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When cubic boron nitride (CBN) tools are used for hard cutting hardened steel, a large cutting force is 
generated. This is accompanied by a large amount of cutting heat, resulting in serious tool wear. In this 
study, we combined surface weaving technology with hard cutting. Design simulations and experiments 
were performed on three-factor untextured orthogonal cutting by considering parameters such as depth 
of cut, cutting speed, and feed. Subsequently, the simulation and experimental data were analyzed by 
using the polar difference, variance, and signal-to-noise ratio methods to determine the best combination 
of cutting parameters and the degree of influence of each parameter on the cutting force generated during 
hard cutting. Hardened GCr15 steel with preset surface texture was hard cut using the optimal combina-
tion of cutting parameters. Consequently, tool wear was observed, and the cutting forces were measured. 
The results were compared with those obtained from the equivalent cutting conditions without texture. 
The results revealed that a minimum cutting force of 71.48 N was obtained in the untextured cutting 
experiment. Additionally, a minimum cutting force of 44.64 N was measured in the preset surface texture 
cutting experiment under the same conditions, which was approximately 37.55% lower than the result 
obtained in the untextured cutting experiment. The tool wear was much higher for untextured cutting 
than for preset surface texture cutting. The comparative experiments performed, with and without tex-
ture, indicated that a combination of surface texture technology and hard cutting can effectively reduce 
the cutting forces and tool wear and improve tool life. 
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 Introduction 

Due to its high strength and wear resistance, hard-
ened steel is mainly used in bearings, molds, automo-
tive and other fields. However, the material is difficult 
to process [1-3]. The hardness of quench hardened 
steel can reach 520–840 HV. When hardened steel is 
subjected to normal cutting, the cutting force between 
the tool and the workpiece is large, and the cutting 
heat cannot be discharged in time. This increases the 
cutting temperature of the tool, aggravating tool wear 
and reducing tool life. Thus, there is an urgent need 
for an economic and efficient method for machining 
hardened steel. Ales Jaros et al [4] added a PVD or 
CVD coating to the surface of the milling cutter and 
succeeded in reducing the force loading on the tool, 
which in turn reduced the wear on the back tool face 
and extended the tool life. Sigit Yoewono Martowi-
bowo et al [5] selected tool tip radius, cutting speed, 
feed rate and depth of cut as the most important pro-
cess parameters and successfully optimized the opti-
mal process parameters for turning using genetic algo-
rithm. Tippana Sahachar Reddy et al [6] used a carbide 
tool for hardened H13 steel to verify the relationship 
between the depth of cut, cutting speed, and feed on 
the cutting forces. Y.Kevin Chou et al [7] used a cubic 

boron nitride tool for hard cutting AISI5 to improve 
the surface roughness by reducing the depth of cut. 
János Kundrák et al [8] proposed a tool life function, 
which is applicable to the entire speed range. The re-
sults of the study showed that at speeds below the tool 
life maximum, wear and staining lead to tool degrada-
tion, while at speeds above this, thermally activated 
degradation processes play an increasing role with 
plays an increasing role as the speed increases. Denis 
Boing et al [9] used coated carbide, hybrid ceramic, 
and polycrystalline cubic boron nitride tools for hard 
cutting AISI52100 steel to verify the effect of tool 
wear at different cutting speeds. The authors found 
that the polycrystalline cubic boron nitride tools 
showed the lowest wear rate at the cutting speed of 
120 m/min. Meanwhile, the coated carbide tools ex-
hibited the lowest wear rate at the cutting speed of 150 
m/min. The lowest wear rate was observed at the cut-
ting speed of 120 m/min for polycrystalline cubic bo-
ron nitride tools, 150 m/min for coated tungsten car-
bide tools, and 187.5 m/min for hybrid ceramic tools. 
Hard cutting tools currently give rise to problems, 
such as generating large cutting forces and causing se-
rious tool wear, during hard-state cutting. Therefore, 
productive machining methods and auxiliary cutting 
methods are emerged. Productive machining methods 
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include adjustment of cutting parameters and optimi-
zation of tool trajectory [10], and auxiliary cutting 
methods include laser heating-assisted cutting and ul-
trasonic vibration-assisted cutting [11-15]. They com-
bine traditional cutting technology and auxiliary pro-
cessing technology to reduce tool cutting forces and 
thus improve tool life. However, such new auxiliary 
processing methods are expensive and come with 
some drawbacks. When examining the progress of ul-
trasonic vibration-assisted cutting of composite mate-
rials, Zhou Bojian et al [16] stated that although the 
method reduces the cutting force compared with the 
traditional cutting method, there is no perfect method 
for the control and solution of edge defects or burrs 
and surface defects during the cutting process. In ad-
dition, Zhanwei Bo [17] mentioned that during laser-
assisted cutting, when the laser parameters and cutting 
dosage are correctly selected, the cutting force and 
tool wear can be reduced. However, the method is ex-
pensive and requires a reasonable placement of the la-
ser on the machine tool. 

