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Abstract: Smooth surfaces are conducive to improving the lubrication of gears in mechanical systems.
In this study, chemical mechanical polishing (CMP) was used to process 18CrNiMo7-6 case hardening
steel, a typical material for gears. The results reveal that compared with formic acid and oxalic acid,
citric acid can be used as a suitable complexing agent without causing apparent corrosion, probably
due to the fact of its relatively stable adsorption. A synergistic effect exists between citric acid and
H,0,. At pH 3, with 0.067 M citric acid and 1 wt% H;O5, a satisfactory CMP performance (i.e., a
514 nm/min material removal rate (MRR) and a 0.85 nm surface roughness S,) was achieved. After
polishing, no observable defects were found on the surface, and no discernible processing damage
occurred to the substrate. In terms of the CMP’s mechanism, iron is first oxidized to Fe?* and Fe?*,
which then react with citric acid to form complexes. On the one hand, most of the complexes may stay
on the surface to prevent further corrosion and, thus, the surface quality is excellent. On the other
hand, the complexes may reduce the surface integrity and, thus, the MRR is high. The findings open
new avenues for attaining ultra-smooth steel surfaces with CMP through controlling corrosive wear.

Keywords: chemical mechanical polishing; gear; ultra-smooth; carboxylic acid; citric acid

1. Introduction

18CrNiMo7-6 steel is a typical case hardening steel, which has been widely used as
a raw material for key parts of large mechanical systems such as transmission gears in
bogies of high-speed electric multiple units (EMUs) [1]. With the rapid development of
high-speed railways in China, the running speed of EMUs will increase to 400 km/h and
higher in the near future, which will certainly bring about challenges in the lubrication. In
fact, rising the running speed of EMUs will increase the gear meshing frequency, and then
the heat generated by friction in gear meshing will increase as well. Consequently, the oil
temperature will rise, which might result in lubrication failure and serious accidents [2,3].
It may be feasible to introduce superlubricity to address the issue [4,5]. By controlling the
friction coefficient to a magnitude of 0.001 or less, the heat generated in the gear meshing
can be greatly reduced, and then the lubrication can be significantly improved. Li et al. [6]
reported nanoscale superlubricity with a friction coefficient of 0.0003 between graphite
and silica under ambient conditions, which can be attributed to the incommensurate
contact between graphene layers. Zhang et al. [7] demonstrated macroscale superlubricity
induced by graphene-coated surfaces under ambient conditions, and the friction coefficient
could reach 0.006, greatly reducing friction and wear. However, achieving superlubricity
in gear meshing can be formidable. Smooth surfaces are beneficial to the improvement
of lubrication and the achievement of superlubricity ultimately by avoiding substrate
asperities contact [5,8,9].

Mechanical parts, such as gears, are generally machined with cutting and grind-
ing technologies. Researchers have devoted great effort to developing technologies that
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improve machining efficiency and quality [10,11]. On this basis, it is feasible to further
improve the surface quality with ultra-precision polishing. Chemical mechanical polishing
(CMP) is an ultra-precision processing technology that has been intensively used in the
semiconductor industry [12,13]. CMP can achieve a near-perfect smooth surface through
the synergistic effect of chemical and mechanical interactions [14]. Zhang et al. [15] devel-
oped a novel environmentally friendly copper CMP slurry, consisting of colloidal silica,
H,0; and chitosan oligosaccharide. After CMP, an ultra-smooth surface with a surface
roughness Ra of 0.444 nm was achieved. Furthermore, Zhang et al. [16] reported a novel
green CMP slurry with triethanolamine as the chelating agent for sapphire. After CMP,
a surface roughness Ra of 0.11 nm could be achieved. Recently, CMP has gradually been
used to process steels to attain smooth surfaces in the mechanical industry [17-20]. In
metal CMP slurries, complexing agents play a crucial role in enhancing material removal
through complexation with metallic ions. Researchers have tried various complexing
agents for mold steel and stainless steel. Zhang et al. [21] used glycine and triethanolamine
as the complexing agents in acidic and alkaline slurries for 5-136 plastic mold steel CMP,
respectively. It was found that the slurry with SiO; as the abrasive and at pH 4 could
achieve a satisfactory CMP performance. In addition, S-136 steel CMP was a representative
oxidation—dissolution-mechanical removal process. Oxalic acid was demonstrated to be
an effective complexing agent for stainless steel CMP [22-25]. Lee et al. [24] found that
compared with citric acid (one hydroxyl group and three carboxyl groups) and glycine (one
amino group and one carboxyl group), oxalic acid (two carboxyl groups) demonstrated
better planarization quality for 304 stainless steel CMP at pH 4. With the optimized slurry,
consisting of 39 wt% abrasive, 1 wt% oxalic acid, 0.03 wt% H;O, and at pH 1.5, the surface
roughness Ra could reach 7.8 nm. In addition, Liao et al. [26] used nicotinic acid in synergy
with HyO; to polish FV520B stainless steel, and a smooth surface was obtained. Our
research group has deeply investigated the role of complexing agents in GCr15-bearing
steel (AISI 52100) CMP. Based on the material removal rate (MRR) trend with pH, it can be
concluded that the complexation efficiency of amino and carboxyl groups for iron gradually
decreases as pH increases, suggesting that acidic pH is preferred for high-efficiency CMP of
steels [27,28]. Although many studies pertaining to complexing agents have been reported
on various types of steels, little work has been performed on 18CrNiMo7-6 steel.

