containing
free abrasive, but instead uses tribochemical mechanical polishing tools. The polishing
slurry is trace deionized water, or chemical solution, without adding any free abrasive,
its tribochemical reaction is mostly wet tribochemical action, therefore, the workpiece
material removal method is mostly tribochemical wear removal [15]. Since the work-
piece obtained by this method has the advantages of low residual stress, flatness, and
ultra-smoothness without damage, it has gained the attention of a large number of re-
searchers. Z. Zhu et al. [16] conducted tribochemical mechanical polishing tests on SiC
using abrasive-free oxidants H2O2, CrO3, and KMnO4, respectively, and excellent surfaces
with surface roughness less than 50 nm and residual stress less than 50 MPa were obtained.
S. Kitaoka et al. [17] proposed the theory of tribochemical wear based on a hydrothermal
reaction for SiC and Si3N4 anaerobic ceramics. It is believed that SiC undergoes a tribo-
chemical reaction with water at 120 ◦C and a SiO2 reaction layer is generated on its surface,
which achieves ultra-precision machining after the removal of abrasive particles. Yusuke
Ootani et al. [18] studied the kinetics of the tribochemical reactions of Si3N4 and SiC under
an aqueous environment and analyzed different tribochemical reaction mechanisms during
the lapping of Si3N4 and SiC. Zhou F et al. [19] proposed the wear mechanism of SiC/SiCin
water related to the microfracture of the ceramic and the instability of the tribochemical
reaction layer.

In summary, the current tribochemical mechanical polishing for SiC is mainly used in
water-based polishing solutions for tribochemical mechanical polishing, which contains
chemical additives in the polishing slurry, and the discharge of the polishing slurry will
bring about environmental pollution and an increase in processing costs. Therefore, the use
of fixed abrasive dry tribochemical mechanical polishing can reduce its chemical pollution
and production cost. However, there are few studies on the dry tribochemical mechanical
polishing of fixed abrasives regarding SiC, and the mechanism of its action arestill not clear
enough, particularly the oxidation mechanism of the dry friction of SiC workpieces is still
unclear and needs further research and exploration.

In this paper, five solid-phase oxidants were selected for dry polishing with a 6H-SiC
single crystal substrate.The changes to their 3D morphology, compounds, and elements on
the workpiece surface before and after polishing were examined to analyze their surface
tribochemical reactants and to study the oxygen production mechanism of their solid-
phase oxidants during the tribochemical mechanical polishing of the fixed abrasive. The
study can provide help to understand the mechanism of oxygen production and the
tribochemical reaction mechanisms of SiC during fixed abrasive tribochemical mechanical
polishing, providing aid regarding the selection of a solid-phase oxidant for the fixed
abrasive tribochemical mechanical polishing pad and the formulation of a solid-phase
oxidant for a fixed abrasive.

2. Experiment and Characterization
2.1. Polishing Test

The test sample was the n-type of a 6H-SiC single crystal substrate (Tianke Heda,
Beijing, China) with a thickness of 0.4 mm, a diameter of 50.8 mm, and an initial surface
roughness of 6–7 nm. The SiC was pasted to the center of the carrier table with paraffin
wax before the test, and was dry polished on the C side (0001) at room temperature using
the ZYP230 rotary oscillating gravity lapping and polishing machine (Kemai, Shenyang,
China). The processing principle is shown in Figure 1, and the polishing process parameters
are shown in Table 1. The polishing pad used for the test was a polyurethane polishing pad,
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and the polishing medium was five typesof solid-phase oxidant. The specific compositions
are shown in Table 2.
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Figure 1. The schematic of tribochemica lmechanical polishing.

Table 1. Polishing process parameters.

Factors Speed of Polishing
Tool n1 (r/min)

Speed of Polishing
Head n2 (r/min) Polishing Pressure P (psi) Time t (h)

Parameters 60 45 2 1.5

Table 2. Solid-phase oxidant and its composition used in the test.

1 2 3 4 5

6H-SiC Na2CO3—1.5 H2O2 NaOH KIO3 KClO3 KMnO4

The solid-phase oxidant was spread evenly on the polishing pad, as shown in Figure 2a,
and the dry polishing process had a dosing rate of 20g/h. Figure 2b,c show the beginning of
the dry polishing process, during the dry polishing process, and after the completion of dry
polishing, respectively. The single-factor method was used for the experiments and analysis
to explore the oxygen production mechanisms of different solid-phase oxidant polishing.
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Figure 2. Test process. (a) The oxidant is evenly distributed on the polishing pad. (b) Start polishing.
(c) Finish polishing.

