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Abstract:  
This paper presents a research on investigating the effect of cutting 
parameters on the surface roughness (Ra) and roundness error (RE) when 
turning the interrupted surface of 40X steel. The TiN coated high speed 
steel (HSS-TiN) inserts were used in this research. The cutting parameters 
include cutting velocity, feed rate, and depth of cut. The Box-Behnken 
method was applied to develop an experimental matrix with fifteen 
experiments. The influences of cutting parameters on Ra and RE were found 
using Pareto chart. Two equations that presented the relationship between 
Ra, RE and cutting parameters were established. These two equations were 
used to predict Ra and RE. Genetic algorithm (GA) was also used to 
determine the optimal values of cutting parameters to simultaneously 
ensure the minimum values of Ra and RE. The further works of this study 
was also mentioned in this paper. 
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1. INTRODUCTION  
 

40X steel (according to GOST-4543 standard of the 
Russian Federation) is an alloy steel commonly used to 
make parts such as gears, worms, splined shafts, etc. 
If the study on turning the continuity surface of 40X 
steel or equivalent steels has been done in many 
studies [1-6], up to the present time, it can be affirmed 
that there are no published studies on turning the 
interrupted surface of this steel. 

Parts as mentioned above are the ones with 
interrupted surfaces and often require small Ra and 
RE. Grinding methods are commonly used to 
achieve these requirements. However, if the 
turning method is used in this case, it will be more 
flexible than the grinding method, i.e. multiple 
surfaces can be turned in a single attachment, and 
especially the use of coolant is not required [7]. 
Another special thing is that the turning method 
gives a higher yield than the grinding one, 
sometimes the Ra when turning is also smaller than 

when grinding [8]. In addition, in some cases when 
turning a interrupted surface, the tool life is even 
longer than when turning a continuity surface [9]. 
Another advantage is that when turning, the 
residual stress of the surface layer is the 
compressive residual stress, while if using the 
grinding method, the residual stress of the surface 
layer is the tensile residual stress [10]. 

When performing a study on turning interrupted 
surfaces, most of the authors have used CBN inserts 
to machine different types of materials. Several 
main findings of those studies are presented as 
follows. When turning Inconel 718 steel, the depth 
of cut affects on the plastic deformation of the 
workpiece surface layer more than the influence of 
the cutting velocity and the feed rate, and 
increasing the cutting force does not increase tool 
wear [11]. When turning AISI D6 tool steel, when 
the cutting velocity is low, it is easier to chip the tool 
than when the cutting velocity is high [12]. When 
turning Ti6Al4V alloy, the temperature transferred 
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to the cutting tool depends on the number of 
grooves on the part but does not depend on the 
cutting parameters [13]. When turning ductile iron, 
the number of grooves on the workpiece, the feed 
rate, and the depth of cut all have a great influence 
on the tool life. When the values of these 
parameters increase, the tool life decreases 
(increase in tool wear rate) [14]. When turning 
ASSAB 760 steel, if increasing the cutting velocity, 
feed rate, and depth of cut, they all make the 
increasing of the temperature transferred to the 
workpiece and the cutting tool [15]. When turning 
AISIE-52100 steel, if machining at low cutting 
velocity, it is better to use a low-content CBN tool 
than a high content CBN tool. The cutting force 
increases as the cutting velocity increases, and the 
axial force increases rapidly with the amount of tool 
wear [10]. 

In addition to CBN inserts, the processes of 

turning interrupted surface with other types of 
cutting tools have also been performed by several 

authors and some conclusions have been reached. 
When turning AISI 52100 steel, cutting tools made of 

ceramic composites tend to break due to impact 
during the cutting process [16]. When using a cutting 

tool as PVD coated cemented carbide to turn the 
interrupted surface of Ti-6Al-4V and Ti-5553 alloys, if 
assessing the machining process by the tool life, the 

ability to machine Ti-6Al-4V material is inferior 
compared to Ti-5553 material [17]. In documents 

[18,19] when turning interrupted surfaces of AISI 
8620 steel, the following conclusions were made: (1) 