In this work, 18CrNiMo7-6 steel was polished. Three typical carboxylic acids (i.e.,
formic acid, oxalic acid and citric acid) with different numbers of carboxyl groups were
assessed as the complexing agents. Citric acid performing the weakest corrosion effect was
selected. Then, the synergistic effect between citric acid and H,O, was investigated in depth.
The corresponding CMP mechanism was put forward. The related experimental results
and discussion may suggest that the CMP performance of steels can be tuned by controlling
the corrosive wear through varying the carbon chain length of carboxylic acids. Moreover,
citric acid with three additional carbon atoms in addition to carboxylic groups in synergy
with H,O; can efficiently achieve an excellent surface quality for 18CrNiMoZ7-6 steel.

2. Experimental Methods

The 18CrNiMo7-6 steel used in this study was provided by China Railway Rolling
Stock Corporation (CRRC) Qishuyan Institute Co., Ltd. As reported, the yield strength was
approximately 855 MPa [29]. The energy-dispersive X-ray spectroscopy (EDS), scanning
electron microscopy (SEM, measured with Apreo S, Thermo Fisher Scientific) and metal-
lographic microscopy (measured with Axio Lab.A1, Carl Zeiss) characterization results
of 18CrNiMo7-6 steel are displayed in Figure 1. As shown in the EDS result in Figure 1a,
iron accounts for approximately 95.6 wt% and, therefore, iron will mainly be discussed in
the following investigation. Moreover, the chemical composition measured with EDS over
the surface area shown in Figure 1b meets the standard of BS EN 10084:2008. As shown in
Figure 1c, the major metallographic structure was lath martensite [30,31].
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Element Measured Standard
Si 0.29 ~0.40
Mn 0.66 0.5~0.9
Cr 1.74 R )
Mo 0.29 0.25~0.35
Ni 1.42 1.4~17

95.60 94.6~96-2

Figure 1. Characterization results of 18CrNiMo7-6 steel: (a) the EDS result of the surface area shown
in (b); (b) the SEM image; (c) the metallographic structure.

In the CMP experiments, a 18CrNiMo7-6 steel disc, 50.8 mm in diameter, was polished
with an automatic pressure lapping/polishing machine (UNIPOL-1200S, Shenyang Kejing
Automatic Equipment Co., Ltd., Shenyang, Liaoning, China). The CMP slurries’ composi-
tion is listed in Table 1. The chemical reagents were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

Table 1. CMP slurries’ composition.

Component Chemical

Colloidal silica (YZ8040, Shanghai YZ-Lapping

Abrasive Material Co., Ltd., Shanghai, China)
Complexing agent Formic acid, oxalic acid or citric acid
Oxidant H,0,
pH buffer HNO3 and KOH
Others Ultrapure water

The CMP conditions are given in Table 2. After CMP, the disc was quickly cleaned
with water and dried. The weight loss was measured with a microbalance (1 ng readability,
ME36S, Sartorius), and the MRR was calculated as follows: MRR = Am/(p x A x t), where
Am is the weight loss after CMP; p is the density of the 18CrNiMo7-6 steel, which was
7.8 g¢/cm?; A is the polishing area, which was 2027 mm?; t is the time of each polishing,
which was 1 min. The surface morphology and surface roughness S, over 97.9 x 97.9 um
scan area were measured with an optical 3D surface profiler (SuperView W1, Chotest
Technology Inc., Shenzhen, China). Each slurry was repeated four times.
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Table 2. CMP conditions.

