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LIEN NGANH CO KHI - PONG LUC

Python based optimization of cutting parameters in CNC turning
of AL-6XN stainless steel

Nghién ctru trng dung ngén ngi 1ap trinh Python tdi wu héa ché do
cat khi tién CNC thép khong gi AL-6XN

Mac Thi Nguyen*, Nguyen Thi Thao, Dao Van Kien

*Corresponding Author: nguyenmacthi@gmail.com

Sao Do University
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Abstract

This study optimizes the cutting parameters (V, F, t) to reduce surface roughness R_ during CNC turning of the
difficult-to-machine AL-6XN steel, using a second-order experimental design methodology (15 experiments) and
Python tools for analysis. A quadratic regression model with a coefficient of determination R?=0,9843 and a Mean
Squared Error MSE=0,001695 was successfully developed to describe the relationship between the cutting
parameters cutting speed V (m/min), feed rate F (mm/rev), and depth of cut t(mm) and the surface roughness R ,
while also showing that the order of influence is F >t > V. The optimal set of parameters (V=105,2 m/min, F=0,081
mm/rev, t=0,96 mm) yielding a predicted R, = 0,713 ym has been determined and experimentally verified. The
findings provide an effective methodology and practical optimal parameters for improving the surface quality of
AL-6XN during CNC turning.

Keywords: AL-6XN stainless steel; CNC turning; cutting parameter optimization, surface roughness (R,); Python
programming; regression model; experimental design.

Tom tat

Nghién ctru nay téi wu héa céc théng sbé cét (V, F, t) nham gidam doé nham bé mat Ra khi tién CNC thép AL-6XN
khé gia cdng, str dung phwong phap quy hoach thwc nghiém cép Il (15 thi nghiém) va céng cu Python dé& phan
tich. M& hinh hdi quy bac hai c6 hé sé xac dinh R2=0,9843 va sai s6 binh phwong trung binh MSE=0,001695 da
dwoc xay dwng thanh cong dé& moé td mdi quan hé gitra cac thong sé ché do cat la Van tbc cat V(m/ph), lvong
chay dao F(mmi/vg) va chiéu sau cat t(mm) t&i d6 nham bé mat R_, dong thoi cho théy thi tw anh hwéng l1a
F >t> V. Bo thong sb téi wu (V = 105,2 m/ph, F = 0,081 mm/vong, t = 0,96 mm) cho R, dw doan = 0,713 um
da dwoc xac dinh va kiém ching thwe nghiém. Két qué cung cap phuong phap luan hiéu qua va cac thong sé
tbi wu thuc ti€n dé nang cao chét lwgng bé mat AL-6XN khi tién CNC.

Ttr khoa: Thép khong gi AL-6XN; tién CNC; toi uu hoa ché do cit; d6 nham bé mét (R); Iap trinh Python; mé
hinh héi quy; quy hoach thuc nghiém.

1. INTRODUCTION

Super-austenitic stainless steel AL-6XN, known for
its high chromium, nickel, molybdenum and nitrogen
contents, is widely used in demanding industries such
as chemical processing, pulp and paper, and oil and
gas due to its excellent resistance to pitting, crevice
corrosion, and stress corrosion cracking, especially
in harsh environments. However, its high toughness,
pronounced work-hardening behavior, and low thermal
conductivity present significant challenges during
machining.

Reviewers: 1. Prof.Dr. Nguyen Duc Toan
2. Dr. Nguyen Duc Hai

Surface roughness (R)) is a crucial quality parameter
influencing the performance and service life of
machined components and is mainly affected by cutting
parameters—cutting speed (V), feed rate (F), and
depth of cut (t)—in CNC turning. Therefore, optimizing
these cutting parameters is of paramount importance.

Previous research efforts on R, optimization in turning
various steels are summarized as follows:

Study employed the Taguchi method on S45C steel,
achieving an optimal R_ of 0.79 ym at V = 135 m/min,
F =0,08 mm/revandt=1,1 mm.

