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ABSTRACT: As a typical high-performance alloy, the excellent mechanical properties and stringent processing requirements of
30CrMnSiNi2A high-strength steel pose great challenges to high-quality and efficient processing. Currently, researchers have
proposed methods such as improving cutting tool performance, minimal quantity lubrication (MQL), and applying external energy
field to assist processing. However, due to the unregulated material properties, the further improvement of surface quality is limited,
and there are problems of phase change and thermal damage in laser processing. Cold plasma jet (CPJ) is rich in active particles
and has a low macroscopic temperature. It can effectively regulate material properties without causing serious surface damage.
Therefore, a new 30CrMnSiNi2A machining approach adopting CPJ is proposed to improve the cutting process. The mechanism
of its action on material properties and cutting process is revealed based on single-grain diamond scratching tests and micro-milling
tests. The results show that CPJ can promote material fracture and improve material removal efficiency. The material removal
efficiency R at 400 mN is increased from 0.433 before treatment to 0.895. Under the optimal processing parameters (feed speed V;
= 800 um/s, spindle speed n = 40,000 rpm, and milling depth a, = 5 um), compared with dry micro-milling, the cutting forces F,
F and F, in CPJ-assisted micro-milling are reduced by 26.5%, 24.8% and 31.3%, respectively. The surface roughness Sa is reduced
by 19.3%, and the phenomena of plastic flow and burr are suppressed. The CPJ-assisted machining process proposed in this paper
can regulate the material properties to improve the cutting process without causing serious damage to the material, providing a new
approach for achieving high-quality and efficient processing of 30CrMnSiNi2A.

Keywords: Cold plasma jet; 30CrMnSiNi2A; Micro-milling; Scratching; Cutting force; Surface quality
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1. Introduction

As an important high-performance alloy, 30CrMnSiNi2A high-strength steel is widely used in shipbuilding,
military equipment, aerospace and other fields due to its high strength, high toughness and good wear resistance [1-4].
In addition, with the rapid development of science and technology and industrial manufacturing, higher requirements
have been proposed for the machining process of parts. For example, the dimensional error of aircraft engine parts is
required to be less than 10 um, and the surface roughness Ra is less than 0.5 um [5]. When processing high-performance
alloys represented by 30CrMnSiNi2A, the large cutting force and high cutting temperature cause severe tool wear, and
the good toughness causes serious burrs [6]. Therefore, these excellent mechanical properties and stringent processing
requirements pose new challenges to the high-quality and efficient processing of high-performance alloys.

To address these challenges, researchers have proposed methods such as improving cutting tool performance [7-11],
minimal quantity lubrication (MQL) [12-16], applying external energy field to assist processing [17-21] and multi-
energy field coupling [22—25]. For the methods to improve cutting tool performance, Niu et al. [7] adopted coated tools
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to mill 30CrMnSiNi2A and studied tool wear during processing. They found that compared with chemical vapor
deposition (CVD), coated tools obtained by physical vapor deposition (PVD) exhibited better performance, and their
wear forms were adhesive wear and coating peeling. Deng et al. [8] performed turning tests on 45# hardened steel using
microporous textured tools and solid lubricants and found that the friction coefficient of the tool-chip interface was
greatly reduced, thereby inhibiting tool wear. For the methods of MQL-assisted processing, Li et al. [12] explored the
effects of different types of vegetable oils on MQL-assisted grinding of GH4169. The results suggested that palm oil
was the optimal base oil for MQL grinding, with a grinding temperature of 119.6 °C, and an energy ratio coefficient of
42.7%. For the methods of applying external energy field assisted processing, You et al. [17] conducted a study on
ultrasonic-assisted grinding of single crystal nickel-based alloys. The results showed that ultrasonic vibration could
transform the material removal mode from ploughing and squeezing to shearing removal, and the grinding force and
grinding temperature were reduced by 63.2% and 46.7%, respectively. Huang et al. [20] discovered that laser could reduce
the hardness and elastic modulus of the material and improve the material removal efficiency in the test of diamond tool
turning die steel. Meanwhile, the tool life increased by 29% and the surface roughness Ra could reach 12 nm. For the
methods of multi-energy field coupling assisted processing, Du et al. [22] proposed a new process for laser coupled
ultrasonic assisted turning of SiCp/Al6061 composite materials and found that multi-energy fields could better control
chip shape and inhibit tool wear. The surface roughness Sa of different composite materials was less than 30 nm.