The mass of each sample was measured using a precision electronic balance.Before
and after its processing, the difference was calculated, and the material removal rate (MRR,
nm/min) for polishing was calculated using Equation (1). The surface roughness and 3D
morphology of the sample before and after polishing were measured on a ContourGTk-1
3D profile inspection system (Bruker, Billerica, MA, USA).

MRR =
∆m

ρr2πt
× 107 (1)
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where, ∆m is the mass difference before and after polishing, g, t is the processing time, min,
ρ is the density of SiC, g/cm3, which is taken as 3.2 g/cm3, r is the radius of the test sample, mm.

2.2. Workpiece Surface Composition Testing

In order to explore the solid-phase chemical reaction between different solid-phase
oxidants and SiC and their oxygen production mechanism, the chemical elemental compo-
sition of the sample surface before and after polishing was examined by Quanta 200 SEM
and the accompanying OXFORDINCA250 energy spectrometer system (FEI, Hillsboro, OR,
USA). In addition, the chemical structure composition of the sample surface before and
after polishing was examined by Bruker D8 Advance A25 XRD (Bruker, Billerica, MA, USA).

3. Analysis of Results
3.1. Elements and Content of SiC Surface after Polishing

The percentage of surface oxygen element content on the surface of SiC before and
after dry polishing with five solid-phase oxidants was detected by SEM, and the results
showed that the initial surface of SiC didnot contain oxygen before polishing. The atomic
percentages of surface C and Si are shown in Table 3. After testing, oxygen appeared on the
surface of SiC after dry polishing with five solid-phase oxidants.The percentage of oxygen
atoms is shown in Figure 3.

Table 3. Initial surface elements and content of SiC.

Element C (%) Si (%)

Atomic percentage of SiC surface elements 45.67 54.33
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Figure 3. Percentage of oxygen atoms on SiC surface after dry polishing.

The occurrence of the tribochemical reaction of SiC can be reflected by the change of the
atomic percentage on its surface, as shown in Figure 3. After polishing with five solid-phase
oxidants, although oxygen was produced on the surface, the oxygen atomic percentage
content varied, indicating that different degrees and mechanisms of tribochemical reactions
occur between the five solid-phase oxidants and SiC. The highest percentage of oxygen
atomson the surface reaction layer was observed after the dry polishing of SiC with the
solid-phase oxidant Na2CO3—1.5 H2O2, and the lowest percentage of oxygen atoms in the
surface of SiC was observed after dry polishing with the solid-phase oxidant KClO3.

According to the SEM analysis, the appearance of oxygen on the surface of SiC
indicated that the solid-phase oxidant could generate oxygen to oxidize the SiC surface
under the action of frictional heat to produce an oxidation reaction film on the SiC surface.
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Therefore, it has been shown that SiC can generate a more shearable reaction film by
tribochemical reaction at room temperature [20,21].

3.2. Physical Phase Analysis of SiC Surface after Polishing

The XRD results of SiC after dry polishing were compared with those of SiC before
dry polishing, as shown in Figure 4. After importing the XRD data before and after dry
polishing into Jade software, it wasfound that the same peaks appeared between 30◦ and
40◦ and between 70◦ and 80◦. The peak at 32◦ may be SiO2 after software comparison
analysis, and the intensity of the detected peak on the surface of the initial SiC was small.
No oxygen appears, indicating that the content on the surface of SiC is small and not easy
to detect. The intensity of the peak increased after dry polishing, indicating that silicon
oxides were generated on the surface.
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The appearance and change of some micropeaks in the detection results may be
(SiO2)x, a class of microporous silicate inclusion compounds with a (4,2)-3D structure [22].
In the dry polishing test, a surface tribochemical reaction generated a layered structure.This
layered structure may be due to oxidation during the solid-phase oxidant and SiC test
period under the thermal effect of tribochemical reaction transformation of oxidation
substances.This layered structure includes a multi-functional layer useful for redox, friction
reduction, and anti-wear functions [23,24].

3.3. Material Removal Rate after Polishing

Figure 5 show the material removal rates of SiC after dry polishing with five different
solid-phase oxidants. The results showed that the five different solid-phase oxidants used
for the tribochemical mechanical polishing tests all produce material removal from the
SiC, indicating that the five solid-phase oxidants used in the tests may have experienced
tribochemical reactions with the workpiece material. Among them, the highest material
removal rate was achieved with the solid-phase oxidant NaOH and the lowest with the
solid-phase oxidant KClO3.

The highest material removal rate after dry polishing of SiC with NaOH is due to
the tribochemical reaction between SiC and NaOH during the dry polishing process to
generate CO and CO2 released in the air. On the other hand, because silicon oxides and
water-soluble silicates are easily removed by mechanical action, they are also generated on
the surface of SiC.
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Figure 5. Material removal rate after dry polishing.