Carbide cutting tools have a higher life than CBN ones, 
but the surface roughness when using CBN inserts is 

better than using carbide inserts; (2) CBN inserts 
when cutting interrupted surface will have a greater 

life than when cutting continuously surface; (3) If the 
insert is carbide, the interrupted surface degree of 
the workpiece greatly affects the tool wear, but if the 

insert is CBN, the effect of the interrupted surface is 
negligible on the tool wear; and (4) At a low or 

medium cutting velocity ( 140 m/min), the life of 
carbide insert is comparable to that of CBN insert. 

But at a higher cutting velocity, the life of carbide 
insert is less than that of CBN insert; Surface 

roughness when using both types is less than 1.6 m. 

High speed steel (HSS) has been used for a long 
time to make a variety of cutting tools (milling tools, 

turning tools, drill tools). The insert made of HSS 
with high plasticity is suitable for discontinuous 

(impact) cutting conditions. If the HSS insert is 
coated with a layer of alloy with high hardness and 
high wear resistance, it will ensure all three factors: 

high hardness, high wear resistance, and high 
durability. 

One of the inserts of this type that has been 

being used commonly is the titanium-nitric coated 

HSS insert (HSS-TiN). In fact, this type of inserts is 

being used a lot to turn the interrupted surfaces 

such as splined shafts, used in the process of 

repairing lead screws, gears, etc. This work is also 

conducted by the authors of this paper on a daily 

basis in production. However, after trying to search 

on the internet, the author of this paper could not 

find any study on using this type of inserts to turn 

interrupted surfaces in general and turn interrupted 

surfaces of 40X steel in particular. 

A small number of published studies (as 

mentioned above) on turning interrupted surfaces 

often choose tool wear (tool life) as the evaluation 

criterion. This is a very meaningful action both 

economically and technically. However, the survey 

studies on Ra and RE of the machined surface when 

turning interrupted surfaces are still very modest. 

Meanwhile, these two parameters have a great 

influence on the working ability of machine parts 

[20,21]. Therefore, the survey of these two 

parameters when turning interrupted surfaces is 

not only novel in interrupted surface turning 

technology but also has high practical significance. 

In order to fill the gaps in 40X steel interrupted 

surface turning technology, in this study, HSS-TiN 

inserts will be used to machine this type of surface. 

The main purpose of this study is to determine the 

influence of cutting parameters on Ra and RE when 

using HSS-TiN inserts to turn the interrupted 

surface of 40X steel. Then, this study also 

determines the optimal value of cutting parameters 

to simultaneously ensure the small Ra and RE. 

 

2. TURNING EXPERIMENTS 

 

2.1 Experimental system 

 

The structure of a steel sample is shown in Figure 

1. Total length of the steel sample is 300 (mm), two 

cylindrical shafts have a diameter of 40 (mm) and a 

length of 50 (mm), the shaft part with the 

interrupted surface has a diameter of 50.35 (mm). 

Samples were prepared by a method of rough 

turning, center drilling and six-groove milling. These 

sample sizes correspond to the splined shafts in a 

gearbox of some machine tools [22]. After milling 

the groove, the steel sample has been heat treated 

to a hardness of 54 HRC.
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Fig. 1. Workpiece geometry 

 

 
Fig. 2. Experimental machine

The experiments were carried out on a CNC lathe 

of Doosan (Figure 2). The HSS-TiN inserts were used 

during the experiments (Figure 3). This insert is a 

product of Hoffmann (USA). According to the 

information from the supplier, the insert has a 

hardness of 90HRC. 

 

 
Fig. 3. HSS-TiN inserts 

 

 The geometry parameters of the insert used 

include: nose radius of 0.3 mm, rake angle of 70, 

clearance angle of 60, plane point angle of 550, and 

chip breaker angle of 60. In each experiment, a 

brand new insert was used. This is done to eliminate 

the influence of tool wear on the responses. 