Parameter Value
Set pressure displayed on the panel 5kg
Carrier speed 60 rpm
Platen speed 60 rpm
Slurry flow rate 100 mL/min
Time of each polishing 1 min
Polishing pad IC1010/Suba-IV polyurethane pad

In addition, static etching experiments were carried out to compare the chemical
aggressiveness of different carboxylic acids and to explain the corrosive wear mechanism
in CMP. Like the MRR, the static etching rate (SER) was calculated according to the above
weight loss method. Specifically, the sample size was 29.8 x 29.8 x 4.7 mm. The etching
time was 3 min.

To observe the surface and subsurface more intuitively, the polished 18CrNiMo7-6 steel
sample was first cut with a focused ion beam. Then, the cross-section was characterized in
detail with high-resolution transmission electron microscopy (HRTEM, JEM-2800F, JEOL),
selected area electron diffraction (SAED), and EDS. Furthermore, X-ray photoelectron
spectroscopy (XPS, Axis Ultra DLD, Kratos) was used to analyze the chemical elements
and valence states of the polished 18CrNiMo7-6 steel surface.

3. Results and Discussion
3.1. The Performance of Three Typical Carboxylic Acids in 18CrNiMo7-6 Steel CMP

Carboxylic acids can be used as effective complexing agents for steel CMP to boost the
MRR. However, for certain steels, such as 18CrNiMo7-6, it is necessary to find a suitable
carboxylic acid. On the one hand, the MRR can be greatly enhanced. On the other hand,
the surface quality can be maintained without causing severe corrosion. In this section,
three typical carboxylic acids with different numbers of carboxylic groups, including formic
acid, oxalic acid and citric acid, were added to the baseline slurry separately, and the
performance of the CMP was examined. Here, the baseline slurry consisted of 2 wt%
colloidal silica and 0.1 wt% HyO; at pH 3. In particular, for comparison, the carboxylic
group’s concentration was strictly controlled at 0.2 M for all cases. The CMP results
are shown in Figure 2. As shown in Figure 2a, formic acid, oxalic acid and citric acid are
representative of monocarboxylic acid, dicarboxylic acid and tricarboxylic acid, respectively.
As shown in Figure 2b, after adding the carboxylic acids, the MRR of the 18CrNiMo7-6
steel was greatly enhanced. However, for formic acid and oxalic acid, although the MRR
was quite high, the surface, especially the disc’s edge area, became relatively rough, as
shown in Figure 2c, and the surface roughness S, at the disc’s edge became larger than
100 nm as shown in Figure 2b. Surprisingly, for citric acid, the surface was smooth and
uniform across the whole disc.

Furthermore, static etching experiments were carried out to preliminarily explore the
reason for the distinct CMP performances among formic acid, oxalic acid and citric acid.
The results are shown in Figure 3. As can be seen, the SER of 18CrNiMo7-6 steel displayed
a similar changing trend as the above MRR. After immersion in a slurry containing formic
acid or oxalic acid, the SER was high, but the surface became black and rough, which
was probably caused by the synergistic effect of oxidation from a low content of HyO,
(0.1 wt%) and complexation from formic acid or oxalic acid. By contrast, after immersion
in the slurry containing citric acid, the SER slightly increased compared to the baseline
slurry, and the surface remained almost unchanged. Moschona et al. [32] reported that
phosphonate with a longer carbon chain could result in more stable adsorption on the
carbon steel surface due to the more negative standard free energy of adsorption and denser
surface film. In our case, compared with formic acid and oxalic acid, citric acid possessed
three extra carbon atoms in addition to its carboxylic groups. Therefore, referring to the
conclusion of Moschona et al., it can be inferred that the low SER of citric acid is likely from
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its relatively stable adsorption on the 18CrNiMo7-6 steel surface. In addition, static etching
experiments were further conducted with acetic acid that contained one additional carbon
atom than the formic acid. The SER was low, and the surface showed no signs of apparent
corrosion, verifying the influence of the carbon chain’s length to some extent. Considering
that steel CMP is a typical corrosive wear process [21], the surface quality of 18CrNiMo7-6
steel after polishing with citric acid remained almost unchanged accordingly due to the
slight corrosion.
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Figure 2. Performance of three typical carboxylic acids in the CMP of 18CrNiMo7-6 steel: (a) the
molecular structures of the three carboxylic acids; (b) the MRR and surface roughness S, results;
(c) photographs of the discs after polishing.

