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Study on the effect of cutting parameters on surface roughness
during CNC milling of S136 stainless steel

Nghién ctru anh hwéng clia thong so ché do cat dén do nham
bé mat khi gia cong thép khéng gi S136 trén may phay CNC

Mac Thi Nguyen*, Dao Van Kien
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Abstract

This paper presents an experimental study to investigate the impact of several cutting parameters on the surface
roughness R_(um) when machining S136 stainless steel using a CNC milling machine. The study employed the
Response Surface Methodology with a 25-point experimental matrix. The data was analyzed and visualized
using the Pandas, Matplotliband NumPYy libraries in the Python programming language on Visual Studio Code.
The results revealed the influence and interaction of the four mentioned input cutting parameters cutting speed
V(m/min), feed per tooth F (mm/tooth), depth of cut a (mm) and width of cut a (mm) on the surface roughness
R,, with this relationship represented through a second-order regression equation within the studied paper. The
analysis showed that the effect of increasing the cutting parameters on R_ varies depending on each specific
parameter and their interactions, detailed through the regression model. The research findings also indicate that
the feed per tooth had the most significant impact on surface roughness, followed by cutting speed, then depth
of cut, with the width of cut having the least effect on surface roughness.

Keywords: Machining; cutting parameters; CNC milling machine; surface roughness; cutting speed; feed per
tooth; depth of cut; width of cut.

Tom tat

Bai bao nay thwc hién nghién clru thwe nghiém nham khao sat tac dong clia mét sb thong sb ché do cat dén do
nham bé mat Ra(um) khi gia céng thép khong gi S136 trén may phay CNC. Nghién ctu st dung phwong phap
bé mé&t dap (ng v&i ma tran 25 diém thi nghiém. D liéu dwoc phan tich va trwc quan héa bang thuw vién Pandas,
Matplotlib va Numpy trong ngdn ngi |ap trinh Python trén Visual Studio Code. Két qua da cho thdy anh hudng va
s twong tac clia bdn thong s6 ché do cét dau vao dwoc dé cap la van tée cat V(m/ph), lwong chay dao F (mm/
rang), chiéu sau cat a (mm) va chiéu rong cat a,(mm) dén d6 nham bé mat Ra, méi quan hé d6 duoc biéu dién
thdng qua phuwong trinh hoi quy bac 1l trong ndi dung bai bao da nghién ctru. Phan tich cho thay anh hwéng cliia
viéc tang cac théng sb ché do cat dén R, thay dbi tiy thudc vao tirng théng sb cu thé va twong tac gitka chung,
dwoc mod ta chi tiét qua md hinh hdi quy. Két qua nghién ctvu ciing cho thdy lvong chay dao réng cé mirc dé anh
hwéng I&n nhat dén dd nham bé mat, sau dé dén van tbc cét, tiép dén 1a chidu sau cat va mic d6 anh hudng
cla chiéu rong cét t&i dd nham bé mat 1a thap nhéat.

Tir khéa: Gia cong; ché do cat; méy phay CNC; d6 nhém bé mét; vén toc cat; luong chay dao réng; chiéu sau
cat; chiéu réng cat.

. INTRODUCTION is commonly used for making plastic injection mold
cores and cavities due to its corrosion resistance, high
hardness and good polishing ability. Given the high
hardness and difficult machinability of S136, ensuring
the surface roughness after machining is a critical factor
to reduce the risk of product sticking when the plastic
is ejected from the mold. In the CNC milling process,
surface roughness is affected by many factors, among

Reviewers: 1. Prof.Dr. Ngo Huu Manh which cutting regime parameters play a crucial role.
2. Prof.Dr. Nguyen Duc Toan

In the modern mechanical manufacturing industry,
the machining of machine parts from stainless
steel is increasingly popular due to the outstanding
advantages of this material in terms of durability and
corrosion resistance. In particular, S136 stainless steel
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Selecting appropriate cutting regimes not only ensures
the quality of the machined surface but also directly
affects the productivity and economic efficiency of the
manufacturing process.