3.4. Surface Roughness and Surface Morphology after Polishing

Figure 6 show the changes in surface roughness before and after the dry polishing of
SiC using five different solid-phase oxidants. The results showed that the tribochemical
polishing tests using five different solid-phase oxidants all affect the surface roughness
of the SiC, indicating that the tribochemical interaction between the five solid-phase
oxidants used in the tests and the workpiece material all cause the removal of some
material from the workpiece surface, thus changing its surface roughness. Among them,
the surface roughness of SiC after the action of NaOH increased significantly, while the
surface roughness of SiC after the action of other solid-phase oxidants increased slightly
but not significantly.
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The comparison of SEM before and after the dry polishing of SiC with solid-phase
oxidant is shown in Figure 7. The surface of SiC after dry polishing with NaOH showed a
significant change in pits and scratches compared to the initial morphology.
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4. Discussion
4.1. Solid-Phase Oxidant Tribochemical Reaction Oxygen Generation Mechanism

From Figure 2, it can be seen that the solid-phase oxidant fills between the SiC and
the polishing pad during the polishing process, but under the polishing pressure, the SiC
specimen and the polishing pad or solid-phase oxidant can be in contact at the micro-convex
body [25]. Friction, local compression, or micro-collisions may occur on the micro-convex
body at the polishing interface, which will generate concentrated local stresses at the point
of contact (several gigapascals [26])and high flash point temperatures(up to 1000 degrees
Celsius [27,28]). Then, under the action of friction and high flash point temperatures, etc.,
the solid-phase oxidant decomposes oxygen and oxidizes SiC or reacts with SiC by friction
chemistry with other media [25,29–31].

Sodium percarbonate (Na2CO3—1.5 H2O2) is an inorganic substance and white gran-
ular solid commonly known as solid H2O2; it is a strong oxidant. It is easy to separate out
oxygen when exposed to moisture to obtain Na2CO3, H2O, and O2.In addition, sodium
percarbonate is a heat-sensitive substance, dry Na2CO3—1.5 H2O2 at 120 ◦C decomposition.
However, in the presence of water, heat, or if mixed with heavy metal and organic material,
it is very easy to decompose into Na2CO3, H2O, and O2, and its stability decreases with
the rise of temperature [32,33]. See Equation (2).

Na2CO3—1.5 H2O2(2Na2CO3—3 H2O2)→4Na2CO3 + 6H2O + 3O2↑ (120 ◦C) (2)

Studies have shown that the decomposition of sodium percarbonate is an autocatalytic
mechanism. In the decomposition of sodium percarbonate, H2O is the main catalyst [34].
The product of sodium percarbonate decomposition diffuses to the reaction interface to
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form intermediates with the reactants, which reduces the activation energy of the reaction
and accelerates the reaction. It can be considered that the autocatalytic decomposition of
sodium percarbonate proceeds in the following steps.

Na2CO3—1.5 H2O2→[Na2CO3···1.5 H2O2—H2O] (3)

[Na2CO3···1.5 H2O2—H2O]→Na2CO3 + [1.5 H2O2—H2O] (4)

[1.5 H2O2—H2O]→2.5H2O + 0.75O2↑ (5)

The Na2CO3—1.5 H2O2 molecule first combines with H2O to form the activation
complex [Na2CO3—1.5 H2O2—H2O], which is unstable and quickly decomposes into
Na2CO3. The reactive intermediate [1.5 H2O2—H2O], [1.5 H2O2—H2O] is also unstable and
decomposes into H2O and O2. Where Equation (3) proceeds slowly, Equations (4) and (5)
proceed more rapidly and reach an equilibrium quickly [33].

Sodium hydroxide (melting point is 318.4 ◦C, the boiling point is 1390 ◦C) powder
will turn into molten sodium hydroxide under the action of frictional heat. In addition, the
oxidant sodium hydroxide is easily deliquesced in air and reacts with CO2 to form Na2CO3
and H2O [35]. See Equation (6).

2NaOH + CO2→Na2CO3 + H2O (6)

Potassium chlorate (KClO3) is an inorganic compound, a colorless or white crystalline
powder, that is a strong oxidantandis stable at room temperature. When heated to ap-
proximately 360 ◦C (the melting point of potassium chlorate), oxygen is released, and the
reaction mechanism can be expressed in Equation (7). At continuous heating to 610 ◦C, the
rate of oxygen release becomes slower, and the viscosity of the system thickens. At this
point, the reaction is as in Equation (8); that is, potassium chlorate is oxidized to potassium
perchlorate (KClO4) by self-disproportionation. Equations (7) and (8) occur objectively at
the same time, and when further heating to 800 ◦C is conducted, oxygen is released again
until the system is completely changed to potassium chloride, such as Equation (9) [36].

