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 In this paper, the investigated results on tool wear in milling process of a Gleason spiral bevel 
gear was investigated. The CVD Ti (C, N)-Al2O3-TiN coated carbide inserts were used in the 
experimental process. The cutting inserts clamped on the tool head of Gleason tool head 
system. The workpiece material that was used in this study was 20XM steel. In this 
experimental research, the experiments were carried out according to the Box-Behnken 
matrix. In this study, the cutting velocity, the feed rate, and the depth of cut were selected as 
the input parameters for the experimental processes. By analyzing the experimental results, 
the influence of cutting velocity, feed rate, and the depth of cut on the tool wear in machining 
process was investigated. Besides, the tool wear was successfully modelled as a quadratic 
polynomial function of the cutting velocity, the feed rate, and the depth of cut. Moreover, the 
optimization process was also conducted to determine the optimal values of input parameters. 
In this case, the minimum value of the tool wear that was 32.3679 µm was achieved at the 
cutting velocity of 93.0 m/min, at feed rate of 59.3939 s/tooth, and at the cutting depth of 0.553 
mm. The obtained optimal values that were successfully verified by cutting test process. The 
difference between predicted and experimental values of tool wear was 2.9 %. This 
experimental method could be used to reduce the tool wear in the milling process of a Gleason 
spiral bevel gear. 
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1. Introduction 

In recent years, the effect of cutting parameters on the tool 
wear and other machining characteristics was investigated to 
improve the quality and efficiency of machining processes many 
studies were performed to investigate. This research direction was 
performed in the different machining processes such as milling 
[1-3], turning [4-6], drilling [7], etc. to machine the different 
products. Milling is a popular machining method, providing high 
performance and widely used in mechanical machining. The 
milling method can be performed to machine many different types 
of surfaces, with many different materials.  

In milling processes, the studies about tool wear and other 
machining characteristics that were carried out following two 
directions. In the first direction, the tool wear and other machining 
characteristics were modeled depending on the physical, chemical, 
and geometrical phenomena such as friction, temperature, cutting, 

Etc. [8, 9]. This approach is quite difficult to perform because 
many factors that influence on the wear of tool and other output 
parameters. In the second direction, the tool wear and surface 
roughness were modeled depending on the experimental data. 
This approach can be applied for specific cases in which only 
several factors were considered in the investigation of their 
influence on the tool wear and other machining characteristics 
[10-12]. 

In the experimental modelling method, several approaches 
were applied to model the tool wear and other machining 
characteristics depending on the cutting time or cutting conditions. 
The tool wear and other machining characteristics were 
investigated in milling process depending on the cutting time.  
This study was carried out to verify the change of machining 
surface roughness due to increasing tool wear. [13, 14]. The 
neural approach was applied to investigate the influence of cutting 
condition of tool wear and average surface roughness in turning 
process under minimum quantity lubrication (MQL) environment. 
[15]. The influence of the cutting parameters on the tool wear and 
the surface finish criteria have been determined through the 
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response surface methodology (RSM) prediction model. The 
prediction models of tool wear and surface roughness are also 
used to determine the combined effect of machining parameters 
on the tool wear and surface roughness [12, 15]. Taguchi 
experimental design was used to determine the influence of 
machining conditions on the tool wear and surface roughness. 
Besides, the investigation of relationship between tool wear and 
surface roughness was investigated in in dry pocket milling 
processes of aluminum alloy Al7075 [16]. 

In the milling process of a Gleason spiral bevel gear, the tool 
wear that is one of the important parameters to be selected as a 
criterion to evaluate the efficiency and quality of the cutting 
process. The tool wear not only influences on the quality of 
machined surfaces and the tool life, but also influences on the 
energy consumption (through cutting power). The studies on tool 
wear in the milling processes of the Gleason spiral bevel gear have 
been done by several authors. In order to determine the optimum 
values of the geometry parameters of cutting tools, the 3D 
simulation method was applied to ensure the minimum of tool 
wear value [17, 18]. The influence of the cutting velocity and feed 
rate on the tool wear was investigated when machining 6MnCr5 
material using cutter insert coated (Al, Cr) N [19]. This study 
showed that cutting velocity and feed rate have significant 
influence on the tool wear. Tool wear was also was investigated 
based on the heat simulation in cutting processes [20].  

In this study, the experimental of milling a Gleason spiral 
bevel gear (20XM steel) was performed using the CVD Ti(C, N) 
-Al2O3-TiN coated carbide inserts. This study was conducted to 
determine the effect of the cutting velocity, the feed rate, and 
cutting depth on the tool wear, and determine the optimum values 
of the cutting parameters to obtain the minimum of the tool wear. 