In this study, we combined hard-state cutting with 
electrical discharge machining (EDM) perforation 
technology. We used this technology to preset the 

surface texture of the workpiece. Hard-state cutting 
was then performed on the workpiece, and a con-
trolled cutting experiment with preset texture and no 
texture was conducted to verify the effectiveness of 
preset texture on the workpiece surface. The results 
revealed that the proposed technique can reduce the 
cutting force and tool wear and increase tool life. 

 Simulation and analysis of cutting of non-
texture GCr15 hardened steel 

2.1 Simulation model and material selection 

In this study, hardened GCr15 bearing steel was 
selected as the workpiece material for cutting simula-
tion. It has a high and uniform hardness, good wear 
resistance, and high fatigue strength [18-21]. The di-
mensions of the workpiece chosen for cutting simula-
tion were as follows: diameter D=10mm and height 
H=5mm. 

The characteristic properties of hardened GCr15 
bearing steel are shown in Tab. 1. The Johnson–Cook 
intrinsic relationships and parameters [22] are shown 
in Tab. 2. 

Tab. 1 Characteristic performance of GCr15 bearing steel 

Perfor-
mance 

Den-
sity/kg/m³ 

Melting 
point/℃ 

Poisson's ratio
Young's modu-

lus/GPa 

Coefficient of ther-
mal expansion/10-

6/℃ 

GCr15 7827 1487 0.277 210 11.9 

Tab. 2 GCr15 bearing steel material Johnson Cook constitutive relationship and parameter table 

A(MPa) B/MPa n c M 

688.17 150.82 0.3362 0.0428 2.7786 

In Tab. 2, A is the initial yield stress, B is the strain 
hardening modulus, n is the strain hardening index, c 
is the strain rate strengthening parameter, and m is the 
thermal softening index. 

  
Fig. 1 Model meshing and contact setting 

In the cutting simulation, CBN was chosen as 
the tool material, whose shape was set as a square. 
The transverse front angle was 5°, and the longitu-
dinal front angle was 6°. The edge inclination angle 
was 6°, and the back angle was 5°. A 3D external 
cutting simulation was carried out. The mesh divi-
sion is shown in Fig. 1. 

2.2 Orthogonal cutting simulation and scheme 
of the experimental design 

The factor levels of the orthogonal cutting ex-
periment are outlined in Table 3, where the depth 
of cut (ap), cutting speed (v), and feed rate (f) are 
the experimental factors. Each experimental factor 
contained four levels, with a total of 16 experimen-
tal groups. 
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Tab. 3 Orthogonal cutting experiment factor level table 
Symbol Cutting parameters level 1 level 2 level 3 level 4 

v Cutting speed（mm/min） 8500 9400 11900 15100 

f Feed amount（𝜇𝑚/r） 50 100 150 200 

ap Cutting depth（𝜇𝑚） 100 200 300 400 

2.3 Signal-to-noise analysis method 

The signal-to-noise ratio is the ratio of signal to no-
ise in the system. The larger the signal-to-noise ratio, 
the stronger the signal [23]. The S/N ratio is calculated 
as follows [24]: 

𝑆/𝑁ሺ𝜂ሻ ൌ െ10 𝑙𝑔 ቌ
1
𝑗

෍ 𝐹௝
ଶ

௡

௝ୀଵ

ቍ (1)

Where:  
F…Cutting force, 
j…Number of experiments. 

2.4 Simulation results and analysis 

Based on the orthogonal experimental scheme, 
the cutting simulation yielded the cutting force data 
and signal-to-noise ratio values, which are shown in 
Tab. 4. 