2KClO3→2KCl + 3O2↑ (365 ± 5 ◦C) (7)

KClO3→KClO4 + KCl (8)

KClO4→KCl + O2↑ (9)

Potassium permanganate (KMnO4) is a strong oxidant with a melting point of 240 ◦C.
Its thermal decomposition process is complex, and within 190–700 ◦C, the following
decomposition reactions are produced [37–39].

6KMnO4→2K2MnO4 + K2Mn4O8 + 4O2↑ (10)

2KMnO4→KMnO2 + O2↑ (11)

3K2MnO4→2K3MnO4 + MnO2 + O2↑ (12)

In addition, light has a catalytic effect on the decomposition of potassium perman-
ganate, KMnO4 is not very stable in sunlight, and KMnO4 can spontaneously undergo
redox reactions with H2O [40].

4KMnO4+ 2H2O→4KOH + 4MnO2 + 3O2↑ (13)

Potassium iodate (KIO3) is an inorganic substance. It is a colorless crystal, and its
melting point is 560 ◦C (decomposition). It can be decomposed into KI by heat; KI reacts
with O2 and H2O in moist air to form KOH [41,42].

2KIO3→2KI + 3O2↑ (525 ◦C) (14)
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4KI + O2 + 2H2O→2I2 + 4KOH (15)

4.2. Mechanism of Tribochemical Oxidation Reaction on the Surface of SiC

(1) Solid-phase oxidant NaOH

See Equation (6), the solid-phase oxidant NaOH readily deliquesces in air and reacts
with CO2 to form Na2CO3 and H2O [35]. In addition, under the action of friction, the
suspended silicon bond in SiC will also undergo the following tribochemical reaction. The
main chemical equation is as follows [42,43]:

Si+2NaOH+H2O→Na2SiO3 + 2H2↑ (16)

The Na2SiO3 produced by the reaction is soluble and can be easily removed from the
SiC surface by mechanical action.

(2) Other solid-phase oxidants

From Section 3.1, Na2CO3—1.5 H2O2, KIO3, KClO3, and KMnO4 can produce O2 by
decomposition under the action of friction heat, then the surface of the SiC undergoes a
tribochemical oxidation reaction under the action of frictional heat and other media [20,21].

SiC +2O2→SiO2 + CO2↑ (17)

(3) Tribochemical hydration reaction on SiC surface

During the polishing process, due to the high flash point temperature at the polishing
interface, SiC reacts with H2O to produce SiO2 on the SiC surface. The main chemical
reactions are as follows [44–47]:

SiC +2H2O→SiO2 + C+2H2↑ (18)

SiC +4H2O→SiO2 + CO2 + 4H2↑ (19)

SiC +O2 + H2O→SiO2 + CO↑+H2↑ (20)

The flash point temperature during polishing excites the oxidation reaction in
Equations (18)–(20). Therefore, the temperature of the test environment is so low that
it does not affect the occurrence of thetribochemical reaction and has little effect on friction
behavior [48,49].

Thus, as described above, the surface of SiC transforms into SiO2, Na2SiO3, or a surface
film composed of SiO2 and Na2SiO3 [26,42,43]. The resulting product, regardless of the
state in which the generated product exists, is less hard than SiC. This oxide layer is easily
removed using abrasive.

4.3. Material Removal Mechanism of Solid-Phase Oxidant

From Figures 3 and 4, after polishing SiC with five solid-phase oxidants, it was
found that the surface of SiC contained oxygen, and the surface products of SiC are SiO2
and silicon oxides. This illustrates the complex tribochemical reactions generated at the
polishing interface during the polishing process, see Equations (2)–(20).Moreover, SiO2 on
the surface of SiC is obtained by the tribochemical reaction shown in Equations (17)–(20).