Baseline +0OA +CA

For application in gear CMP, slurries may sputter to other areas of the gear curve
surface. The balance between oxidation and complexation may vary from the polishing
area, and corrosion may occur if the complexing agent is not appropriate. Based on the
CMP and static etching results, citric acid, one of the most common carboxylic acids in our
daily life, can be used as a suitable and green complexing agent for CMP of 18CrNiMo7-6
steel. In synergy with H,O,, citric acid can greatly enhance the MRR of 18CrNiMo7-6 steel
without sacrificing the surface quality. In the following sections, the synergistic effect was
deeply investigated.

3.2. Synergistic Effect of Citric Acid and HyO, on the CMP of 18CrNiMo7-6 Steel

Normally, in metal CMP, a synergistic effect exists between the complexing agent and
oxidant, through which the CMP’s performance can be significantly improved, especially
the MRR. Therefore, in this section, the synergistic effect of citric acid and H,O, on the CMP
of 18CrNiMo7-6 steel was first examined. Specifically, here, the baseline slurry (denoted as
slurry 1) was composed of 2 wt% colloidal silica at pH 3; Slurry 2 contained an additional
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0.067 M citric acid; Slurry 3 contained an additional 1 wt% HO;; Slurry 4 contained an
additional 0.067 M citric acid and 1 wt% HyO,. The MRR results are shown in Figure 4.
Compared with the MRR of the baseline slurry, after adding citric acid in Slurry 2 or HyO,
in Slurry 3, the MRR slightly decreased. In sharp contrast, after adding both citric acid
and HyO; in Slurry 4, the MRR increased from 59 to 514 nm/min, and the increment was
approximately that of eight times, confirming that a strong synergistic effect exists between
citric acid and HyO,.
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Figure 3. Performances of three typical carboxylic acids in static etching experiments on 18CrNiMo7-6
steel: (a) SER results; (b) photographs of the samples after the static etching experiments.
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Figure 4. Preliminary investigations on the synergistic effect of citric acid and H,O, on the CMP of
18CrNiMo7-6 steel; AMRR;; represents the MRR's difference between Slurry i and Slurry 1 (i =2, 3
and 4).

Furthermore, to determine an appropriate synergistic effect between citric acid and
HyO; for the CMP of 18CrNiMo7-6 steel, in the presence of citric acid, the effect of the
H,0O; concentration on the CMP’s performance on 18CrNiMo7-6 steel at different pHs
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was investigated. The slurries were composed of 2 wt% colloidal silica, 0.067 M citric
acid and different concentrations of HyO, at different pHs. The MRR results are shown in
Figure 5. As can be seen, the MRR decreased as the pH increased overall. According to
the pH-potential diagram of the iron-water system [33-35], pH can influence the surface
status. With an increasing pH, iron is more inclined to form passive oxides. The surface
film becomes more difficult to remove. Therefore, the MRR decreases. Similar phenomena
were reported in our previously published articles [17,18,27,28]. Moreover, the MRR
first increased and then decreased as the HyO, concentration increased for all testes pHs.
Specifically, at pH 3, with increasing HyO,, the MRR first rose from 47 nm/min to a
maximum of 734 nm/min when the H,O, concentration increased from 0 to 0.5 wt%, and
then gradually decreased to 78 nm/min when the H,O, concentration further increased to
2 wt%. Noticeably, after adding only 0.5 wt% HyO,, the MRR increased by 15 times.

800
—O—pH3
—A—pH 4
600 ——pH5

MRR (nm/min)
S
o
o

200

0.0 0.5 1.0 1.5 2.0
H,O, concentration (wt%)

Figure 5. Synergistic effect of citric acid and H,O, on the CMP of 18CrNiMo7-6 steel at different pHs.