2. Experimental method when milling a Gleason spiral 
bevel gear 

2.1. Experimental machine 

The semi-automatic gear milling machine with symbol 525 
manufactured by the Russian Federation (figure 1) was used to 
perform the experiments. 

Cool lubricant: Industrial oil 32, flow of 15 lit/min, lubricating 
directly. 

 
Figure 1: Testing machine 

2.2. Cutting insert and cutter head 

The cutting inserts that were used in this study were the CVD 
Ti (C, N) - Al2O3 - TiN coated carbide inserts (SANDVIK). This 

type of cutting insert has many advantages in industry machining 
such as: heat resistance stability, mechanical stability, impact 
resistance, and suitable for final cutting conditions, etc. This 
material is widely used to manufacture cutting tools for 
machining process and for machining process the of the gears. 
The properties of this material in comparison to other cutter 
materials were presented in Table 1. The geometry of the 
cutting insert is shown in Figure 2.  

Table 1: The properties of several cutter material [21] 

No. Cutter 
material 

Cutting 
velocity Vc 

(m/ph) 

Cutting limit 
temperature 

(oC) 

Hardness 
(HRC) 

1 High Speed 
Steel 20 ÷ 30 500 ÷ 650 60 ÷ 64 

2 WC coated 
carbide 200 1000 ÷ 1200 91 

3 
WC + TiC 

coated 
carbide 

300 1000 ÷ 1200 91 ÷ 92 

4 TiC coated 
carbide 300 1000 92 ÷ 94 

5 
CVD Ti (C, 
N) -Al2O3-
TiN) coated 

 

370 ÷ 480 1000 ÷ 1100 90 ÷ 92 

 

 

Figure 2: CVD Ti(C, N)-Al2O3-TiN coated carbide insert 

 

 

Figure 3: Gleason fine milling cutter head 

The tool head for machining gears that was used in this study 
was a 9-inch Gleason final milling cutter head. This cutter head 
consists of 16 cutting flutes with 8 external flutes and 8 internal 
flutes. The tool can be used to machine the gears with module 

3

28

2

R0.8

Ø6

Ø4.5

7°

35
°

5

7°

Ø18.5M14

M16

55

Ø228.6

Ø290

Ø56.86

32

http://www.astesj.com/


H.X. Thinh et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 5, No. 6, 1402-1407 (2020) 

www.astesj.com     1404 

from the module 4 to module 9 as shown in Fig. 3. The 
geometrical parameters of a flute were shown in Fig. 4 and Fig. 5. 

 
Figure 4: Geometrical parameters of the internal cutting flute of the Gleason 

cutter head 

 
Figure 5: Geometrical parameters of the external cutting flute of the Gleason 

cutter head 

2.3.  Experimental workpieces 

The workpiece material that was used in this study was 20XM 
steel (ГOCT 4543-71). The workpiece chemical compositions are 
analyzed according to ASTM 415-99A-2005 standard was listed 
in Table 2. Before each experiment, the workpiece was machined 
according to the detailed drawing of a gear with the following 
basic parameters: Module: ms = 4.5mm; helix angle βs = 350; 
number of flutes Z = 27 as shown in Fig. 6 and Fig.7. 

Table 2: Main chemical composition of workpiece material % 

C Si Mn Cr Ni Mo Cu S P Fe 

0.23 0.19 0.68 0.93 0.18 0.24 0.15 0.03 0.03 Balanced 

 

 
Figure 6: Detailed drawing of a gear workpiece 

 
Figure 7: Experimental workpiece 

2.4. Measuring system of tool wear 

For each experiment, the tool wear was measured using the 
VHX-6000 digital microscope of Keyence Japan. Fig. 8 indicated 
the setup of the microscope for measurement of the tool wear. Fig. 
9 indicates the measurement position of the flank tool wear (VB). 

  
Figure 8: VHX-6000 digital microscope 

 

  
Figure 9: The tool wear of the back in a test 

2.5.  Experimental matrix 

In this study, the experimental plan was designed using Box-
Behnken matrix. In this form of planning, each input parameter 
had three value levels. The input parameters and their levels are 
presented in Table 3. The experimental matrix was presented in 
Table 4. 