Tab. 4 Simulation cutting force data and signal-to-noise ratio 

No. 
Cutting depth 

/𝜇𝑚 
Cutting speed 

/mm/min 
Feed amount 

/𝜇𝑚/r 
Fr /N S/N 

1 100 8500 50 225.17 -47.05 

2 200 8500 100 98.90 -39.90 

3 300 8500 150 149.12 -43.47 

4 400 8500 200 894.09 -59.03 

5 200 9400 50 327.45 -50.30 

6 300 9400 100 139.28 -42.88 

7 400 9400 150 898.61 -59.07 

8 100 9400 200 412.31 -52.30 

9 300 11900 50 215.71 -46.68 

10 400 11900 100 812.40 -58.20 

11 100 11900 150 492.44 -53.85 

12 200 11900 200 692.82 -56.81 

13 400 15100 50 482.49 -53.67 

14 100 15100 100 126.59 -42.05 

15 200 15100 150 428.28 -52.63 

16 300 15100 200 608.79 -55.69 

Where:  
Fr…Cutting force data,  
S/N…Signal-to-noise ratio value corresponding to 

each group of the experimental cutting force data. 
If we observe the data presented in Table 4, in the 

orthogonal experimental scheme, a maximum cutting 
force of 898.61 N and a signal-to-noise ratio of -59.07 
were obtained for the 7th group of the experimental 
schemes, with the following hard-cutting conditions: 

ap=400 μm, v=9400 mm/min, and f= 150μm/r. Al-
ternatively, a minimum cutting force of 98.90 N and a 
signal-to-noise ratio of -39.90 were obtained for the 
2nd group of the experimental schemes, yielding ap= 
200 μm, v=8500 mm/min, and f=100 μm/r— the 
best combination of cutting parameters. 

The signal-to-noise ratio was analyzed by the polar 
difference analysis method [25], and the polar differ-
ence was obtained by calculating the Kji value. The po-
lar difference analysis table is shown in Tab. 5. 
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Tab. 5 Range analysis table 
Cutting parameters Cutting depth（A） Cutting speed（B） Feed amount（C） 

Kj1 -195.25 -189.45 -197.70 

Kj2 -199.64 -204.55 -183.03 

Kj3 -188.72 -215.54 -209.02 

Kj4 -229.97 -204.04 -223.83 

Excellent level A3 B1 C2 

Rj 41.25 26.09 40.8 

Primary and secondary or-
der 

A＞C＞B 

From Tab. 4 and Tab. 5, it can be concluded that 
under the depth of cut factor, -229.97 and -188.72 
were the maximum and minimum values of S/N ratio, 
respectively, Rj was 41.25, the optimal level was A3, 
and ap=300 μm. Additionally, under the cutting speed 
factor, -215.54 and -189.45 were the maximum and 
minimum values of S/N ratio, respectively, Rj was 
26.09, the optimal level was B1, and v=8500 mm/min. 
Under the feed factor, -223.83 and -183.03 were the 
maximum and minimum values of S/N ratio, respec-
tively, Rj was 40.8, the optimal level was C2, and f=100 
μm/r. The relationship between the degree of influ-
ence of the three factors on the cutting force during 
hard cutting can be given by 𝑣 ൏ 𝑓 ൏ 𝑎𝑝. 

The cutting force at each moment of the second 
set of cutting simulation was derived to obtain the cut-
ting force curve, as shown in Fig. 2. The curve was 
fitted to the initial cutting force curve, and the results 
are shown in Fig. 3. For the second set of hard-cutting 
simulation, the data processing of the second set of 
simulated cutting force data resulted in an average cut-
ting force of 83.67 N. 

  
Fig. 2 Cutting force curve 

  
Fig. 3 Cutting force fitting curve 

The cutting force data obtained from the cutting 
simulation were processed by the ANOVA method 
[26]. Tab. 6 shows the results obtained from ANOVA 
after processing. After selecting the appropriate α 
value, comparing the F distribution table, finding out 
the Fα value, and comparing the size of F and Fα values 
after ANOVA processing, if F>F_α, it means that the 
factor is significant at the significance level α, and vice 
versa, it is not significant. When α=0.05 and Fα=4.76, 
from Tab. 6, it can be observed that FV<F0.05<Ff<Fap. 
It can thus be concluded that the three factors on the 
relationship between the degree of influence of the 
three factors on the cutting force: v < f < ap. In addi-
tion, the relationship between the magnitude of con-
tribution of the three factors on the influence of cut-
ting force can be given by v (13.92%) < f (36.31%) < 
ap (40.59%). 