The corresponding photographs and optical images of the 18CrNiMo7-6 steel discs
after polishing at pH 3 are shown in Figure 6. Combined with Figure 2c, no observable
corrosion or scratches can be observed on the entire 18CrNiMo7-6 steel disc’s surface for
all H,O, concentrations.

The corresponding surface roughness S, and three-dimensional surface morphology
results of 18CrNiMo7-6 steel after polishing at pH 3 are shown in Figure 7. As shown in
Figure 7a, overall, the surface roughness S, decreased from 2.35 to 0.42 nm as the H,O,
concentration increased from 0 to 2 wt%. However, as shown in the inset of Figure 7a,
after adding a very low concentration of HyO,, such as 0.01 wt%, the surface roughness
Sa slightly increased, which might be attributed to the fact that such a low content of
H,0O; cannot oxidize the whole disc’s surface adequately, and the surface film can be
nonuniform, resulting in uneven removal [36]. As shown in Figure 7b, with the increased
H,0; concentration, the peak-to-valley height of the surface morphology followed the same
trend as the surface roughness S,. In particular, at 1 wt% HO,, the peak-to-valley height
reached less than 10 nm, and no micron-scale defects could be observed on the surface.

To conclude, citric acid can be used as a suitable complexing agent for the CMP of
18CrNiMo7-6 steel. By tuning the synergistic effect between citric acid and HyO, via adjust-
ing the HyO, concentration, the CMP’s performance can be regulated. Comprehensively
considering CMP efficiency and surface quality, the slurry containing 0.067 M citric acid
and 1 wt% HyO, exhibited a satisfactory CMP performance, i.e., a 514 nm/min MRR and a
0.85 nm surface roughness S,.
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al) 0 wt% H,0,

(c1) 1.0 wt% H,0,

Figure 6. Photographs and optical images of the 18CrNiMo7-6 steel discs after polishing with the
slurries containing different concentrations of H,O, at pH 3: (al-a3) 0 wt% HO,; (b1-b3) 0.01 wt%
H,0;; (c1-c3) 1 wt% HyO;.

3.3. Characterization of the Surface Film of 18CrNiMo7-6 Steel

In this section, to reveal CMP’s mechanism, the surface and subsurface of 18CrNiMo7-
6 steel after polishing were characterized by HRTEM, SAED, EDS and XPS. For preparation,
the sample was first polished with the slurry containing 2 wt% colloidal silica, 0.067 M
citric acid, and 1 wt% H,O; at pH 3, and then it was cleaned with water and dried. The
HRTEM results are shown in Figure 8. Through the HRTEM observation, there was a thin
surface film that formed on the top of the substrate. The thicknesses of the surface film were
approximately 3 nm at different positions, further confirming that the surface morphology
was uniform and smooth. In addition, the surface film was amorphous, while the substrate
had an intact crystal structure, showing that the CMP did not cause processing damage to
the 18CrNiMo7-6 steel’s substrate.

The SAED results of the surface film and substrate are shown in Figure 9. The different
diffraction patterns further confirm that the surface film was amorphous, while the substrate
was crystalline. Moreover, the 18CrNiMo7-6 steel substrate had a body-centered cubic
crystal structure [37]. The crystal lattice constant was calculated as follows [38]: a = djy %
(H* + k* + 12)1/2, where a is the crystal lattice constant; d;y is the crystal plane spacing, as
shown in Figure 9(c1); (h, k and /) is the crystal plane index as shown in Figure 9(c2). After
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calculation, the crystal lattice constants of the 18CrNiMo7-6 steel substrate were 0.27 nm,
0.27, and 0.28 nm, respectively, which are close to the predicted results by Liu et al. [39].
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X: 97.9 um 80
Figure 7. Surface roughness S, and three-dimensional surface morphology results of 18CrNiMo7-6
steel after polishing with the slurries containing different concentrations of H,O, at pH 3: (a) The
surface roughness S, results; (b1-b6) The three-dimensional surface morphology results.