Study combined Taguchi and ANOVA methods on AISI
304 steel, resulting in an optimal Ra of 0,97 ym at
V =550 m/min, F = 0,14 mm/rev and t = 0.4 mm.

Tap chi Nghién ciru khoa hoc, Truong Pai hoc Sao Do, 56 4 (92) 2025 45
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Study utilized a second-order orthogonal design of
experiments (DOE) for C45 steel turning, identifying
optimal conditions within V=150-180 m/min, F=0,1—
0,15 mm/rev, t=0,2-0,3 mm, with Ra values between
0,63-1,25 um.

Study applied ANOVA and Grey Relational Analysis
(GRA) to optimize R, and Material Removal Rate
(MRR) concurrently, highlighting that feed rate most
significantly affects Ra, while depth of cut predominates
overall performance. The optimal parameters were:
Speed S=240 rpm, Feed rate F=15 mm/min, and depth
of cut t=0,3 mm.

Study used Atrtificial Neural Networks (ANN) to predict
the influence of cutting parameters on tool wear and
Ra in machining SC45 steel, achieving high prediction
accuracy with determination coefficients (R?) of 0,9893
and 0.9879 for the two models.

Although these studies provide valuable insights, they
often focus on different materials or rely on conventional
methods. This research aims to systematically optimize
CNC turning parameters for AL-6XN stainless steel
using modern computational tools. Specifically, we
implement Python programming with libraries such
as Numpy, Pandas, Scikit-learn, and Matplotlib,
combined with an enhanced second-order orthogonal
experimental design, to model the relationship between
cutting speed (V), feed rate (F), depth of cut (t), and
surface roughness (Ra). The goal is to develop a robust
regression model and determine the optimal cutting
parameters that minimize R, thereby enhancing the
machining efficiency of AL-6XN alloy.

2. EXPERIMENTAL EQUIPMENT AND MATERIALS

2.1. Experimental Equipment
a. Machining Center

A CNC lathe model CAK6136 - 750 was used for the
turning experiments. Key specifications include a
maximum spindle speed (n) of 4500 rpm and a spindle
motor power of P = 5,5 kW. (Figure 1)

Figure 1. CNC Lathe CAK6136-750

b. Cutting Tool

According to [6], the cutting tool selected is a turning
tool holder SCLCR/L 25 25 M4, equipped with a Sandvik

GC2015 insert coated carbide, nose radius R =0,8 mm
(Figure 2).

o

Figure 2. CNé Turning Tool

c. Measuring Instrument

A Mitutoyo SJ-201P surface roughness tester was
used (Figure 3).

Mitutoyo S1-=P
e

Figure 3. Mitutoyo SJ-201P Roughness Measuring
Machine

2.2. Machining Drawing and Experimental Workpiece

The experiments were conducted on cylindrical AL-
6XN stainless steel workpieces with dimensions of
@55%x12 mm, having a hardness ranging from 160 HB
to 190 HB. Figure 4 presents the machining drawing for
the part, where A indicates the surface designated for
roughness measurement in the experiment. According
to [7], the composition of S136 steel is presented in

Table 1.
N JS

Figure 4. Machining drawing for the part in the experiment

43

@45
@55

Figure 5. Workpiece setup on the CNC lathe
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Table 1. Composition of AL-6XN Stainless Steel

LIEN NGANH CO KHI - PONG LUC

C (%) Cr (%) Ni (%)

Mo (%) N (%) Si (%) Cu (%)

~0,03 20+22 23,5+25,5

6+7 0,18+0,25 0+1

3. EXPERIMENTAL DESIGN METHODOLOGY

a. Number of Experiments

Based on [8], an improved second-order orthogonal
design with 13 experiments (N=13) was chosen for the
3 factors (V,F, t). This design reduces the number of
experiments compared to standard methods (requiring
= 15 experiments) while still providing sufficient data
(center, axial, factorial points) to estimate a full second-
order regression model.