Although the above methods can improve cutting conditions and inhibit tool wear to a certain extent, the material
properties have not been effectively regulated, which limits further improvements in surface quality and machining
efficiency. And there are phase change and thermal damage problems in laser-assisted processing. Therefore, there is
an urgent need for a processing method that can effectively regulate material properties, while not causing significant
damage to the material, to achieve high-quality and efficient ultra-precision processing of 30CrMnSiNi2A. Cold plasma
jet (CPJ) contains a large number of active particles such as ions, electrons and excited state atoms [26—28], with a low
macroscopic temperature. These active particles can effectively regulate material properties without causing serious
surface damage. Currently, CPJ has been used in the auxiliary processing of a variety of difficult-to-cut materials. Some
scholars [29-31] proposed a new process for CPJ-assisted polishing of hard and brittle materials such as single crystal
silicon, diamond and AIN ceramics. The results implied that the hardness of the material modified by CPJ was reduced,
and efficient and non-destructive removal of the material could be achieved. We [32-37] have also conducted research on
CPJ-assisted micro-milling of difficult-to-cut materials such as nickel-based high-temperature alloys, titanium alloys, single-
crystal silicon, amorphous alloys and aluminum-lithium alloys. The results demonstrated that CPJ could improve the cutting
process and surface quality by modulating the properties of difficult-to-cut materials. However, for 30CrMnSiNi2A, the
relevant research on the effect of CPJ on its material properties and cutting process has not been reported.

In this paper, the influence mechanism of CPJ on material properties and cutting process of 30CrMnSiNi2A was
systematically investigated. Firstly, the influence of CPJ on material removal behavior was explored through a single-
grain diamond scratching test. On this basis, the orthogonal micro-milling test was carried out to determine optimal
processing parameters. Finally, the micro-milling test was carried out under different processing conditions. Cutting
force, surface roughness and surface micromorphology were measured to explore the influence of CPJ on the cutting
process of 30CrMnSiNi2A high-strength steel. The results indicated that CPJ could effectively adjust the machinability
of 30CrMnSiNi2A, providing a new approach to meet the demands for its application in shipbuilding, military
equipment, acrospace and other fields.

2. Materials and Methods

2.1. Materials

The material used in the test was 30CrMnSiNi2A high-strength steel bar, and the test sample with a size of ®45
mm x 3 mm was obtained by cutting. The chemical composition and physical performance parameters of the material
are shown in Tables 1 and 2.

Table 1. Chemical composition content (w.t.%) of 30CrMnSiNi2A.

Elements Cr Mn Si Ni Cu C Fe
Content 0.9-1.2 1-1.3 0.9-1.2 1.4-1.8 0.25 0.27-0.34 Bal.
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Table 2. Physical performance parameters of 30CrMnSiNi2A.

Parameters Unit Value
Elastic modulus GPa 211
Hardness HRC >45
Yield strength MPa >1375
Tensile strength MPa >1620
Elongation >10%
Impact Toughness J-cm™ >69

2.2. Experimental Devices

As shown in Figure 1, the experimental device mainly consisted of a single-grain diamond scratching device, a
micro-milling machine and a CPJ generating device. The single-grain diamond scratching device (Micro/nano-
Scratcher-1000-V, China) was developed by Jilin University [38]. The motion resolution in the x, y, and z directions
was 250 nm, 250 nm, and 5 nm, respectively. The load resolution was 30 uN, and the scratching speed was 1-100 pm/s.
It could achieve precise scratching of materials under a large load range of 1-1000 mN. The test indenter was an HV-6
Vickers indenter with a cross edge of 500 nm, which was performed with the edge facing forward during the scratching
process. The maximum speed of the micro-milling machine spindle (EMSF-3060K, Nakanishi, Japan) was 60,000 r/min,
and the spindle rotation accuracy was within 1 pm. The maximum feed of the feed platform (M-403, PI, Germany) in
the x, y, and z directions was 100 mm, 100 mm, and 200 mm, respectively. The maximum feed speed in each direction
was 10 mm/s, with a feed accuracy of 0.2 um. The tool was a tungsten steel double-edged flat-end micro-milling cutter
(CXF, China), with a helix angle of 60° and a diameter of 0.5 mm.