The EDS results are shown in Figure 10. As shown in Figure 10c,d, the sample was
covered with a protective glue layer that contained C and O. As shown in Figure 10a,b,d,e,
as the detection depth increased from 7.97 to 12.6 nm, the concentration of O increased from
13.1 wt% to 32.1 wt%, and the concentration of Fe increased from 3.57 wt% to 42.59 wt%,
revealing that the surface film can be primarily composed of iron oxides. However, it is
difficult to identify whether the low content of C in the surface film was from the glue layer
or complex compounds of iron and citric acid, which can be resolved by the following
XPS instead. As shown in Figure 10e—j, the 18CrNiMo7-6 steel substrate mainly contained
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evenly distributed Fe, Cr, Ni, Mo, Mn and Si, which is in accord with the standard of BS
EN 10084:2008.

R
e

R ——

i3 ARAANT

S
N SHeTe
R S R e,

S|
Surface film P N

5 hm 18CrNiMo7-6 steel il Substrate

TEM sample
Tpm prepared with FIB

Surface film
2£m

Figure 8. HRTEM results of the polished 18CrNiMo7-6 steel sample: (a) The cross-section of the TEM
sample; (b1-b3) The HRTEM images at the position “b” shown in (a); (c1-c3) The HRTEM images at
the position “c” shown in (a).

5NM  18CiNiMo7-6 steelf 2 1/nm
(c1)

d=1.89 A

\

Figure 9. SAED results of the polished 18CrNiMo7-6 steel sample: (a) HRTEM image; (b) diffraction
pattern on the surface film at position b; (c1) and (c2) the diffraction pattern of the substrate at
position c.
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(a) (b)

—
0 O
o O

H O
o O

Weight%

15
Distance (nm)

Figure 10. EDS results of the polished 18CrNiMo7-6 steel sample: (a) scanning TEM dark-field image;
(b) weight distributions of C, O, Fe, Cr, Ni, Mo, Mn and Si in the marked areas shown in (a); (c—j) EDX
maps of C, O, Fe, Cr, Ni, Mo, Mn and Si, respectively.

XPS was used to further analyze the chemical composition of the 18CrNiMo7-6 steel
surface after polishing. The XPS results are shown in Figure 11. As shown in Figure 11a, the
Fe(2ps/,) spectrum showed three peaks with binding energies of 711.5, 709.3 and 706.4 eV,
which can be from Fe3* (17.11%), Fe?* (62.61%) and Fe? (20.28%), respectively [40-42]. As
shown in Figure 11b, the Cr(2p3,,) spectrum revealed one peak with a binding energy of
576.0 eV, which can correspond to chromium compounds [43]. As shown in Figure 11c,
the C(1s) spectrum can be fitted to four peaks with binding energies of 288.1, 285.6, 284.6
and 282.8 eV, which can correspond to C=0, C-O, C-C and iron carbides [44]. As shown in
Figure 11d, the O(1s) spectrum showed four peaks with binding energies of 532.7, 531.5,
531.1 and 529.5 eV, which can be from C=0, C-O, OH~ and O?~, respectively [44,45].
Combined with the above EDS results, it can be concluded that the polished 18CrNiMo7-

6 steel surface was mainly composed of iron oxides and a small number of complex
compounds of iron and citric acid.
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Figure 11. XPS results of the polished 18CrNiMo7-6 steel surface: (a) Fe(2p3,2); (b) Cr(2p3,2); (c) C(1s);
(d) O(1s).
3.4. Action Mechanism of Citric Acid and H,O, in the CMP of 18CrNiMo7-6 Steel

Based on the experimental results obtained so far and the relevant literature, a prelimi-
nary CMP mechanism via the synergistic effect of citric acid and H,O, can be described as
follows. A corresponding schematic illustration is shown in Figure 12.

9% [ CMP slurry
F

Oxidation

£° H,0, Citricacid © lron

Iron complexes Iron oxides
o B ® 18CrNiMo7-6
Atoms and ions are not drawn to scale steel substrate

Figure 12. Action mechanism of citric acid and H,O, in the CMP of 18CrNiMo7-6 steel.