4.3.1. Solid-Phase Oxidant Sodium Hydroxide (NaOH)

(1) The surface phases of SiC after polishing all contain oxygen, and the surface com-
pounds are SiO2 and silicon oxides. On the one hand, the solid-phase oxidant NaOH
reacts with CO2 in the air under the action of friction to form Na2CO3 and H2O, see
Equation (6).On the other hand, the SiC reacts with H2O in the air to form SiO2 on its
surface, see Equations (18)–(20).The CO and CO2 generated by the reaction escape
into the air, and the generated C is removed by friction; the SiO2 generated is attached
to the SiC surface. Figures 8 and 9 show the surface morphology of SiC after dry
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polishing with NaOH.
(2) Under the action of friction, the suspended silicon bonds of SiC also undergo a

tribochemical reaction with NaOH, see Equation (16). The reaction produces soluble
Na2SiO3, which is removed from the SiC surface. As can be seen from the SEM
inspection of the enlarged Figures 7c and 9b, after polishing, more small pits appear
on the SiC surface with a smoother edge, not just brittle fracture removal. It can be
shown that the Na2SiO3 produced by the reaction is removed by dissolution.
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4.3.2. Solid-Phase Oxidant Sodium Percarbonate (Na2CO3—1.5 H2O2)

The solid-phase oxidant Na2CO3—1.5 H2O2 decomposes into Na2CO3, H2O, and
O2 under the action of friction, see Equation (2), and the products, in turn, produce a
tribochemical reaction with SiC, as shown in Equations (17)–(20).The generated SiO2
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adheres to the surface of SiC, the generated CO and CO2 escape into the air, and the
generated C is removed by friction.The material removal rate consists of the products
C, CO, and CO2; however, the Si atoms in the SiC are not lost, but partly oxidized to
SiO2.Therefore, the removal rate is lower than that of the solid-phase oxidant NaOH,
see Figure 5.

4.3.3. Solid-Phase Oxidant Sodium Iodate (KIO3)

Under frictional heat, KIO3 produces O2 and generates KI, see Equation (14), which in
turn reacts with the SiC surface in an oxidation reaction, see Equation (17). Furthermore,
KOH is generated from the reaction of KI with O2 and H2O in the air, which can also
provide an alkaline environment to induce the SiC to react with O2, see Equation (15). Since
there is no H2O in the KIO3 decomposition reaction equation, SiC may also react with H2O
in the air by frictional chemistry under the action of frictional heat, see Equations (18)–(20).
However, the Si atoms in SiC are also not lost but partially oxidized to SiO2.

The SiO2 generated by the tribochemical reaction adheres to the SiC surface, and the
generated gas escapes into the air, thus creating a material removal rate.

4.3.4. Solid-Phase Oxidant Sodium Chlorate (KClO3)

Under frictional heat, KClO3 decomposes to produce O2 and generates KCl, see
Equations (7)–(9).The resulting O2 reacts with the SiC surface in an oxidation reaction, see
Equation (17). The SiO2 generated by the tribochemical reaction adheres to the SiC surface,
and the generated CO2 escapes into the air, thus creating a material removal rate.

Since there is no H2O in the KCIO3 decomposition reaction equation, SiC may also
react with H2O in the air by frictional chemistry under the effect of frictional heat, see
Equations (18)–(20). However, the Si atoms in the SiC are not lost, but partially oxidized to SiO2.

4.3.5. Solid-Phase Oxidant Sodium Permanganate (KMnO4)

Under the action of frictional heat, KMnO4 decomposes to produce O2 and generates
KCI, see Equations (10)–(12). In turn, this reacts with the SiC surface in an oxidation
reaction, see Equation (17). At the same time, KMnO4 can spontaneously react with H2O
in the air to produce O2 via a redox reaction.

The SiO2 generated by the tribochemical reaction adheres to the SiC surface, and the
generated CO2 escapes into the air, thus creating a material removal rate.

Since there is no H2O in the KMnO4 decomposition reaction equation, SiC may also
produce a tribochemical reaction with H2O in the air under the effect of friction heat, see
Equations (18)–(20). However, Si atoms in SiC are not lost, but partly oxidized to SiO2.

To sum up, under the action of friction, a more complex tribochemical reaction was
produced between the solid-phase oxidant NaOH and SiC and air medium, not only the
removal of C atoms, but also Si atoms. Comparatively, in the other reactions, only the C
atoms were removed. Therefore, the largest removal rate wasproduced when polishing
with the solid-phase oxidant NaOH, see Figure 5. In addition, since Na2SiO3 was produced
when the solid-phase oxidant NaOH was used for polishing, and Na2SiO3 was easily
removed by dissolution, more small pits with a depth of 1400 nm were produced on the
surface, see Figure 9. As a result, the polishing surface roughness was also at a maximum
when the solid-phase oxidant NaOH was used, see Figure 6.

5. Conclusions

(1) After dry polishing SiC with all five solid-phase oxidants, oxygen was detected on
the surface, but the percentage of oxygen atoms on the surface after polishing varied.
The highest percentage of oxygen atoms was observed after dry polishing SiC with
Na2CO3—1.5 H2O2 and the lowest percentage of oxygen atoms was observed on the
surface after dry polishing with KClO3.