N64 industrial oil mixed with water at a 

concentration of 6% was used as a coolant during 

the experiment. This solution is injected into the 

cutting zone at flow rate of 12 l/min and a pressure 

of 4 MPa [23]. The value of these parameters as well 

as the cutting parameters are adjusted through a 

touch screen of the lathe. 

After each experiment, the workpiece was 

washed with alcohol and waited to be dry before 

measuring Ra and RE. The SJ-201 surface tester was 

used to measure Ra. 3D coordinate measuring 

machine of Crysta-Plus M544 type was used to 

measure RE. When measuring the Ra, the standard 

length has been set to 0.8 mm, the diameter of a 

measuring head is 0.005 mm, the displacement of 

the measuring head is parallel to the shaft 

centerline, each sample is measured at least three 

times, the Ra value at each experiment is the 

average value of the measurements. The RE is also 

measured at least three times per sample in three 

different cross-sections, the RE is also calculated as 

the average of the measurements. 

 

2.2 Experimental matrix 

 

To survey the effect of cutting parameters on the 

Ra and RE when turning, it is necessary to first 

develop an experimental matrix according to a 

certain sequence. In addition, the survey on the 

effect of cutting parameters on the responses is the 

basis for selecting the value of cutting parameters 
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in order to achieve specific goals of the machining 

process. Therefore, the method of developing an 

experimental matrix must be suitable in building the 

relationship between the input parameters and the 

responses. Box-Behnken is one of several 

experimental design methods that meet these 

requirements. This method is also suitable in 

designing experiments for optimization purposes 

[24,25]. According to this matrix design, each input 

parameter needs three value levels, corresponding 

to the three encoding levels, -1, 0 and 1. Of which 

the value of parameters at encoding level 0 is the 

average value of such parameter at the remaining 

two levels. Figure 4 shows the diagram of 

experiments when designing the experimental 

matrix with three input parameters according to the 

Box-Behnken method. Each black dot represents an 

experiment. The black dot corresponding to point C 

represents the experiment at level 0, [24,25]. 

The value of cutting parameters at the value 

levels are shown in Table 1. Since there are no 

published studies on turning interrupted surfaces of 

40X steel, the selection of values as shown in Table 

1 is done based on experience in actual production. 

 

 
 

Fig. 4. Experimental diagram with three input 

parameters according to the Box-Behnken method 

 

Minitab 16 software was used to design an 

experimental matrix with a total of fifteen 

experiments as shown in Table 2. In this table, 

experiments #13, #14, and #15 are the ones where 

all input parameters are at encoding level 0 (point C 

in Figure 4) [24,25]. 

 
Table 1. Cutting parameters 

Parameter symbol unit 
Value at levels 

-1 0 1 

Cutting velocity vc m/min 50 75 100 

Feed rate fd mm/rev 0.11 0.25 0.39 

Depth of cut ap mm 0.1 0.35 0.6 

2.3 Results and Discussion 

 

The results of measuring Ra and RE have been 

included in Table 2. Except in experiment #6, 

fourteen of the fifteen Ra values in this table are of 

the roughness level 7 to 8 (out of fourteen levels of 

roughness). This shows that using HSS-TiN inserts to 

turn 40X steel interrupted surfaces also gives similar 

results with conventional finishing turning methods 

[26]. In addition, fifteen out of sixteen Ra values are 

all less than 1.6 m. This also shows that using HSS-

TiN inserts to turn 40X steel interrupted surfaces 

also achieves the same Ra as when turning AISI 8620 

steel interrupted surfaces with CBN and carbide 

inserts [19]. 

All values of RE in Table 2 belong to the 

roundness level from 5 to 7 (there are total 16 levels 

of roundness, look up the roundness level based on 

the diameter of the workpiece and the value of RE 

[27]). These levels of RE (from 5 to 7) are similar to 

the levels of RE when turning continuity surfaces 

[26], and are also within the range of RE levels when 

grinding [28,29]. The obtained results on Ra and RE 

as analyzed show that the empirical determination 

of input parameters is appropriate. 