As aforementioned, iron takes up approximately 95 wt% of 18CrNiMo7-6 steel and,
therefore, iron is mainly discussed. During the CMP process, with a relatively high con-
centration of H,O,, such as 1 wt%, iron is first oxidized to Fe?* and Fe®*. Then, uniform
and compact iron oxides are gradually formed on the surface as revealed in the above
HRTEM and XPS results. In particular, if no complexing agent was added, the surface grew
compact, and the MRR decreased as shown in Figure 4. The oxidation reactions, including
the Fenton reaction, can be depicted as follows [46-48]:

Fe + H,O, + 2H* = Fe** + 2H,0 (1)
Fe?* + H,0, + H* = Fe** + -OH + H,0 )
Fe?* + .OH + H* = Fe*>* + H,0O 3)

Fe®* + 3H,0 = Fe(OH); + 3H* (4)
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Fe(OH)3 = FeOOH + H,0 (5)

When adding an effective complexing agent citric acid, it can react with Fe?* and Fe3*
on the surface, most likely at the outmost surface, to form complex compounds. At pH
3, citric acid mainly exists in the forms of H3Cit (neutral molecule: 56.9 at%) and H,Cit™
(42.4 at%) [49]. The complexation reactions can be depicted as follows [34,50]:

Fe* + H;Cit = FeHCit + 2H* (6)

Fe?* + H,Cit™ = FeHCit + H* 7)

Fe3* + H5Cit = FeHCit" + 2H* (8)
Fe3* + H,Cit™ = FeHCit* + H* 9)
FeHCit" = FeCit + H* (10)

During the CMP process, the statistically average interval between consecutive asperity-
steel surface contacts is approximately microseconds to milliseconds [51,52]. In such a short
period, it is highly possible that complex compounds, such as FeHCit and FeCit, do not
dissolve in the slurry and drain out in time, but most of them remain on the surface due to
the relatively stable adsorption as explained in the above static etching results [53]. As a
result, the chemical additives, HO, and citric acid, cannot further penetrate the substrate,
and no obvious corrosion occurs; thus, the surface quality is excellent after polishing.
Meanwhile, the formation of complex compounds can reduce the surface’s integrity. The
surface, especially the outmost surface, becomes fragile, and it can be removed by silica
particles readily. Therefore, the MRR is high.

Combined with our previous research [27,54], the findings suggest that carboxylic
acids can be used as promising complexing agents for steel’s CMP. The carbon chain length
of carboxylic acids had a significant influence on the CMP’s performance, especially the
surface quality. With a suitable carbon chain length, an excellent surface quality and a high
MRR can be achieved at the same time. For 18CrNiMo7-6 steel, citric acid with an extra
three carbon atoms in addition to carboxylic groups in synergy with HyO, can lead to a
satisfactory CMP performance without obvious corrosion. To completely avoid corrosion,
corrosion inhibitors can be further added [55,56]. Hopefully, the optimized slurries working
with a small bonnet tool can be used for the numerical control of sub-aperture CMP of a
real gear curve surface in the near future [57].

4. Conclusions

In this study, the synergistic effect of citric acid and H,O, on the CMP of 18CrNiMo7-6
case hardening steel was investigated in detail. With a proper synergistic effect, an ultra-
smooth 18CrNiMo7-6 steel surface can be obtained. Based on the results and discussion
above, the following conclusions can be drawn:

(1) In the presence of 0.1 wt% HO, at pH 3, compared with formic acid and oxalic acid,
citric acid with three additional carbon atoms in addition to carboxylic groups can
enhance the MRR of 18CrNiMo7-6 steel without sacrificing surface quality, which
may be ascribed to the relatively stable adsorption on the steel’s surface. Citric acid
can be used as a suitable complexing agent for the CMP of 18CrNiMo7-6 steel;

(2) An evident synergistic effect existed between citric acid and H,O,. Under acidic
conditions, as the H,O, concentration increased, the MRR of the 18CrNiMo7-6 steel
first increased and then gradually decreased, while the surface roughness decreased
on the whole. No obvious corrosion and scratches could be found on the surface.
Moreover, a satisfactory CMP performance (i.e., 514 nm/min MRR and 0.85 nm
surface roughness S,), was attained with the slurry containing 2 wt% colloidal silica,
0.067 M citric acid and 1 wt% HyO, at pH 3. No observable processing damage was
generated in the substrate;
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(3) During CMP, iron was first oxidized to FeZ* and Fe3* by HyO,. Then, the citric acid
reacted with Fe?* and Fe®* on the surface to form complexes such as FeHCit and
FeCit. Between the two consecutive mechanical abrasions, the complexes may not
have dissolved in the slurry in time, and much may have remained on the surface
preventing further corrosion, thereby leading to a surface roughness that was low.
However, the surface integrity may have been weakened by the complexes and,
therefore, the MRR was high.
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