Table 3: Input parameters and their levels 

Parameters Symbol Unit 
Levels and values 
1 2 3 

Velocity of cut V m/min 93 117.5 142 
Feed rate S s/tooth 40 50 60 
Cutting depth t mm 0.25 0.50 0.75 
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Table 4: Test matrix and results 

No. 
Code value Actual value VB 

(µm) V S t V(m/min)  S (s/tooth) t (mm) 

1 -1 -1 0 93 40 0.5 57.22 

2 1 -1 0 142 40 0.5 37.42 

3 -1 1 0 93 60 0.5 32.95 

4 1 1 0 142 60 0.5 82.98 

5 -1 0 -1 93 50 0.25 47.73 

6 1 0 -1 142 50 0.25 69.42 

7 -1 0 1 93 50 0.75 29.69 

8 1 0 1 142 50 0.75 66.98 

9 0 -1 -1 117.5 40 0.25 37.42 

10 0 1 -1 117.5 60 0.25 51.25 

11 0 -1 1 117.5 40 0.75 26.85 

12 0 1 1 117.5 60 0.75 59.93 

13 0 0 0 117.5 50 0.5 30.10 

14 0 0 0 117.5 50 0.5 43.39 

15 0 0 0 117.5 50 0.5 30.24 
 
3. Analyzed results and discussions 

The experimental process was performed according to the 
experimental matrix as listed in Table 4. The values of tool wear 
(VB) that were obtained from the experimental process were also 
listed in this table. The results of ANOVA analysis for the tool 
wear were presented in Table 5. The influence degree of input 
parameters on the tool wear, and the influence of the interaction 
between parameters on the tool wear were shown in Fig. 10 and 
Fig. 11, respectively.  

 

The analyzed results in table 5, Fig. 10, and Fig. 11 showed 
that: 

The cutting velocity was a parameter with a great influence on 
the tool wear. When the cutting velocity increased from 93 to 
117.5 (m/min), the tool wear decreases slowly, but when cutting 
velocity increased from 117.5 to 142 (m/min), the tool wear 
increased quickly. 

Other parameter that has a significant influence on the tool 
wear was feed rate. This conclusion is also consistent with the 
statement of Fritz et al. [19]. When the feed rate increased, the 
wear of tool increased. 

The cutting depth has little influence on the tool wear. Initially, 
when increasing the depth of cut, the tool wear decreased slowly, 
but further increasing the depth of cut, the tool wear increased 
slowly. 

The interaction influence of V, the S, and t on VB were very 
complex influence. The in Fig. 11 showed clearly this statement. 
 From the experimental results in Table 4, a tool wear regression 
model was developed and expressed by Eq. (1). This model was 

built with a determination coefficient of 0.9169 (R2 = 0.9169). 
This value was very close to one, which affirmed that this model 
had high compatibility with the testing data.  

Table 5: ANOVA analysis for the tool wear  
 

  Coefficients Standard 
Error t Stat P-value Lower 

95% Upper 95% Lower 
95.0% Upper 95.0% 

Intercept 892.416 191.2756 4.6656 0.0055 400.7266 1384.1059 400.7266 1384.1059 

V 
(m/min) -8.84014 1.9269 -4.5877 0.0059 -13.7935 -3.8868 -13.7935 -3.8868 

S 
(s/tooth) -12.7191 4.8412 -2.6273 0.0467 -25.1639 -0.2744 -25.1639 -0.2744 

t (mm) -263.038 134.8144 -1.9511 0.1085 -609.5894 83.5134 -609.5894 83.5134 

V * V 0.0230390 0.0072 3.1986 0.0240 0.0045 0.0416 0.0045 0.0416 

S *S 0.0423667 0.0432 0.9799 0.3721 -0.0688 0.1535 -0.0688 0.1535 

t*t 80.7867 69.1754 1.1679 0.2955 -97.0343 258.6076 -97.0343 258.6076 

V*S 0.0712551 0.0170 4.2027 0.0085 0.0277 0.1148 0.0277 0.1148 

V*t 0.636735 0.6782 0.9389 0.3909 -1.1066 2.3800 -1.1066 2.3800 

S*t 1.92500 1.6615 1.1586 0.2990 -2.3461 6.1961 -2.3461 6.1961 

 
Figure 10: The influence of parameters on the tool wear 

 
Figure 11: The interaction influence between input parameters on the tool wear 
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 𝑉𝑉𝑉𝑉 = 892.416− 8.84014 ∗ 𝑉𝑉 − 12.7191 ∗ 𝑆𝑆 − 263.038 ∗ 𝑡𝑡 +
            0.0230390 ∗ 𝑉𝑉2 + 0.042366 ∗ 𝑆𝑆2 + 80.7867 ∗ 𝑡𝑡2 +
            0.0712551 ∗ 𝑉𝑉 ∗ 𝑆𝑆 + 0.636735 ∗ 𝑉𝑉 ∗ 𝑡𝑡 + 1.92500 ∗ 𝑆𝑆 ∗ 𝑡𝑡  

(1) 

The tool wear model presented in Eq. (1) was the basis for 
choosing the value of the input parameters in the investigated area 
to obtain the minimum value of the tool wear. In addition, this 
equation may be used to predict the tool wear corresponding to 
specific values of the cutting velocity, feed rate and depth of cut. 
The comparing the tool wear in experimental and predicted 
processes was shown in Fig.12. It was shown that the predicted 
results of the tool wear were very close to the that one of 
experimental results. This showed that equation (1) can 
completely be used to predict the tool wear corresponding to 
specific values of the input parameters in the investigated area. 