Scratching device  (c) Nitrogen

AC power

Flow meter

(b)

Micro-milling
machine

Discharge chamber

Figure 1. Schematic and physical drawings of the experimental devices: (a—c¢) schematic diagrams, (a) single-grain diamond
scratching device, (b) micro-milling machine, (¢) CPJ generating device; (d,e) physical drawings, (d) CPJ-assisted scratching
device, (e) CPJ-assisted micro-milling device.
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The CPJ generating device was mainly composed of a gas source, a flow meter, a low-frequency AC power supply
and a discharge chamber. To achieve rapid modification of the material without affecting the micromorphology of the
material surface, the CPJ was generated by bare electrode discharge. The discharge electrodes were composed of a high-
voltage tungsten needle electrode and a low-voltage copper nozzle electrode, and there was no dielectric barrier such
as a quartz tube between the electrodes. When nitrogen was introduced into the discharge chamber and a certain voltage
was applied, a stable lavender CPJ could be generated. The temperature of the CPJ was about 30 °C, and the length was
about 15 mm, which could achieve rapid modification of the material processing area without causing serious thermal
damages. The specific operating parameters are shown in Table 3. To avoid the influence of nitrogen gas flow on the
machining process, nitrogen-assisted micro-milling experiments were carried out using the same gas pressure and flow
rate in Table 3.

Table 3. The operating parameters of the CPJ generating device.

Parameter Parameter Level
Working gas 99.999% Nitrogen
Gas pressure 0.4 MPa
Gas flow rate 12 L/min

Nozzle diameter 2.5 mm
AC power frequency 58.6 kHz
Discharge voltage 2.5kV

2.3. Characterization Methods

To reveal the mechanism of CPJ on the material removal behavior of 30CrMnSiNi2A, a single-grain diamond
scratching device was adopted to carry out scratching tests on samples before and after CPJ treatment. The 3D and 2D
scratched morphologies were measured using a laser scanning confocal microscope (LSCM) (LEXT OLS5100,
Olympus, Tokyo, Japan) and a scanning electron microscope (SEM) (Nova Nano SEM 450, FEI, Hillsboro, OR, USA).
During the micro-milling process, a three-dimensional piezoelectric dynamometer (9256C1, Kistler, Winterthur,
Switzerland), a charge amplifier (5080A, Kistler, Winterthur, Switzerland) and a data acquisition system (5697A,
Kistler, Winterthur, Switzerland) were employed to collect the cutting forces in all directions. The sampling frequency
of cutting force was 20 kHz. After processing, the surface roughness and micromorphology were measured and analyzed
using a three-dimensional optical surface profiler (NewView9000, Zygo, Middlefield, NY, USA) and SEM. All
experiments were repeated 3 times or more to avoid accidental errors.

3. Results and Discussion
3.1. The Effect of CPJ on Material Removal Behavior

For revealing the effect of CPJ on the removal behavior of 30CrMnSiNi2A, the material was subjected to variable-
load and constant-load scratching tests using a single-grain diamond scratching test device. The load-time curve and
scratched morphology were measured for the analysis of the removal process. Furthermore, the residual depth and
removal efficiency were measured and calculated using the analysis software provided by LSCM, to compare the
differences in residual depth and removal efficiency of the material before and after CPJ treatment. The specific
parameters used in the scratching test are shown in Table 4.

Table 4. Processing parameters in scratching test.

Experiment Load Mode Loading Conditions Scratching Length
Exp.1 Variable-load 0_;03?] /rSnN 500 pm
Exp.2 Constant-load 150321/1: 100 um
Exp.3 Constant-load 4503;?/? 100 pm
Exp.4 Constant-load 750331/1: 100 pm
Exp.5 Constant-load 1000 mN 100 pm

5 um/s
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3.1.1. Variable-Load Scratching

The load-time curves and scratched micromorphologies of 30CrMnSiNi2A obtained by variable-load scratching
are shown in Figure 2. Fiy and F; represent normal load and lateral load, respectively. With the increasing normal load,
the material will go through three stages of sliding, ploughing and cutting during the scratching process. Under the
condition of no CPJ treatment, as the increase of Fl, there was a slight fluctuation in the lateral force-time curve, which
was related to the fracture phenomenon of the material with the increasing load (as shown in Figure 2(al)). By contrast,
the lateral force-time curve under CPJ-assisted scratching fluctuated more drastic, indicating that CPJ could promote
the ductile fracture of the material to a certain extent, and the lateral force increased compared with that without CPJ
treatment (as shown in Figure 2(b1)).