Several studies have been published concerning CNC
milling for mold materials: Study [1] experimentally
investigated the influence of two cutting regime
parameters, spindle speed (n) and feed rate (S), on
surface roughness (R,) when machining SKD61 steel
on a CNC milling machine. The research results
showed that the level of influence of n on Ra was
greater than S. Study [2] investigated the influence of
three cutting regime parameters when machining 40Cr
steel on a CNC milling machine. The study developed
a regression equation to evaluate the influence of
three cutting parameters: Cutting speed (V), feed rate
(S), depth of cut (t) on surface roughness: R =0,01079.
\/0.7739%6 S1.20887 1028811 The values of the exponents show
that the influence of the feed rate on surface roughness
is the greatest, followed by the cutting speed, the
influence of the depth of cut on surface roughness
is the smallest. Study [3] focused on optimizing
machining parameters when CNC milling AISI H13
steel using the response surface method. The paper
proposed the optimal cutting parameters: Spindle speed
S =4500 (rpm), feed per tooth F = 0,01 mm/tooth and depth
of cut ap = 0,2 (mm), achieving a surface roughness
of R,;= 0,113 (um). Surface roughness decreased with
increasing spindle speed and increased with increasing
feed rate or depth of cut.

Despite numerous studies on the influence of cutting
regimes on the surface quality of CNC milling, the
relationship between these parameters and the surface
roughness when machining S136 stainless steel
has not been fully and systematically investigated,
especially when considering all four input parameters
simultaneously. Therefore, it is necessary to study the
influence of cutting regime parameters such as cutting
speed, feed per tooth, depth of cut and width of cut on
the surface roughness when machining S136 stainless
steel on a CNC milling machine. This research will
contribute to the optimization of the machining process,
improving the surface quality for mechanical products
in general and in the field of mold making in particular.

2. EXPERIMENTAL SETUP AND MATERIALS
2.1. Experimental workpiece

The experimental workpiece has dimensions of
198x58%30 (Figure 1), the material is S136 stainless
steeland the hardness after heat treatment is 48+54
HRC.

LIEN NGANH CO KHI - PONG LUC

Figure 1. S136 stainless steel workpiece clamped
on a vise

According to [4], the chemical composition of S136
stainless steel is presented in Table 1.

Table 1. Chemical Composition of S136 Stainless Steel

C Si Mn Cr Mo \") S
(%) (%) | (%) (%) | (%) | (%) (%)
~0.38 | ~0,8 | ~0,50 | ~13.6 | ~0,3 | ~0,2 | <0.03

2.2. Experimental equipment
a. Machining equipment

Machining Equipment: CNC milling machine Xmill
- M900 with a maximum spindle speed of n = 10000
RPM and spindle motor power P = 7.5 kW (Figure 2).

b. Cutting tool

According to [5], the Coromill 390 end mill from
Sandvik was selected, with a diameter D = 10 (mm)
and number of teeth Z = 3, mounted on a BT40 tool
holder (Figure 3).

Tap chi Nghién ciru khoa hoc, Truomg Dai hoc Sao Do, 6 3 (91) 2025 43
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c. Measuring equipment

A Mitutoyo SJ-201P surface roughness tester was
used (Figure 4).

Mitutoyo S1-2P
2

Figure 4. Mitutoyo SJ-201P surface roughness tester

3. PLANNING METHOD

3.1. Selection of planning method
a. Number of experiments

According to [6], the response surface methodology
is chosen using central composite design with axial
points, excluding factorial points. The total number of
experiments is denoted by N:

N =2k (k-1) + N, =25 (1)
Where:
Number of input variables: k = 4.

Number of central experiments: N, = 1.

b. General form of the regression equation

According to [6], when using a second-order orthogonal
experimental design, the regression equation has the
following second-order form:

k k Kk

Y=by+3 b X+> b X X+> b X’ (2)
i=1 ij=1 i=1

Where:

Y: The objective function is surface roughness.

B, The zero-order regression coefficient.

B,-i The first-order regression coefficient describing the
effect of a single cutting parameter on the objective
function.

B; The regression coefficient describing the
simultaneous effect of two cutting parameters on the
objective function.

B,: The second-order regression coefficient describing
the effect of a single cutting parameter on the objective
function.

X,: The coded variable representing the effect of the
cutting parameter on the objective function.