(2) From the XRD results, it couldbe seen that the appearance of surface oxygen was due
to the tribochemical reaction between the five solid-phase oxidants and the SiC in the
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polishing process. The reaction product was known to be silicon oxides, and the main
substance was SiO2. In addition, under the action of friction, due to the high flash
point temperature at the polishing interface, SiC reacted with H2O and generated a
SiO2 oxide layer on the SiC surface.

(3) The material removal rate was calculated by measuring the mass before and after
polishing, and the highest material removal rate couldbe obtained after dry polishing
of SiC with NaOH and the lowest material removal rate could be obtained after dry
polishing with KClO3.

(4) After polishing SiC with oxidant NaOH, soluble Na2SiO3 was generated. Therefore,
more obvious scratches and pits appeared on the surface of SiC, and the roughness
hada substantial increase.The surface roughness of the remaining four solid-phase
oxidants didnot change significantly after polishing.

Author Contributions: Conceptualization, J.S. and W.Q.; methodology, W.Q.; software, W.Q.; valida-
tion, W.Q., W.X. and X.C.; formal analysis, Z.W.; investigation, W.Q.; resources, W.Q.; data curation,
W.Q.; writing—original draft preparation, W.Q.; writing—review and editing, W.Q., J.S. and Z.W.;
visualization, W.Q.; supervision, J.S., Z.W.; project administration, J.S.; funding acquisition, J.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No.
U1804142) and the Science and Technology Research Project of Henan Province (No. 192102210058).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lagudu, U.R.; Isono, S.; Krishnan, S.; Babu, S.V. Role of ionic strength in chemical mechanical polishing of silicon carbide using

silica slurries. Colloids Surf. A Physicochem. Eng. Asp. 2014, 445, 119–127. [CrossRef]
2. Zhao, Q.; Sun, Z.; Guo, B. Material removal mechanism in ultrasonic vibration assisted polishing of micro cylindrical surface on

SiC. Int. J. Mach. Tools Manuf. 2016, 103, 28–39. [CrossRef]
3. Li, B. Investigation on Wide Bandgap Semiconductor Material. Equip. Electron. Prod. Manuf. 2010, 39, 5–10.
4. Yamaoka, H.; Uruga, T.; Arakawa, E.; Matsuoka, M.; Ogasaka, Y.; Yamashita, K.; Ohtomo, N. Development and Surface Evaluation

of Large SiC X-ray Mirrors for High-Brilliance Synchrotron Radiation. Jpn. J. Appl. Phys. 1994, 33, 6718–6726. [CrossRef]
5. Jenny, J.R.; Skowronski, M.; Mitchel, W.C.; Hobgood, H.M.; Glass, R.C.; Augustine, G.; Hopkins, R.H. Vanadium related

near-band-edge absorption bands in three SiC polytypes. J. Appl. Phys. 1995, 78, 3160–3163. [CrossRef]
6. Zhuang, D.; Edgar, J.H. Wet etching of GaN, AlN, and SiC: Areview. Mater. Sci. Eng. R 2005, 48, 1–46. [CrossRef]
7. Han, R. Research Status of Third generation semiconductor materials SiC planarization technology. Chem. Intermed. 2018,

11, 73–75.
8. Jiang, P.; Wang, C.; Kang, R.; Guo, D. Design and realization of UML-based CMP bontrol system. Equip. Electron. Prod. Manuf.

2008, 8, 48–52.
9. Zhang, W.; Yang, X.; Shang, C.; Hu, X.; Hu, Z. High Speed Lapping of SiC Ceramic Material with Solid (Fixed) Abrasives.

J. China Ordnance 2005, 1, 225–228.
10. Zhu, Y.; Wang, J.; Li, J. Research on the polishing of silicon substrate by fixed abrasive pad. China Mech. Eng. 2009, 20, 723–727.
11. Zhu, Y.; He, J. A model of material removal rate with fixed abrasive pad. Dimond Abras. Eng. 2006, 153, 39–45.
12. Li, P.; Li, J.; Wang, J. Study on the lapping process of sapphire substrate through fixed abrasive. J. Synth. Cryst. 2013, 42, 2258–2264.
13. Zhong, X. Development of Wmocr Polishing Plate Used in Dynamic Friction Polishing of Diamond; Dalian University of Technology:

Dalian, China, 2015.
14. Li, J. Recent advances and trends in tribology. Lubes Fuels 2007, 17, 10.
15. Muratov, V.A.; Fischer, T.E. Tribochemical Polishing. Annu. Rev. Mater. Sci. 2002, 30, 27–51. [CrossRef]
16. Zhu, Z.; Muratov, V.; Fischer, T.E. Tribochemical polishing of silicon carbide in oxidant solution. Wear 1999, 225–229, 848–856.