b. Regression Equation

The relationship between the response variable
(Surface Roughness, Y = Ra) and the coded input
variables (X, for V, X, for F, X, for t) was modeled using
a second-order polynomial equation:

Y=b0+ibixi+ib..x_

ijo N
i=1 ij=1

k
X +; b, X" (1)

Expanding Equation (2) for k=3 factors yields the
specific form used in this study:

Y = bO + b1x1 + b2)(2 + b3x3 + b12X1X2+ b13x1x3

XS + b11X12+ b22)(22 + b33X32

+ b23X2 (2)

c. Factor Levels in the Second-Order Orthogonal
Experiment

Based on the cutting tool manufacturer’s
recommendations [6], material properties and
preliminary tests, three levels (low: -1, center: 0, high:
+1) were selected for each cutting parameter, as
presented in Table 2.

Table 2. Factor levels in the second-order orthogonal
experiment.

Influencing factors
Experimental
levels X,=V X,=F X;=
m/ph mm/vg mm
High (+1) 120 0,1 1,1
Center (0) 105 0,085 0,95
Low (-1) 20 0,07 0,8

d. Research Model Diagram

The conceptual relationship between the input cutting
parameters (V, F, t) and the output surface roughness
(R,), considering potential random noise (§), isillustrated
in Figure 6. Here, ¢ represents random variation due
to uncontrolled factors such as minor changes in tool
wear, machine vibration, material inhomogeneity, etc.

Ik

F CNC
Turning

Figure 6. Parameter relationships in the regression model

4. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS
4.1. Experimental Procedure and Data Collection

Thirteen workpieces were machined corresponding to
the 13 experiments (Figure 7). After machining each
experimental part, the roughness of surface A was
measured five times at different locations using the
Mitutoyo SJ-201P machine (Figure 8). The average
value of these five measurements was recorded as the
R, value for that experimental run. The experimental
design matrix and the corresponding measured
average R, values are presented in Table 3.

Figure 8. Measuring the surface roughness of the
machined surface (surface A)

Table 3. Second-Order Orthogonal Experimental Matrix (13 Experiments with 2 Factors Varying at Each
Experiment, Keeping 2 Factors at Central Level and 1 Experiment at Center)

. . Coded variables
Experimental Location

Actual variables

X X X

1

R, (1m)

V (m/min) F (mm/rev) t (mm)

2 3
1 +1 |+ | -

120 0,1 0,8 1,81

Tap chi Nghién ctru khoa hoc, Trudong Dai hoc Sao Do, S6 4 (92) 2025
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Experimental Location Coded variables . Actual variables R_(um)
X, X, X, | V(m/min) F (mm/rev) t (mm) a
2 o1 H 120 0,07 1,1 1,62
3 o1 120 0,07 0.8 1,51
4 T+ 90 0,1 11 1,87
5 A 90 0,1 0,8 1,69
6 A H 90 0,07 1,1 1,41
7 -1 0 |0 90 0,085 0,95 1,21
8 +1 | 0 |0 120 0,085 0,95 1,29
9 0o | 1|0 105 0,07 0,95 0,89
10 0o | +1 ] o0 105 0,1 0,95 1,48
11 0 0 | -1 105 0,085 0,8 1,11
12 0 0 | +1 105 0,085 1,1 1,19
13 0 0 | o0 105 0,085 0,95 0,74
14 0 0 |0 105 0,085 0,95 0,74
15 0 0 |0 105 0,085 0,95 0,74

4.2. Python Data Processing Algorithm

To systematically analyze the experimental data,
develop the regression model, evaluate the influence
of parameters, and perform optimization, a data
processing procedure was implemented using Python.
The algorithm outlining the main steps is presented in
Figure 9 [9].