Expanding equation (2), we get the canonical form of
the regression equation (3) as follows:

Y = bO + b1x1 + b2X2 + b3X3 + b4)(4 + b12X1X2+ b13

X1X3 + b14X1X4 + bzsxzxs + b24X2X4 + b34X3X4+ ®)

b, X2+ b,,X,2 + b X2+ b, X2

17 22772 4474
c. Levels of factors in the second-order orthogonal
experiment
According to [5], the levels of cutting regime parameters
are presented in Table 2.

Table 2. Levels of factors in the second-order
orthogonal experiment

Influencing factors
Levels X,=V| X,=F |X;=a Xd4=a,
m/min | mm/tooth mm mm
Higher level (+1) 90 0,04 0,3 3
Basic level (0) 80 0,03 0,25 2,5
Lower level (-1) 70 0,02 0,2 2

d. Research model diagram

The relationship between the parameters is shown
(Figure 5).

1o
_V |
F:-l ene | R,
@ .| Milling
ae

Figure 5. Relationship between parameters

Where:

¢ is a random variable affecting surface roughness
such as: tool wear, vibration, homogeneity of the tool
and workpiece material pair, properties of the cutting
fluid, ambient temperature, accuracy of the CNC
milling machine,...

4. EXPERIMENTAL PROCEDURE

4.1. Building experimental data

In order to save costs and reduce the influence of
setup errors, the experiment used a single workpiece
with 25 machining positions as open cavities.

44 Tap chi Nghién ctru khoa hoc, Trudng Dai hoc Sao Do, 6 3 (91) 2025
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After machining, the surface roughness was measured  of measuring surface roughness is shown in Figure 6
sequentially for each machining position. The method and the surface roughness values are presented in
Table 3.

Figure 6. Measuring surface roughness at the experimental positions

The experimental data are synthesized and presented
in Table 3.

Table 3. Second-order orthogonal experimental matrix (24 experiments with 2 factors varied simultaneously, the
other 2 factors kept at the center leveland 1 experiment at the center point)

Encoded variable Influencing factors
Experimental position R ((pm))
X, X, X, X, | V(m/min) F_(mm/min) a(mm) | a(mm)
1 -1 -1 0 0 70 0,02 0,25 25 0,38
2 +1 -1 0 0 90 0,02 0,25 2,5 0,42
3 -1 +1 0 0 70 0,04 0,25 2,5 0,45
4 +1 +1 0 0 90 0,04 0,25 25 0,48
5 -1 0 -1 0 70 0,03 0,20 2,5 0,40
6 +1 0 -1 0 90 0,03 0,20 2,5 0,43
7 -1 0 +1 0 70 0,03 0,30 25 0,42
8 +1 0 +1 0 90 0,03 0,30 2,5 0,45
9 0 -1 -1 0 80 0,02 0,20 2,5 0,39
10 0 +1 -1 0 80 0,04 0,20 25 0,46
11 0 -1 +1 0 80 0,02 0,30 25 0,41
12 0 +1 +1 0 80 0,04 0,30 2,5 0,47
13 -1 0 0 -1 70 0,03 0,25 2,0 0,41
14 +1 0 0 -1 90 0,03 0,25 2,0 0,44
15 -1 0 0 +1 70 0,03 0,25 3,0 0,42
16 +1 0 0 +1 90 0,03 0,25 3,0 0,45
17 0 -1 0 -1 80 0,02 0,25 2,0 0,40
18 0 +1 0 -1 80 0,04 0,25 2,0 0,47
19 0 -1 0 +1 80 0,02 0,25 3,0 0,41
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Encoded variable Influencing factors
Experimental position R, ((um))
X, X, X, X, V(m/min) F_(mm/min) a(mm) | a(mm)
20 0 +1 0 +1 80 0,04 0,25 3,0 0,48
21 0 0 -1 -1 80 0,03 0,20 2,0 0,42
22 0 0 +1 -1 80 0,03 0,30 2,0 0,44
23 0 0 -1 +1 80 0,03 0,20 3,0 0,43
24 0 0 +1 +1 80 0,03 0,30 3,0 0,41
25 0 0 0 0 80 0,03 0,25 2,5 0,35

4.2. Experimental data processing

To investigate the influence of cutting parameters including
cuttingspeed V (m/min), feedrate F (mm/tooth), depth of cut
a, (mm) and width of cut a_(mm) on surface roughness
R_(um), a second-order polynomial regression model
was built and analyzed using the Python programming
language.