[CrossRef]
17. Kitaoka, S.; Tsuji, T.; Yamaguchi, Y. Tribochemical wear theory of non-oxide ceramics in high temperature and high-pressure

water. Wear 1997, 205, 40–46. [CrossRef]
18. Otani, Y.; Xu, J.; Adachi, K. First-Principles Molecular Dynamics Study of Silicon-Based Ceramics: Different Tribochemical

Reaction Mechanisms during the Running-in Period of Silicon Nitride and Silicon Carbide. J. Phys. Chem. C 2020, 124, 20079–20089.
[CrossRef]

19. Zhou, F.; Kato, K.; Adachi, K. Friction and wear properties of CNx/SiC in water lubrication. Tribol. Lett. 2005, 18, 153–163.
[CrossRef]

20. Zhou, S.; Xiao, H. Study of high-temperature friction chemistry of silicon carbide and its complex-phase ceramics.
China Ceram. Ind. 2002, 9, 16–20.

http://doi.org/10.1016/j.colsurfa.2014.01.038
http://doi.org/10.1016/j.ijmachtools.2016.01.003
http://doi.org/10.1143/JJAP.33.6718
http://doi.org/10.1063/1.360004
http://doi.org/10.1016/j.mser.2004.11.002
http://doi.org/10.1146/annurev.matsci.30.1.27
http://doi.org/10.1016/S0043-1648(98)00392-5
http://doi.org/10.1016/S0043-1648(96)07335-8
http://doi.org/10.1021/acs.jpcc.0c04613
http://doi.org/10.1007/s11249-004-1771-x


Micromachines 2021, 12, 1547 13 of 13

21. Zhou, S.; Xiao, H. Tribo-chemistry and wear map of silicon carbide ceramics. J. Chin. Ceram. Soc. 2002, 30, 641–644.
22. Liebau, F. Zeolites and clathrasils—Two distinct classes of framework silicates. Zeolites 1983, 3, 191–193. [CrossRef]
23. Tieu, A.K.; Wan, S.; Kong, N. Excellent melt lubrication of alkali metal polyphosphate glass for high temperature applications.

RSC Adv. 2014, 5, 1796–1800. [CrossRef]
24. Tieu, A.K.; Kong, N.; Wan, S. The Influence of Alkali Metal Polyphosphate on the Tribological Properties of Heavily Loaded Steel

on Steel Contacts at Elevated Temperatures. Adv. Mater. Interfaces 2015, 2, 1500032. [CrossRef]
25. Matsuda, M.; Kato, K.; Hashimoto, A. Friction and Wear Properties of Silicon Carbide in Water from Different Sources. Tribol. Lett.

2011, 43, 33–41. [CrossRef]
26. Presser, V. Oxidation and Wet Wear of Silicon Carbide; University Tübingen: Tübingen, Germany, 2009.
27. Kuhlmann-Wilsdorf, D. Flash temperatures due to friction and Joule heat at asperity contacts. Wear 1985, 105, 187–198. [CrossRef]
28. Quinn, T. Computational methods applied to oxidational wear. Wear 1996, 199, 169–180. [CrossRef]
29. Tomizawa, H.; Fischer, T.E. Friction and Wear of Silicon Nitride and Silicon Carbide in Water: Hydrodynamic Lubrication at Low

Sliding Speed Obtained by Tribochemical Wear. ASLE Trans. 1986, 30, 41–46. [CrossRef]
30. Xu, J.; Kato, K. Formation of tribochemical layer of ceramics sliding in water and its role for low friction. Wear 2000, 245, 61–75.

[CrossRef]
31. Gates, R.S.; Hsu, S.M. Tribochemistry Between Water and Si3N4 and SiC: Induction Time Analysis. Tribol. Lett. 2004, 17, 399–407.

[CrossRef]
32. Qin, F.; Gu, D. Thermal Decomposition Reaction Kinetics of Sodium Percarbonate. J. East China Univ. Sci. Technol. (Nat. Sci.) 2001,

27, 214–216.
33. Wang, H.; Zhao, H.; Qu, G. Research on Isothermal Decomposition Kinetics of Sodium Percarbonate. J. Henan Norm. Univ.

(Nat. Sci.) 2001, 29, 58–61.
34. Galwey, A.K.; Hood, W.J. Thermal decomposition of sodium carbonate perhydrate in the solid state. Chem. Inf. 1979, 10, 1810–1815.