To further compare the differences in the removal process of materials with and without CPJ treatment, the
micromorphologies of positions 1, 2, 3 and 4 corresponding to the load-time curve were measured, as shown in Figure
2(a2,b2). The results manifested that the width and depth of scratched groove increased with the increase of Fy, and
there were material pileups and fractures on both sides of the groove with and without CPJ treatment. Obviously, the
material had entered the cutting removal stage. This was because the loading rate in the scratching test was high, which
weakened the sliding and ploughing stages of the material. In addition, the crack length induced by fracture under CPJ
treatment was longer than that without CPJ treatment. The presence of shear bands (SBs) was observed at position 4 on
the CPJ-assisted scratched surface, indicating that the material underwent highly concentrated shear deformation at this
time. It was also consistent with the fluctuation phenomenon of the load-time curve under CPJ-assisted scratching, that
is, CPJ could promote material fracture through the Rehbinder effect [39]. It was very beneficial for promoting chip
breaking and reducing cutting force during processing. To reveal the effect of CPJ on the residual scratch depth and
removal efficiency of the material, the constant-load scratching experiment was subsequently carried out.
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Figure 2. Load-time curves and scratched micromorphologies obtained by variable-load scratching of 30CrMnSiNi2A: (al,a2)
without CPJ treatment; (b1,b2) under CPJ treatment.
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3.1.2. Constant-Load Scratching

On the basis of the variable-load scratching test, the constant-load scratching test was carried out on
30CrMnSiNi2A at Fiy of 100 mN, 400 mN, 700 mN and 1000 mN, with a scratching speed of 5 um/s. The obtained 2D
and 3D scratched morphologies are shown in Figures 3 and 4. When the load was 100 mN, no ductile fracture occurred
on the scratched surface with and without CPJ treatment, which was because the load was so low that the condition for
material fracture was not reached (as shown in Figure 3(al,b1)). When the load increased to 400 mN, the ductile fracture
was observed on both surfaces, and the length and number of cracks on the scratched surface after CPJ treatment
increased compared with those before treatment (as shown in Figure 3(a2,b2)). When the load was 700 mN, the length
and number of cracks induced by CPJ-assisted scratching were also higher than those without CPJ assistance (as shown
in Figure 3(a3,b3)). When the load reached the maximum value of 1000 mN, no obvious ductile fracture was observed
on the scratched surface without CPJ treatment, while ductile fracture occurred on the scratched surface after treatment
(as shown in Figure 3(a4,b4)). From the 3D scratched morphologies in Figure 4, it could be seen that the residual
scratched depth after CPJ treatment was increased compared with that before treatment. In addition, there were more
chip pileups at the scratched tail under Fiy of 400 mN, 700 mN and 1000 mN, which might be attributed to the increase
of material removal efficiency after CPJ treatment (as shown in Figure 4(a2—a4,b2-b4)). To further reveal the effect of
CPJ on the residual scratched depth and removal efficiency, the residual depth and removal efficiency were measured
and calculated subsequently.

Z
=
=
(=)
=)
—_—

Figure 3. 2D scratched morphologies obtained under different loads: (al-a4) without CPJ treatment; (b1-b4) under CPJ treatment.
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Figure 4. 3D scratched morphologies obtained under different loads: (al—a4) without CPJ treatment; (b1-b4) under CPJ treatment.

The residual scratched depth under different loads was measured along the scratched cross-section direction, as
shown in Figure 5. Case 1 and Case 2 represent the samples before and after CPJ treatment, respectively. Compared
without CPJ treatment, it was found that the residual depth increased after CPJ treatment, and the scratched cross-
sectional area also increased. To comprehensively evaluate the removal efficiency of the material before and after CPJ
treatment, the parameter R was introduced to calculate the material removal efficiency, which was defined as [40]:
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R=(S,-5)/85, (1)

where S; was the area due to plastic pileups of the material, i.e., the area enclosed by the scratched profile curve above
the depth baseline (depth = 0) and the baseline, and S, was the area of the scratched groove cross-section, i.e., the area
enclosed by the scratched profile curve below the depth baseline and the baseline. The schematic diagram about S; and
S> is shown in Figure 6a. The material removal efficiency reflected the combined effects of ploughing and ductile
removal during the scratching process. For ductile removal, R ranges from 0—1. A larger value of R implied a greater
proportion of ductile removal and a higher material removal efficiency during the scratching process. The material
removal efficiency with and without CPJ treatment under different loads is shown in Figure 6b. The results suggested
that after CPJ treatment, the material removal efficiency was greatly improved under each load, and the value of R at
400 mN was increased from 0.433 before treatment to 0.895. Combined with the results of the variable-load scratching
test, it could be seen that this was because plasma could promote material fracture through the Rehbinder effect, which
could promote the increase of scratched depth and material removal efficiency at the same load. At the same time, the
friction coefficient u during the scratching process was calculated, and the equation was:

u=F,IF, @)

where F; and Fyy were the lateral force and normal force, respectively. The friction coefficient under different loads is shown
in Figure 6¢. Compared with before CPJ treatment, the friction coefficient of the material after treatment increased under
each load. The increase in friction coefficient could improve the material removal efficiency to a certain extent [41-43],
which was also an important reason for the increase in material removal efficiency under CPJ-assisted scratching.

(b) 2400
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410 1200
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=
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Figure 5. Residual scratched depth at different loads: (a) 100 mN; (b) 400 mN; (¢) 700 mN; (d) 1000 mN.
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Figure 6. Material removal efficiency and friction coefficient with and without CPJ assistance at different loads: (a) schematic diagram
on the definition of removal efficiency; (b) material removal efficiency at different loads; (c) friction coefficient at different loads.

3.2. The Exploration of Optimal Processing Parameters

To obtain the optimal processing parameters for dry micro-milling of 30CrMnSiNi2A, the orthogonal micro-
milling experiment was carried out on the material. The optimal processing parameters were selected based on the
surface roughness Sa and the cutting forces along all directions. A new tool was used in each milling test to avoid the
influence of tool wear on the experiment results.

3.2.1. The Design of Orthogonal Experiment

The experiment mainly considered three factors: feed speed (V}), spindle speed (#) and milling depth (a;), so the
experiment was a three-factors four-levels, i.e., Lis (4°) orthogonal experiment. The tables of orthogonal experiment
factor level and orthogonal experiment are shown in Table 5 and Table 6, respectively.

Table 5. Factor level table of orthogonal experiment.

Level Factors
A/Vy (um/s) B/n (10* rpm) Clap (um)
1 200 2 5
2 500 3 10
3 800 4 15
4 1100 5 20
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Table 6. Table of orthogonal experiment.

10 of 16

Factors

NO. A B C
1 A1 (200) B1 (2) C1(5)
2 Al B2 (3) C2(10)
3 Al B3 (4) C3(15)
4 Al B4 (5) C4 (20)
5 A2 (500) B1 C2
6 A2 B2 Cl1
7 A2 B3 C4
8 A2 B4 C3
9 A3 (800) B1 C3
10 A3 B2 C4
11 A3 B3 Cl
12 A3 B4 C2
13 A4 (1100) B1 C4
14 A4 B2 C3
15 A4 B3 C2
16 A4 B4 C1

3.2.2. The Results of Orthogonal Experiment

As shown in Figure 7a, the surface roughness Sa and cutting forces along all directions under each experiment
were measured. Among the Sa obtained under each experiment, the Sa of 0.045 um obtained by the processing
parameters of NO. 11 (Vy= 800 um/s, n = 40,000 rpm, and a, = 5 um) was the smallest. Meanwhile, it could be seen
that the cutting forces along directions of x, y, and z obtained in NO. 11 were all small by observing the cutting forces
in Figure 7b—d. Therefore, the processing parameters of Vy= 800 pum/s, n = 40,000 rpm, and a, = 5 pm were selected
for the subsequent micro-milling experiment under different working conditions.

(a)
0.20

T

01234567891011121314151617
NO.

0
012345678 91011121314151617
NO.

0
01234567 891011121314151617

0
01234567 891011121314151617

NO.

NO.

Figure 7. Surface roughness and cutting force obtained from orthogonal experiment: (a) surface roughness; (b—d) cutting force, (b)

along x direction, (¢) along y direction, (d) along z direction.
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3.2.3. The Data Analysis of Orthogonal Experiment

The machined surface roughness Sa¢ and the cutting force along z direction F. were used as comprehensive
measurement indicators for data analysis of orthogonal experiment. The signal noise ratio (SNR) was utilized to
characterize the measurement indicators, where 774(n) and 77.(n) represented the SNR of Sa and F. in each

experiment number n (n =1, 2, 3, ...16), respectively. The calculation equations were as follows:

ns(n) = _IOIOglo(Sa)2 3)

1y (n)=—-10log,,(F.)* 4)

After calculation by Equation (3) and Equation (4), the SNR results are shown in the Table 7.