Tab. 6 Simulation table of cutting force data and signal-to-noise ratio analysis 

Cutting parameters 
Degree of 
freedom 

Self-differential sum 
of squares Mean Square F Speciality 

Contribution 
rate (%) 

Cutting depth 3 250.507 83.502 8.852 0.013 40.59
Cutting speed 3 85.929 28.643 3.036 0.115 13.92

Feed rate 3 224.099 74.700 7.919 0.017 36.31
Error 6 56.599 9.433  9.17
Total 15 617.133   
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 Design and analysis of non-texture cutting 
experiments 

The orthogonal cutting experimental scheme [27-
28] was set up in the same way as the simulation 
scheme. The specific parameters are outlined in Tab. 1. 

3.1 Orthogonal cutting experiment of non-tex-
ture Gcr15 hardened steel 

3.1.1 Experimental equipment 

 

Fig. 4 Cutting force acquisition device diagram 

The cutting experiment employed the cutting force 
measurement system comprising the Swiss Kistler 

data collector 5697A, Kistler 5070A10000 multi-chan-
nel charge amplifier, Kistler multicomponent force 
meter 9257B, and a computer-aided system. Fig. 4 de-
picts the physical diagram of the cutting force acquisi-
tion system. 
 
3.1.2 Experimental workpieces and tools 

The hardened cutting workpiece was hardened 
GCr15 bearing steel (0.6×2 cm). Before starting the 
experiment, the workpiece was heat-treated and its 
hardness was measured using a microhardness tester, 
which showed values ranging from 660–760 HV. The 
experimental tool was a CBN tool with 
CNMG120408 insert of grade YBC25 and shank mo-
del MCLNR2525M12. 

3.2 Analysis of cutting experiment results 

Tab. 7 shows the cutting force data and S/N ratio 
values obtained from the cutting experiments. From 
Tab. 7, in the orthogonal cutting experiments, it can 
be seen that the maximum cutting force of 1089.66 N 
was obtained in the 7th group of hard-state cutting ex-
periments, with the S/N ratio of -60.75. The cutting 
conditions were as follows: ap=400 μm, v=9400 
mm/min, and f=150 μm/r. The minimum cutting 
force of 84.26 N was obtained in the 2nd group of 
hard-state cutting experiments, with the S/N ratio of 
-38.51 and cutting conditions of ap= 200 μm, v=8500 
mm/min, and f=100 μm/r. 

Tab. 7 Cutting force data and signal-to-noise ratio analysis table 
No. Cutting depth/𝜇𝑚 Cutting speed/m/min Feed amount/𝜇𝑚/r F1 /N S/N 

1 100 8500 50 258.43 -48.25 
2 200 8500 100 84.26 -38.51 
3 300 8500 150 176.85 -44.95 
4 400 8500 200 859.43 -58.68 
5 200 9400 50 358.40 -51.09 
6 300 9400 100 153.94 -43.75 
7 400 9400 150 1089.66 -60.75 
8 100 9400 200 366.99 -51.29 
9 300 11900 50 226.75 -47.11 
10 400 11900 100 894.33 -59.03 
11 100 11900 150 410.59 -52.27 
12 200 11900 200 685.38 -56.72 
13 400 15100 50 458.57 -53.23 
14 100 15100 100 134.06 -42.55 
15 200 15100 150 484.84 -53.71 
16 300 15100 200 651.54 -56.28 

The cutting force data obtained from the hard-
cutting experiments were analyzed using the extreme 
difference analysis method. Using this method, the 
cutting force data was obtained, which is shown in Tab. 
8. As can be seen from Tab. 8, the maximum S/N ratio 
value under the cutting depth factor was -231.692. The 
minimum was -192.088 and Rj was 39.684, i.e., the op-
timal level was A3, ap=300 μm. The maximum S/N ra-
tio value under the cutting speed factor was -215.128. 
The minimum was -190.338 and Rj was 24.790, i.e., the 
optimal level was B1, v= 8500 mm/min. The maximum 
S/N value under the feed factor was -222.972. The mi-
nimum was -183.840 and Rj was 39.132, i.e., the optimal 
level was C2, f=100 μm/r. 