Minitab 16 statistical software was also used to 

survey the effect of cutting parameters on the 

responses. In Figures 5 and 6, respectively, are 

Pareto charts regarding the effect of cutting 

parameters on Ra and RE. When performing this 

analysis, the significance level was selected to be 

0.05, which means that the results obtained are 

accurate to at least 95% [24,25]. 

In both charts, the red line is the limit one in the 

Pareto chart, which has coordinates equal to 2.201. 

The gray rectangles represent the effect of the input 

parameters on the output parameters. Any 

rectangle that exceeds the red limit line indicates 

that the input parameter corresponding to such 

rectangle significantly affects the responses. 



D.D Trung / Applied Engineering Letters Vol.7, No.1, 1-9 (2022) 

 5 

Table 2. Experimental matrix and results 

No. 

Cutting parameters Responses 

Code value Actual value 
Ra 

(µm) 
RE 

(µm) 
Ra

* 
(µm) 

RE* 
(µm) vc fd ap 

vc 
(m/min) 

fd 
(mm/rev) 

ap 
(mm) 

1 -1 -1 0 50 0.11 0.35 0.828 8.789 0.767 8.507 

2 -1 1 0 50 0.39 0.35 1.139 8.907 1.221 8.388 

3 1 -1 0 100 0.11 0.35 1.003 11.249 1.079 11.257 

4 1 1 0 100 0.39 0.35 1.613 7.556 1.832 7.328 

5 0 -1 -1 75 0.11 0.1 1.453 8.001 1.486 7.473 

6 0 1 -1 75 0.39 0.1 2.417 7.162 2.308 6.871 

7 0 -1 1 75 0.11 0.6 0.904 12.040 1.155 11.871 

8 0 1 1 75 0.39 0.6 1.430 8.355 1.539 8.424 

9 -1 0 -1 50 0.25 0.1 1.139 7.349 1.300 6.726 

10 1 0 -1 100 0.25 0.1 1.560 7.381 1.773 6.855 

11 -1 0 1 50 0.25 0.6 0.817 8.969 0.761 8.985 

12 1 0 1 100 0.25 0.6 1.215 11.434 1.212 10.546 

13 0 0 0 75 0.25 0.35 0.916 8.207 0.989 7.988 

14 0 0 0 75 0.25 0.35 0.919 8.301 0.989 7.988 

15 0 0 0 75 0.25 0.35 0.920 8.146 0.989 7.988 

 

 
Fig. 5. Pareto chart of the standardized effects for Ra 

 

 
Fig. 6. Pareto chart of the standardized effects for RE 

 
Accordingly, Figure 5 shows that  feed rate is the 

parameter with the greatest influence on Ra, 

followed by the influence of the depth of cut, while 

the cutting velocity has negligible influence on Ra. 

The reason for this phenomenon can be explained 

as follows: when the feed rate changes, the change 

in Ra is a very obvious thing, which has been known 

in many studies, in addition, this issue is also 

consistent with the results of theoretical studies 

when we can predict the Ra according to the 

formula 𝑅𝑎 = 321 𝑓𝑑
2 𝑟𝜀⁄  , where 𝑟𝜀  is the nose 

radius [30, 31]. 

In Figure 6, it is shown that the depth of cut has 

a greater influence on the RE than the feed rate, 

while the cutting velocity is still a parameter that 

has negligible influence on the RE. This issue can be 

explained as follows: When changing the depth of 

cut, it will change the radial force component acting 

on the surface of the part, thus affecting the RE [32]; 

When the feed rate changes, it will change the time 

of impact of the radial force on the part, thus also 

affecting the RE [33]. 