Table 7. The SNR calculation results of Sa and F’ in each experiment.

NO Factors Experimental Results

) A B C Sa (pm) F:(N) ns/dB ne/ dB
1 Al (200) B1(2) Cl1(5) 0.111 4.157 19.094 —12.376
2 Al B2 (3) C2(10) 0.186 4.708 14.610 —13.457
3 Al B3 (4) C3 (15) 0.049 4.834 26.196 —13.686
4 Al B4 (5) C4 (20) 0.123 4.982 18.202 —13.948
5 A2 (500) Bl C2 0.055 2.347 25.193 =7.410
6 A2 B2 Cl1 0.060 3.194 24.437 —10.087
7 A2 B3 C4 0.047 2.944 26.558 -9.379
8 A2 B4 C3 0.131 4.257 17.655 —12.582
9 A3 (800) B1 C3 0.090 3.002 20915 —9.548
10 A3 B2 C4 0.057 4.105 24.883 —12.266
11 A3 B3 Cl 0.045 2.731 26.936 —8.726
12 A3 B4 C2 0.070 3.753 23.098 —11.488
13 A4 (1100) B1 C4 0.073 6.091 22.734 —15.694
14 A4 B2 C3 0.129 7.153 17.788 —17.090
15 A4 B3 C2 0.051 3.026 25.849 -9.617
16 A4 B4 Cl 0.060 4.537 24.437 —13.135

To further analyze the influence of various factors on Sa and F., the mean and range of SNR of each factor were
calculated. The means of SNR for each factor at each level i (i = 1, 2, 3, 4) were calculated as follows:

~ 1
Ks(i) =7 2.m.(n) )
~ 1
K () =7 2 m:(n) (©)
where n was the experiment number corresponding to the i-th level. The range equations of SNR under each factor were:
Ry = max(K (7)) —min(K (7)) (7)
R = max(K (7)) —min(K (7)) (®)

From Equations (5)—(8), the calculation results about mean and range of SNR are shown in Table 8. From the data
in Table 8, it could be concluded that Rs(B) > Rs(A) > Rs(C). It implied that spindle speed had the greatest influence
on Sa, followed by feed speed, and milling depth had the least influence of the three factors. In addition, it was obvious
that Rr(A) > Rr(B) > Rr(C), which indicated that feed speed had the greatest influence on £, while spindle speed and
milling depth had less influence on F-.
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Table 8. The calculation results about mean and range of SNR.

Results Factors A B C

Levels Vr (nm/s) n (10* rpm) ap (um)

1 19.525 21.984 23.726

Ks(i) 2 23.461 20.429 22.187
3 23.958 26.385 20.639

4 22.702 20.848 23.094

Rs 4.433 5.955 3.087
1 —13.367 —11.257 —11.081
Kr (i) 2 —9.864 —13.225 —10.493
3 —10.507 -10.352 —13.227
4 —13.884 —12.788 —12.822

Rr 4.020 2.873 2.734

3.3. The Effect of CPJ on Micro-Milling Process

To reveal the influence of CPJ on the cutting process, micro-milling experiments were carried out under three
working conditions: dry, nitrogen and CPJ. A new tool was used for cutting in each condition, and the adopted
processing parameters were the ones (Vy= 800 pm/s, n =40,000 rpm, and @, = 5 um) obtained by orthogonal experiment.
The cutting forces along each direction, surface roughness Sa and surface morphology were measured for analyzing the
effect of CPJ on micro-milling process.

3.3.1. Cutting Force and Sa

As shown in Figure 8, compared with dry micro-milling, the cutting forces along the z, x, and y directions under
CPJ-assisted micro-milling were reduced by 26.5%, 24.8% and 31.3%, respectively, which was very favorable for
improving cutting conditions and slowing down tool wear. Meanwhile, the surface roughness was also improved, and
Sa was reduced by 19.3%. Obviously, the cutting force and Sa under nitrogen were not significantly different from
those under dry micro-milling, indicating that the active particles in CPJ improved the cutting process, rather than the
airflow impact.
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Figure 8. Cutting force and surface roughness under different working conditions: (a) cutting force along z, x, and y directions; (b)
surface roughness Sa.