The experimental data, comprising 25 experiments
(as presented in Table 3), was used as the basis.
Before building the model, the input variables (V, F,
a, a.) were standardized using the centering method
around the central point of the design domain: V = 80,
F,= 0,03, a= 0,25and a_=2,5.

The second-order polynomial regression model,
including linear terms, quadratic termsand two-factor
interaction terms of the centered variables, was
created using the Polynomial Features class from the
scikit-learn library [7]. The coefficients of the regression
model were then determined using the linear regression
method based on the generated polynomial features
and the Ra values measured from the experiments.

The regression equation representing the relationship
between R, and the input parameters was extracted
from the trained model as follows:

R,=0,35+1583.10°.V + 3,333333.F, +
0,116667.a, + 3333.10°.a, + 379.10°.V?
- 25.10°.V.F, + 466,666667.F > - 5.F .a +
14,166667.a 7 - 0,4.a .a, + 0,166667.a

(4)

The regression model demonstrates a high level of
fit with the experimental data, with a coefficient of
determination R-squared (R?) of 0,9767, indicating
that the model explains 97.67% of the variability in the
R_(um) data. The average prediction error, measured
by the Root Mean Squared Error (RMSE), is 0,0048. To
evaluate the accuracy at specific points, a comparison
between the actual R (um) values and the values
predicted by the model is presented in Table 4.

Table 4. Predicted R, at the experimental points

TT V| F, | a a, | Ra pre;"iite g
1 170 | 002 | 025 | 25 | 0,38 3,829
2 | 90| 002 025 25 | 042 4,196
3 |70 004 025 | 25 | 045 4,546
4 190 | 004|025 25 | 048 4,813
5 | 70 | 0,03 | 020 | 25 | 04 4,017
6 | 90 | 0,03 | 020 25 | 043 4,333
7 | 70 1 0,03 | 030 | 25 | 042 4,133
8 | 90 | 0,03 | 030 25 | 045 4,450
9 | 80| 002 020 25 | 0,39 3,904
10 | 80 | 0,04 | 0,20 | 25 | 046 4,621
11 180 | 002|030 | 25 | 041 4,071
12 | 80 | 0,04 | 0,30 | 25 | 047 4,688
13 | 70 | 0,03 | 025 | 2,0 | 0,41 4,121
14 | 90 | 0,03 | 0,25 | 2,0 | 0,44 4,438
15 | 70 | 0,03 | 025 | 3,0 | 042 4,154
16 | 90 | 0,03 | 0,25 | 3,0 | 045 4,471
17 | 80 | 0,02 | 025 | 20 | 04 4,033
18 | 80 | 0,04 | 0,25 | 2,0 | 047 4,700
19 | 80 | 0,02 | 025 | 3,0 | 0,41 4,067
20 | 80 | 0,04 | 025 @ 3,0 | 048 4,733
21 | 80 | 0,03 | 020 | 20 | 042 4,096
22 | 80 | 0,03 | 0,30 | 2,0 | 044 4,412
23 | 80 | 0,03 | 020 @ 30 | 043 4,329
24 | 80 | 0,03 030 30 | 041 4,246
25 | 80 | 0,03 | 025 25 | 0,35 3,500

Numerical optimization (L-BFGS-B algorithm, SciPy
library [9]) was performed to find the set of cutting
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parameters (V, F,, a, a,) that minimize the R,
value predicted by the regression model, within the
investigated range. Extracting the Python program
execution results in Appendix | yielded the optimal
result: R .= 0,34(um) at V = 77,792(m/min),
F_ = 0,026 (mm/tooth), a= 0,245 (mm), a= 2,484
(mm). The effects of the parameters are illustrated by
the 2D plots presented in Figures 7 to 10 [9].

Effect of V
(Fixed : Fz=0.03, ap=0.25, ae=2.50...)
== Optimal v=77.792 :
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Figure 7. Effect of Von R,
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Effect of ap
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Figure 10. Effect of a, on R,

Extracted from [10], the quantification of the influence
of cutting mode parameters on R, is ranked from
highest to lowest as follows:

F . Range of variation R_ = 0,0859 (um), corresponding
to 38%.