 

𝑅𝑎 = 1.2900 + 0.0192 ∙  𝑣𝑐 
−5.9519 ∙  𝑓𝑑 − 4.0005 ∙  𝑎𝑝 

−0.0001 ∙  𝑣𝑐
2 + 15.1956 ∙  𝑓𝑑

2 

+5.3573 ∙  𝑎𝑝
2 + 0.0214 ∙  𝑣𝑐  ∙  𝑓𝑑 

− 0.0009 ∙  𝑣𝑐  ∙  𝑎𝑝 − 3.1286 ∙  𝑓𝑑  ∙  𝑎𝑝 

(1) 

With: R2 = 0.9457, R2-Adj = 0.8479 

 

𝑅𝐸 = 5.4090 + 0.0049 ∙  𝑣𝑐 
+4.1838 ∙  𝑓𝑑 + 6.2904 ∙  𝑎𝑝 

+0.0004 ∙  𝑣𝑐
2 + 32.2321 ∙  𝑓𝑑

2 

+0.6360 ∙  𝑎𝑝
2 − 0.2722 ∙  𝑣𝑐  ∙  𝑓𝑑 

+0.0573 ∙  𝑣𝑐  ∙  𝑎𝑝 − 20.3286 ∙  𝑓𝑑  ∙  𝑎𝑝 

(2) 

With: R2 = 0.9707, R2-Adj = 0.9181 
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Also from the use of Minitab 16 software to 

analyze the results, two equations representing the 

relationship between input parameters and output 

parameters were found as in formulas (1) and (2). 

The factor of determination (R2) and the adjusted 

factor of determination (R2-Adj) of each equation 

were also found. The significance of these factors 

has been discussed in detail in many studies [34,35]. 

All of these factors are very close to 1, which shows 

that these equations have a great match with the 

experimental data. From there, it is shown that 

these two equations can be used to predict Ra and 

RE with specific values of input parameters located 

in the surveyed domain. These two equations are 

used to predict surface roughness (Ra*) and 

roundness error (RE*), the results are also included 

in Table 2. The chart comparing the measured and 

predicted values of these two parameters is 

presented in Figures 7 and 8, respectively. 

Observing these two figures, it can be found that 

the calculated values are very close to the 

experimental values, the average deviation 

between the calculated results and the 

experimental ones is 7.37% for Ra and 3.21% for RE. 

 

 
Fig. 7. Surface roughness in experiment (Ra) and 

prediction (Ra*) 

 

 

 
Fig. 8. Roundness error in experiment (RE) and 

prediction (RE*) 

 

The two equations (1) and (2) are also the basis 

for determining the value of cutting parameters to 

ensure the minimum Ra and RE. This content is 

presented in the next part of this paper. 

3. OPTIMIZATION OF THE TURNING PROCESS 

 

As Ra and RE have the same unit, the problem on 

simultaneous optimization of the objectives Ra  

min, RE  min can be written as. 

 

𝑓(𝑥) =  𝑤1  ∙  𝑅𝑎 + 𝑤2  ∙ 𝑅𝐸 → 𝑚𝑖𝑛  (3) 

 

Of which w1 and w2 are weights of Ra and RE, 

respectively, meeting w1 + w2 = 1. 

For parts with interrupted surfaces such as 

splined shafts, worms, the Ra and RE have a great 

influence on the product's working performance. 

Therefore, in this study, the weights of these two 

parameters were selected equally, ie w1 = w2 = 0.5. 

Since equations (1) and (2) are established on the 

basis of experimental results in Table 2, 

corresponding to the survey domain of input 

parameters as shown in Table 1. Therefore, the 

optimization problem is also applied only within the 

surveyed range of input parameters. That is, the 

optimization problem is written in the form. 

 

{
 
 

 
 
𝑓(𝑥) =  𝑤1  ∙  𝑅𝑎 + 𝑤2  ∙ 𝑅𝐸 → 𝑚𝑖𝑛

𝑅𝑎, 𝑅𝐸 > 0

50 𝑚 𝑚𝑖𝑛⁄  ≤  𝑣𝑐 ≤ 100 𝑚 𝑚𝑖𝑛⁄

0.11 𝑚𝑚 𝑟𝑒𝑣⁄  ≤  𝑓𝑑  ≤ 0.39 𝑚𝑚 𝑟𝑒𝑣⁄

0.1 𝑚𝑚 ≤  𝑎𝑝  ≤ 0.6 𝑚𝑚

 (4) 

 

GA has been used to solve the optimization 

problem. Such algorithm has been used with great 

success in many studies. In order to apply this 

algorithm in solving optimization problems, the 

values of parameters, including population number, 

crossover probability, mutation probability, should 

be specified. These values have been chosen as 

shown in Table 3 [36]. 