From the above analysis, it can be seen that the se-
cond group of hard-state cutting experiments, ap=300 
μm, v=8500 mm/min, and f=100 μm/r, gave rise to 
the best combination of cutting parameters. The 
cutting force curve is shown in Fig. 5. It was obtained 
by using the Kistler force measuring instrument under 
the optimal combination of cutting parameters. The 
data of the second group of cutting force experiments 
were also processed. The average value of cutting 
force of the second group of hard-state cutting expe-
riments was 71.48 N. In summary, the degree of influ-
ence on the cutting force can be depicted as follows: 
𝑣 ൏ 𝑓 ൏ 𝑎𝑝. 
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Tab. 8 Range analysis table of cutting force data 
Cutting parameters Cutting depth（A） Cutting speed（B） Feed amount（C） 

Kj1 -194.360 -190.338 -199.680 
Kj2 -200.028 -206.880 -183.840 
Kj3 -192.088 -215.128 -211.680 
Kj4 -231.692 -205.772 -222.972 

Excellent level A3 B1 C2 
Rj 39.684 24.790 39.132 

Primary and secondary order A＞C＞B 

 

（ap=300𝜇𝑚、v=8500mm/min、f=100𝜇𝑚/r） 

Fig. 5 Experimental cutting force curve 

Tab. 9 Cutting force data and signal-to-noise ratio analysis table 

Cutting parameters 
Degree of 
freedom 

Self-differential sum 
of squares 

Mean Square F Speciality 
Contribution 

rate (%) 
Cutting depth 3 79.840 26.61 1.82 0.24 12.63
Cutting speed 3 210.68 70.23 4.81 0.05 33.33

Feed rate 3 254.02 84.67 5.80 0.03 40.19
Error 6 87.56 14.59  13.85
Total 15 632.10   

 
When the simulated and experimental data were 

compared, there were small errors between them. 
However, the results tended to be consistent, further 
verifying the feasibility of simulation for parameter 
optimization. 

 Preset surface texture processing experiment 

EDM [29] was used in the experiments to process 
the surface texture and the parameters pertaining to the 
experimental apparatus, which are shown in Tab. 10. 

Tab. 10 EDM test instrument parameters 
Equipment name CTD high-speed small hole processing machine

Production company Beijing Dumont Carter Machine Co.,Ltd 
Working fluid Distilled water 

Electrodes Molybdenum wire 
Electrode radius 200𝜇𝑚 

Discharge channel radius 200𝜇𝑚 
Voltage 15V
Current 10A

Pulse width 3ms
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Fig. 6 EDM scene 

  
Fig. 7 Pit texture measurement scene 

  
Fig. 8 Single pit texture image layer    

 
Fig. 9 Depth diameter curve of pit texture 

The EDM object was GCr15 hardened bearing 
steel (0.6×2 cm) with a 30° circumferential angle 
between the textures and 5 mm axial spacing. Fig. 6 
shows the EDM machining scene, and Fig. 7 shows 
the crater texture measurement scene. Fig. 8 and Fig. 
9 show the image layer of the crater texture and the 
deep diameter curve of the crater texture, respectively. 
The depth of a single crater was 130 μm. 

 Analysis of cutting results of GCr15 har-
dened steel based on surface texture 

5.1 Analysis of cutting force results 

From the comprehensive cutting simulation and 
experimental data, it can be concluded that ap=300 
μm, v=8500 mm/min, and f=100 μm/r was the best 
combination of parameters for this cutting experi-
ment. The minimum cutting force obtained under this 
best parameter combination was 71.48 N. The CBN 
tool was selected to perform hard-state cutting on the 
workpiece with preset surface weaving under the op-
timal combination of cutting parameters. The cutting 
force curve shown in Fig. 10 was obtained by using a 
Kistler force measuring instrument. The cutting force 
data was then processed. The average cutting force for 
the hard-cutting experiment with the preset surface 
texture was 44.64 N, which was 26.84 N less than that 
without texture, a reduction of approximately 37.55%. 