V: Range of variation R, = 0,0554 (um), corresponding
to 24.5%.

a_: Range of variation R, = 0,0433 (um), corresponding
to 19.2%.

a,: Range of variation R, = 0,0415 (um), corresponding
to 18.4%.

Using the NumPy library in combination with the
minimize function from the optimize module of SciPy
[9], the numerical optimization of the regression
equation (4) was performed. A Python program
(Appendix 2) was developed to calculate the set of
parameters (V, F,, a, a,) for a given Ra to ensure
surface roughness meets machining requirements,
with the program’s constraints based on [10] for the
Xmill-M900 CNC milling machine: V = 7,85+1979,2 m/
min, F = 0,01+0,25 (mm/tooth), a= 0,01d+1d(mm),
a, =0,02d+0,75d (mm).

4.3. Discussion of results

Surface roughness in milling is a complex parameter
influenced by the interaction of multiple cutting mode
parameters. This study simultaneously investigates
four key parameters: cutting speed (V), feed per
tooth (F,), depth of cut (ap) and width of cut (a,) to
comprehensively evaluate their effects.

Quantitative analysis results indicate that feed per tooth
(F,) is the dominant factor affecting surface roughness
when milling S136 steel, accounting for 38% of the total
variation. This influence mechanism is directly related
to the geometry of the cut: an increase in F, results
in larger cutting marks on the surface, leading to the
formation of higher peaks and thus increasing the R,
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roughness value. Conversely, reducing F, minimizes
the size of the cutting marks, resulting in a smoother
surface. Therefore, F, plays a decisive role in shaping
the surface microtexture.

Cutting speed (V) is identified as the second most
significant factor (24.5%). Although increasing V may
reduce cutting forces and localized temperatures,
potentially improving roughness, its influence is less
dominant than that of F,. The depth of cut (ap) and
width of cut (ae) primarily affect cutting forces and
material removal efficiency. Within the surveyed
range and stable machining conditions, their direct
impact on surface roughness is negligible compared
to F, and V, unless their values are large enough to
induce vibration.

Compared to previous studies, the dominant role of Fz
in S136 steel aligns with findings for 40Cr steel [2], but
differs from studies on SKD61 steel [1] (where spindle
speed, related to V, had a greater impact) or AISI H13
steel [3] (which also emphasized F, but within a different
optimized parameter set). These differences can be
attributed to the specific material properties of S136
stainless steel (high hardness post-heat treatment)
and the particular machining conditions. Additionally,
the simultaneous analysis of all four parameters in this
study provides a more comprehensive assessment of
their interactions compared to prior research, which
often focused on only two or three parameters.

The results underscore the critical importance of
controlling F, as a key factor in achieving the desired
surface roughness when milling S136 steel. Optimal
adjustment of F, combined with rational selection of
V, a, and a_, is essential to ensure surface quality and
overall machining efficiency.

By fixing the random variable ¢, a set of cutting mode
parameters dependent on the required roughness can
be extracted for machining S136 stainless steel under
the given conditions (as per the Python program in
Appendix II).

5. CONCLUSION

This study successfully developed a second-order
regression equation (4) to model the relationship
between cutting mode parameters and surface
roughness in CNC milling of S136 steel. Quantitative
analysis revealed that feed per tooth (F) is the
predominant factor influencing surface roughness,
contributing 38%. Cutting speed (V) and depth of cut
(ap) also exhibit notable effects, though to a lesser
extent, while the impact of width of cut (a,) is minimal.

These findings provide a scientific basis for optimizing
the machining process. Specifically, the regression
equation (4) and the influence evaluation charts

(Figures 7+10) serve as technical tools for support.
Using these tools, operators can predict and select an
appropriate combination of cutting mode parameters
(particularly F, and V) to achieve the required surface
roughness for S136 steel components, significantly
reducing the time and cost of experimental trials.

The practical significance of this research is particularly
evident in the field of mold manufacturing, where S136
steel is widely usedand high surface quality is critical
to ensuring the functionality and longevity of mold
products.
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