[CrossRef]
35. Wang, Q.; Li, J.; Zhao, Y. Study on the dealkalization of red mud by suspension and carbonation. Chin. J. Environ. Eng. 2009,

3, 2275–2280.
36. Li, Z. A Study on the Origination of the Laboratory Method of Oxygen Preparation by Potassium Chlorate and Manganese

Dioxide. Univ. Chem. 2020, 35, 268–273.
37. Huang, H.; Li, Y. Research of the Thermal Decomposition Process of Potassium Permanganate. Chin. J. Chem. Educ. 2009,

30, 65–66.
38. Tan, R.; Chen, G. A Study on the Mechanism of KMnO4 Thermolysis. J. Guizhou Norm. Univ. (Nat. Sci.) 1990, 1, 20–25.
39. Mao, L. The Thermal Decomposition of KMnO4, KClO3 and Other Inorganic Solids; Guangxi Normal University: Guilin, China, 2008.
40. Wang, G.; Zhong, X. Recovery and Utilization of By-products from Decomposition of Potassium Permanganate to Oxygen.

Educ. Chem. 2000, 12, 41–42.
41. Liu, H.; Shen, T.; Cao, W. Stability of the salt iodization agent potassium iodate: A differential thermal analysis. Chin. J. Endem.

2012, 31, 684–686.
42. Chen, X.; Juan, L.I.; Deying, M.A. Fine Machining of Large-Diameter 6H-SiC Wafers. J. Mater. Sci. Technol. 2006, 22, 681–684.
43. Ming, J.; Komanduri, R. On the finishing of Si3N4 balls for bearing applications. Wear 1998, 215, 267–278.
44. Kitaoka, S.; Tsuji, T.; Katoh, T. Tribological Characteristics of SiC Ceramics in High-Temperature and High-Pressure Water. J. Am.

Ceram. Soc. 1994, 77, 1851–1856. [CrossRef]
45. Zhou, L. Chemomechanical polishing of silicon carbide. Jelectrochemsoc 1997, 144, 161–163. [CrossRef]
46. Li, J.; Huang, J.; Tan, S. Tribological properties of toughened SiC ceramics under water-lubricated sliding. J. Chin. Ceram. Soc.

1998, 26, 305–312.
47. Hao, L. Study on Electrical Friction Characteristics of Silicon Carbide Ceramics during Polishing; Harbin Institute of Technology: Harbin,

China, 2008.
48. Jin, L.; Scheerer, H.; Andersohn, G. Experimental study on the tribo-chemical smoothening process between self-mated silicon

carbide in a water-lubricated surface contact reciprocating test. Friction 2019, 7, 181–191. [CrossRef]
49. Jin, L.; Scheerer, H.; Andersohn, G.; Oechsner, M. Tribological behavior of surface contact friction test with water lubrication at

elevated temperatures. Tribol. Und Schmier. 2017, 64, 11–17.

http://doi.org/10.1016/0144-2449(83)90003-9
http://doi.org/10.1039/C4RA12028K
http://doi.org/10.1002/admi.201500032
http://doi.org/10.1007/s11249-011-9783-9
http://doi.org/10.1016/0043-1648(85)90067-5
http://doi.org/10.1016/0043-1648(95)06856-2
http://doi.org/10.1080/05698198708981728
http://doi.org/10.1016/S0043-1648(00)00466-X
http://doi.org/10.1023/B:TRIL.0000044488.84437.68
http://doi.org/10.1021/j100477a003
http://doi.org/10.1111/j.1151-2916.1994.tb07061.x
http://doi.org/10.1149/1.1837711
http://doi.org/10.1007/s40544-018-0219-5

	Introduction 
	Experiment and Characterization 
	Polishing Test 
	Workpiece Surface Composition Testing 

	Analysis of Results 
	Elements and Content of SiC Surface after Polishing 
	Physical Phase Analysis of SiC Surface after Polishing 
	Material Removal Rate after Polishing 
	Surface Roughness and Surface Morphology after Polishing 

	Discussion 
	Solid-Phase Oxidant Tribochemical Reaction Oxygen Generation Mechanism 
	Mechanism of Tribochemical Oxidation Reaction on the Surface of SiC 
	Material Removal Mechanism of Solid-Phase Oxidant 
	Solid-Phase Oxidant Sodium Hydroxide (NaOH) 
	Solid-Phase Oxidant Sodium Percarbonate (Na2CO3—1.5 H2O2) 
	Solid-Phase Oxidant Sodium Iodate (KIO3) 
	Solid-Phase Oxidant Sodium Chlorate (KClO3) 
	Solid-Phase Oxidant Sodium Permanganate (KMnO4) 


	Conclusions 
	References