  
Fig. 10 Cutting force curve of preset surface texture 
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5.2 Analysis of tool wear results 

The same type of tool was used to perform the 
same quantitative cutting process on the workpiece, 
with and without the preset texture. The tool numbers 
were denoted as a and b, and the front and rear tool 
faces were observed. Figures 11–18 show the obser-
vation results of the front and rear tool faces. 

  
Fig. 11 3D morphology of the rake face of knife a 

  
Fig. 12 Contour lines of rake face of knife a 

  
Fig. 13 3D topography of the flank face of knife a 

  
Fig. 14 Contour lines of flank face of knife a 

  
Fig. 15 3D morphology of the rake face of knife b 

  
Fig. 16 Contour lines of rake face of knife b 

  
Fig. 17 3D topography of the flank face of knife b 
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Fig. 18 Contour lines of flank face of knife b 

When the front and rear face wear of tools a and b 
were compared and analyzed (Figs. 11, 15 and Figs. 
13, 17), the front and rear face wear areas of tool a 
were large, and the wear position was irregularly dis-
tributed. The front and rear face wear areas of tool b 
were small, and the wear position was concentrated 
near the edge. As can be seen from Figs. 12, 16 and 
Figs. 14, 17, the front face contour maximum of tool 
a was 203 nm. The maximum height of the contour of 
the front face of tool a was 203 nm, and the maximum 
height of the rear face was 195 nm. The maximum 
height of the contour of tool b was 181 nm, and the 
maximum height of the rear face was 202 nm. The 
wear amount and wear area of the front and rear faces 
of tool b were smaller than those of tool a, and alt-
hough the value of the contour of the rear face of tool 
b was larger than that of tool a, the difference between 
them was smaller. 

In summary, since CBN tools are super hard, with 
hardness ranging from 7300–9000 HV, the cutting 
force generated during hard cutting is too large, which 
aggravates tool wear. Due to the tool’s poor heat dis-
sipation ability, leading to high tool temperature and 
tool oxidation at high temperature and pressure, the 
form of wear is bonded diffusion wear. From the pre-
vious analysis, it can be seen that the preset surface 
texture can effectively inhibit the generation of a large 
cutting force. Since the preset texture causes the chip 
layer to become thinner and more conducive to heat 
dissipation, it reduces the temperature of the tool dur-
ing cutting, thereby reducing tool wear. 

 Conclusion 

In this study, cutting simulation and hard-state 
cutting experiments were combined to determine the 
factors having the greatest degree of influence on 
cutting forces by the controlled variable method. The 
optimal combination of cutting parameters was deri-
ved by comparing the simulated cutting force data 
with the experimental cutting force data. Under the 
optimal combination of cutting parameters, the 

cutting force data with and without texture were com-
pared and the tool wear before and after was analyzed. 
The following main conclusions can be drawn. 

 For GCr15 bearing steel and hard cutting, the 
cutting force generated by the tool during 
hard cutting was measured, and the cutting si-
mulation and experimental data were compa-
red. Multiple analysis methods were com-
bined to jointly determine ap=300 μm, 
v=8500 mm/min, and f=100 μm/r as the 
best combination of cutting parameters. The 
relationship between the degree of influence 
of the three factors on the most cutting force 

is as follows: 𝑣 ൏ 𝑓 ൏ 𝑎𝑝. The minimum va-
lue of cutting force obtained under this opti-
mal combination of parameters was 71.48 N 

 The minimum cutting force of 44.64 N obta-
ined with the optimal combination of cutting 
parameters for the workpiece surface preset 
texture performed using the EDM technique 
was approximately 37.55% lower than the mi-
nimum cutting force of 71.48 N obtained 
from the no-texture cutting experiment 

 By observing the wear on the front and rear 
tool faces of the workpieces, with and wit-
hout preset texture, in the same quantitative 
cutting process, it can be concluded that the 
machining method with preset surface texture 
can effectively reduce the tool wear 

In this study, we combined surface weaving tech-
nology with hard-state cutting. The results indicate 
that pre-positioning weaving on the workpiece surface 
can effectively reduce the cutting forces generated du-
ring hard-state cutting, thereby reducing tool wear and 
improving tool life. The proposed method can pro-
vide a new direction and inform future hard-state 
cutting experiments. 
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