Import Libraries |——| Load Experimental Data |——|Data Normalization D

Calculate Regression
Equation

Individual Effects

Build Polynomial Regression Model |——| Create Design Matrix

Contour Plots

Contour Plots

Calculate Effects Analysis|

Optimize Parameters
Generate Statistics & Results

Figure 9. Flowchart of the algorithm for processing
data from the experimental matrix table

- Initialization and Preparation Phase:
Start — Import Libraries: Import the necessary libraries.
Load Experimental Data: Load experimental data.

Data Normalization: Normalize the data to the range
[-1.1].

- Model Construction Phase:

Calculate Regression Compute the

regression equation.

Equation:

Build Polynomial Regression Model: Construct the
polynomial regression model.

Create Design Matrix: Generate the experimental
design matrix.

- Analysis Phase:

Individual Effects: Analyze the individual effects of
each factor.

Contour Plots (2 branches): Draw contour plots for
visualization.

Optimize Parameters: Optimize the parameters.
- Results Phase:

Calculate Effects Analysis: Analyze the level of
influence.

Generate Statistics & Results: Create statistical reports
and results.

End: Conclude the process.
4.3. Results of Data Analysis using Python

The experimental data (Table 3) were processed
in Python according to the described algorithm,
employing libraries such as Numpy, Pandas, Scikit-
learn, and Matplotlib. The results indicate that the
developed regression model provides an excellent fit to
the experimental data: the coefficient of determination
(R?) reached 0.9843 explaining 98.43% of the variation
in R, while the mean squared error (MSE) was low
at 0.001695, indicating high predictive accuracy. The
regression equation describing the combined effect
of the three cutting parameters on surface roughness
(R,) is as follows:

R, = 0,74 + 0,077.V + 0,214.F + 0,069.t + +
0,4325.V.F + 0,455.V.t + 0,4725.F.t + 0,51.V2 + (3)
0,445.F? + 0,41.t2

From regression equation (3), the deviation between
the observed experimental values and the predicted
values can be calculated (Table 4).
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Table 4. Prediction errors of the regression model

TT R, Actuality | R, Prediction | Deviation
1 1,81 1,832 0,022
2 1,62 1,587 0,033
3 1,51 1,484 0,026
4 1,87 1,896 0,026
5 1,69 1,723 0,033
6 1,41 1,388 0,022
7 1,21 1,173 0,037
8 1,29 1,327 0,037
9 0,89 0,971 0,081
10 1,48 1,399 0,081
11 1,11 1,081 0,029
12 1,19 1,219 0,029
13 0,74 0,74 0
14 0,74 0,74 0
15 0,74 0,74 0

Mean Deviation 0,030

The quadratic polynomial regression model robustly
predicts the surface roughness R, and shows good
agreement with the experimental data. This is
evidenced by the small discrepancy between the
predicted and experimental values, confirming that the
model effectively captures the complex relationships.
These relationships include non-linear effects
(represented by the quadratic terms such as V?, F2, ?)
and interaction effects (represented by the remaining
terms in equation (3).

To visualize the relationship between two cutting
parameters and their effect on surface roughness
(with the remaining parameter held at its center level),
Figures 10 to 15 are presented. In these figures, the
horizontal axis represents the values in terms of coded
variables.

RN Yy e g, F2.4
r2.1

—t 18
w  0.00 4
—t 15

—0.25 4
T 12
—0.50

—t 0.9
—0.75 1

-1.00 T T T T T T T
—1.00-0.75-0.50-0.25 0.00 025 0.50 0.75 1.00

v
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Figure 10. Contour plot of the response surface
showing the effect of V. and F on R,
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Figure 11. Contour plot of the response surface
showing the effect of Vandton R,
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Figure 12. Contour plot of the response surface
showing the effect of F and t on R,
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Figure 14. Interaction plot showing the effect
of Vandton R,
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Observation: Quantitative analysis using the Python
program indicates that the order of the parameters’
effect on Ra is: F (greatest) > t > V (least). The
visualizations presented corroborate this finding.
Below are the detailed results regarding the individual
effect of each parameter:

R(V)=0,74 +0,077.V + 0,51.V2
R (F) = 0,74 + 0,214.F + 0,445 F> (4)
R.(t) = 0,74 + 0,069.t + 0,41.t2

Based on the factors above, the analysis results for the
combined effect of the cutting parameters on surface
roughness are as follows:

The influence of V on R_ accounts for 34.03%.
The influence of F on R accounts for 38.2%.
The influence of t on R, accounts for 27.77%.
Optimal values from the regression model:
Vopt =105.2 m/min.

F oot = 0.0807 mm/rev.

to = 0.96 mm.

R . =0.7125 pm.

amin

5. DISCUSSION OF RESEARCH RESULTS

Feed rate (F): This parameter has the most significant
effect. Generally, R_ increases as F increases due to
larger feed marks. However, the model indicates an
optimal F value (= 0,08 mm/rev). At very low feed
rates, R_ might also increase slightly due to secondary
effects.

Cutting speed (V): Exhibits a non-linear effect. R_ tends
to decrease as V increases from 90 m/min towards
the optimum level (=105,2 m/min), but subsequently
increases again as V rises further to 120 m/min. The
increase in R at higher speeds may be attributed to
factors such as increased heat, vibration, tool wear, or
problems with chip evacuation.

Depth of cut (t): Also shows a non-linear influence,
though less significant than F. R, tends to decrease
slightly as t increases towards its optimum level (= 0,96
mm), likely due to increased cutting stability. However,
R, increases again at higher values of t, probably due
to increased cutting forces and vibration.

The optimal cutting parameters lie within the
experimental range. Notably, the predicted surface
roughness value at this optimum is lower than
the minimum value actually observed in the initial
13 experiments (0,74 pm in experiment 13). This
demonstrates the regression model’s interpolation
capability, having generated a continuous ‘response
surface’ from discrete data points. Furthermore, it

confirms the model’'s strong predictive performance
and reinforces its value in identifying a parameter
combination (very close to the experimental center
point) that allows achieving better surface quality
compared to any of the initially investigated points.

The novelty of this paper compared to previous studies
lies in its application of a modern Python-based
analysis workflow to optimize cutting parameters for
the best surface quality specifically on AL-6XN steel
a material less emphasized in cited publications while
simultaneously providing quantitative results and
practical optimal parameters.

6. CONCLUSION

This research systematically investigated the influence
of cutting speed (V), feed rate (F), and depth of cut
(t) on surface roughness (Ra) during CNC turning
of AL-6XN stainless steel. The analysis employed
Python and scientific libraries (Numpy, Matplotlib,
Scikit-learn) to process experimental data, construct
a second-order polynomial regression model (R? =
0,9843, MSE = 0,001695) that describes the non-linear
relationship between the cutting parameters (V, F, t)
and Ra, and visualize complex parameter interactions.
The study found that the order of influence on Ra is:
feed rate (F) > depth of cut (t) > cutting speed (V).
Through optimization, the optimal cutting parameters
(V = 105,2 m/min, F = 0,0807 mm/rev, t = 0,96
mm) were determined to achieve minimum surface
roughness (Ra = 0,71 um), and these results have
been experimentally validated. The regression model
and optimal parameters provide valuable practical
guidance for engineers and operators machining AL-
6XN. Specific effect equations can be used to adjust
parameters to achieve desired surface quality. The
study emphasizes the importance of considering
interactions and non-linear effects when machining
difficult-to-cut materials like AL-6XN.
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APPENDIX

The Python program'’s storage legality has been verified
according to: GPG key ID: B5690EEEBB952194
https://github.com/giangmac/M-C-V-N-GIANG--I-H-C-
SAO-/blob/main/python%2088.10.PY
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