 
Table 3. Several parameters in GA and responses 

Population number 100 

Crossover probability 0.25 

Mutation probability 0.05 

Workpiece velocity 50 (m/min) 

Feed rate 0.177 (mm/rev) 

Depth of cut 0.1 (mm) 

f(x) 3.880 (m) 

 
GA program was programed using Visual basic in 

Microsoft excel. Solving the problem in formula (4) 

with the parameters of the algorithm as shown in 

Table 3, the results produce a graph of the fitness 

function as indicated in Figure 9.  
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In the first stage, the graph of the fitness 
function moves very slowly from the top down, then 
goes parallel to the horizontal axis in the rest of the 
distance. That proves that the value of parameters 
of the genetic algorithm selected in Table 3 are 
appropriate. The optimal value of cut parameters as 
well as the found value of function f(x) have also 
been included in Table 3. 

 

 
Fig. 9. Graph of the fitness function 

Thus, the optimal values of cutting velocity, feed 

rate and depth of cut are 50 m/min, 0.177 mm/rev 

and 0.1 mm, respectively. These values are again 

used to calculate Ra and RE according to formulas (1) 

and (2), the results are presented in Table 4. The 

turning process was also performed on five steel 

samples with these values of cutting parameters, 

the results of measuring Ra and RE also included in 

this table. The mean value of Ra and RE when 

machining is equal to the optimal value of cutting 

parameters, 1.385 m and 7.063 m, respectively. 

The difference from comparing the experimental 

value and the calculated value is 12.90% for Ra and 

7.1% for RE 

 
 
 
 

 
Table 4. Values of Ra and RE corresponding to optimal values of cutting parameters 

Runs 

Optimum value Response 

vc  
(m/min) 

fd  
(mm/rev) 

ap 
(mm) 

Ra (m) RE (m) 

Predicted Measured Predicted Measured 

1 

50 0.175 0.1 1.206 

1.361 

6.557 

6.819 

2 1.394 6.995 

3 1.346 7.208 

4 1.401 7.348 

5 1.424 6.948 

 

4. CONCLUSION 
 

In this study, the experimental turning the 
interrupted surfaces of 40X steel was carried out 
using HSS-TiN inserts. Some conclusions are drawn 
as follows: 
1. Of the three cutting parameters, feed rate is the 

one that has the greatest influence on Ra, 
followed by the influence of the depth of cut. 
The cutting velocity has negligible effect on the 
Ra. Depth of cut is the parameter with the 
greatest influence on RE, followed by the 
influence of feed rate. The cutting velocity also 
has a negligible effect on the RE; 

2. Two equations showing the relationship 
between Ra, RE and cutting parameters have 
been established. Using these equations to 
predict Ra and RE, the difference between the 
predicted and experimental results is 7.37% for 
Ra and 3.21% for RE; 

3. Genetic algorithms have been used to solve the 
multi-objective optimization problem. The 
optimal value of cutting velocity is 50 m/min, 
feed rate is 0.177 mm/rev, and the depth of cut 

is 0.1 mm. For this set of optimal values of the 

cutting parameters, the Ra is 1.385 m and the 

RE is 7.063 m; 
4. If only evaluating the turning process through Ra 

and RE, the use of HSS-TiN inserts is suitable for 
turning interrupted surfaces of 40X steel. This 
information provides a significant cost saving 
compared to the use of other more expensive 
inserts, such as CBN inserts; 

5. Surveying the effect of cutting parameters on 
the tool wear as well as determining the value of 
cutting parameters to ensure that all three 
parameters, Ra, RE, and tool wear have the 
minimum value at the same time are the future 
works of the author of this article. 
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