 
Figure 12: The tool wear when measuring and calculating 

 
4. Optimization process 

In order to obtain the optimal values of the cutting velocity, 
feed rate, and depth of cut to ensure the tool wear with minimum 
value (tools with maximum life), the constraints for input 
parameters and the constraints for evaluation criteria should be 
defined in solving the optimization problem. 

The constraints values of the variables are the largest and 
lowest values of the Box-Behnken matrix. In particular, the 
constraints of experimental variables were expressed as Eq. (2). 

⎩
⎪
⎨

⎪
⎧ 93 �

𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚
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𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚

)

40 �
𝑠𝑠

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ
� ≤ 𝑆𝑆 ≤ 60 (

𝑠𝑠
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ

)

0.25 (𝑚𝑚𝑚𝑚) ≤ 𝑡𝑡 ≤ 0.75 (𝑚𝑚𝑚𝑚)

 

 

(2) 

According to references [21, 22] and recommendation by the 
cutting tool manufacturer, and practical experience in the 
manufacturing processes, when the tool wear VB exceeds the 
value 250 (µm), the accuracy of each gear is not guaranteed. This 
value of VB is chosen as the constraint of VB when performing 
the optimization process in this study. Thus, the constraint for 
output parameter was selected by Eq. (3). 

0 < 𝑉𝑉𝑉𝑉 ≤ 250(𝜇𝜇𝑚𝑚) (3) 

Using the Minitab 16 statistical software to solve the equation 
(1) to ensure the minimum of tool wear with the constraints as in 
equations (2) and (3), the optimization graph for the tool wear was 
obtained and shown in Fig. 13. 

Fig. 13 showed that, the optimal value of the cutting velocity, 
feed rate, and depth of cut are 93.0 (m/min), 59.3939 (s/tooth), 
and 0.553 (mm), respectively. With the expectation function d = 
1.000, it means the probability of this case is up to 100%, and then 
the tool wear has a minimum value of 32,3679 (µm). 

The verified experiments were performed by using these 
optimized values of the cutting parameters. Based on the 
adjustment ability of the experimental machine, the value of 
cutting parameters were only selected in the percentage accuracy 
(two decimal places). The experiments were carried out with five 
tests in five gear samples with the workpiece velocity of 93.00 
m/min, feed rate 59.40 s/tooth, and cutting depth of 0.55 mm. 
During the experimental process, other parameters were selected 
the same when performing the test according to the Box-Behnken 
matrix. The verified results were stored and listed in Table 6.  

 
Figure 13: Optimization graph of objective functions for the tool wear 

Table 6: Test results verifying the optimal value  

The tool wear when testing, VB (µm) 
Calculated 
VB (µm) 

% 
deviation Test 

1 
Test 

2 
Test 

3 
Test 

4 
Test 

5 Average 

31.12 31.83 29.68 30.85 33.66 31.43 32.37 2.9 

Table 6 indicates that in all 5 tests, the values of the tool wear 
during the tests are very close to the calculated values of tool wear, 
the average deviation between the test values and the calculated 
values was 0.94 µm (about 2.9%). The evaluated results showed 
that the optimal value of cutting parameters as well as the value 
of achieved tool wear when performing the optimization process 
ensured the high accuracy in compared to the actual value. 

5. Conclusions 

This study was performed to investigate the effect of milling 
parameters on the tool wear in milling process of the Gleason 
spiral bevel gear. The conclusion of this study was drawn as 
following. 

(1) The cutting velocity has a great influence on the tool wear, 
the feed rate was the second factor that influence on the tool wear. 
The depth of cut has a negligible effect on the tool wear. 

(2) The interaction between the velocity of cut, the feed rate, 
and cutting depth on the wear of tool is very complex. 

(3) A regression model showing the relationship between the 
tool wear and the cutting velocity, feed rate, and the depth of cut 
was proposed in this study. This model was applied to determine 
the optimum values of cutting parameters to obtain the minimum 
value of tool wear. In addition, this model was also used to predict 
the tool wear in each specific case depending on the cutting 
parameters. The value of tool wear when calculating was very 
close to that one when performing experimental. 

(4) In this study, by solving the optimization problem, the 
optimized results of the cutting parameters were determined as 

http://www.astesj.com/
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following: The cutting velocity was 93.00 m/min, the feed rate 
was 59.40 s/tooth, and cutting depth was 0.55 mm. When 
machining with this set of cutting mode, the minimum tool wear 
that was obtained was about 31.43 (µm). 

(5) The experimental method of this study can be used to 
improve the cost of the machining process through extending the 
tool life or reducing the tool wear. 
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