3.3.2. Surface Morphology

To further compare the differences in the surface morphology obtained under different working conditions, the 3D
morphologies of the machined surface under three working conditions were measured, as shown in Figure 9(al,b1) and
(c1). Under dry and nitrogen working conditions, due to the plastic flow of the material, the tool marks on the machined
surface were more serious. This was the plastic deformation phenomenon caused by the extrusion of the tool during the
micro-milling process. At this time, the surface roughness Sa was also about 0.045 um. After CPJ treatment, the plastic
flow phenomenon on the material surface was significantly suppressed, and the tool marks on the machined surface
were effectively alleviated, which greatly improved the surface quality. Simultaneously, the micromorphologies of the
machined surface under different working conditions were measured, as shown in Figure 9(a2,b2,c2). Similar to the 3D
morphologies, the micromorphologies of the machined surface under dry and nitrogen also exhibited plastic flow
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phenomenon, and there were many burrs at the edges, which was due to the good toughness of the material, making it
more difficult to break the burrs. Under CPJ-assisted micro-milling, the plastic flow phenomenon on the machined
surface was significantly alleviated, and the burr phenomenon was also suppressed. In addition, there were many
fragments on the machined surface, which might be related to the material fracture. It was also consistent with the
results of the previous scratching test, that is, CPJ could regulate the mechanical properties of the material through the
Rehbinder effect and thus promote material fracture.

Figure 9. 3D morphologies and micromorphologies of the machined surface obtained under different working conditions: (al,a2)
dry; (b1,b2) nitrogen; (c1,c2) CPJ.

3.4. The Mechanism of CPJ-Assisted Micro-Milling 30CrMnSiNi2A

Based on the above effects of CPJ on material removal behavior and cutting process, the mechanism of CPJ-
assisted micro-milling of 30CrMnSiNi2A was analyzed. The schematic diagram of the mechanism is shown in Figure 10.
The Rehbinder effect was named after P.A. Rehbinder, who first reported this surface effect in 1928. In the study of the
effects of surfactants on the properties of crystalline materials, Rehbinder found that surfactants could reduce the surface
energy of the material, thereby reducing the hardness and fracture toughness of the material and promoting material
fracture [44]. Subsequently, some scholars [45-47] investigated the Rehbinder effect and combined it with cutting
processing, and the results suggested that the Rehbinder effect could effectively promote chip fracture and reduce
cutting force, which was of great significance for improving material cutting processing. Therefore, containing a large
number of active particles, CPJ could promote the ductile fracture of 30CrMnSiNi2A through the Rehbinder effect and
inhibit plastic flow, and thus reduce cutting force and improve surface quality [48-50].

CPJ

Removal zone

30CrMnSiNi2 A

Figure 10. Schematic diagram of CPJ to improve 30CrMnSiNi2A machinability.
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4. Conclusions

This paper proposed the utilization of CPJ to modulate the material properties of 30CrMnSiNi2A, and
systematically studied the mechanism of CPJ on material properties and cutting process based on single-grain diamond
scratching test and micro-milling test. The main conclusions of this paper are summarized as follows:

(1) In the single-grain diamond scratching test, CPJ could promote material fracture. The material removal efficiency
R treated by CPJ was greatly improved under each load, and the value of R at 400 mN was increased from 0.433
before treatment to 0.895. The increase in friction coefficient after treatment was also an important reason for the
significant increase in material removal efficiency.

(2) The surface roughness Sa of 0.045 pm obtained by the processing parameters of NO. 11 (feed speed V= 800 um/s,
spindle speed n = 40,000 rpm, and milling depth a, = 5 um) in the orthogonal experiment was the smallest.
Meanwhile, the cutting forces in all directions were also small. The SNR analysis results manifested that the spindle
speed had the greatest influence on Sa, and the feed speed had the greatest influence on F-.

(3) Compared with dry micro-milling, the cutting forces £, F\ and F, under CPJ-assisted micro-milling were reduced
by 26.5%, 24.8% and 31.3%, respectively. It was very beneficial for improving cutting conditions and inhibiting
tool wear. Additionally, the surface roughness Sa was reduced by 19.3%, and the phenomena of plastic flow and
burr were significantly inhibited. The CPJ can regulate the material properties to improve the cutting process
without causing serious damage to the material, and may have broad application prospects in the ultra-precision
manufacturing of high-performance alloy materials such as 30CrMnSiNi2A.
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