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Abstract 

The purpose of this study is to study the machinability of S355 structural steel by analysis of the surface 

roughness obtained by CNC milling operations. The research is targeted to perform an evaluation of the 

influence of the machining parameters such as the spindle speed, feed rate and the depth of cut on the 

surface roughness parameter Rz. The study includes design of test specimens in Autodesk Inventor 

CAD/CAM software, determination of machining parameters and experimental manufacturing of 

workpieces by CNC milling. The quality of the generated surfaces was assessed by the surface roughness 

measurements performed on the machined samples. The Taguchi experimental design and Analysis of 

Variance (ANOVA) were used for the analysis and optimization of the machining process with the help 

of Minitab software. The results indicated that the machining parameters have a significant effect on 

surface roughness, with the depth of cut being the most influential parameter. The optimum machining 

performance was achieved in experiment no. 4 with the lowest surface roughness value of Rz = 5.69 μm 

and the highest S/N ratio of -15.10 dB. On the other hand, the highest value of Rz was 11.26 μm for 

experiment no. 6. The results show that the selection of proper machining parameters can considerably 

enhance the surface quality and the machining performance, therefore providing useful indications for 

the optimization of the CNC milling operations on S355 structural steel. 
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1. Introduction 

The machining process of cutting is one of the most applied processes in industry especially in our local 

manufacturing sectors. For the research part of this master’s thesis, semi-finished workpieces in the form 

of prisms, such as square or rectangular plates will be used according to the design. This also allows for 

measuring the surface roughness during the cutting process, in particular in CNC milling. There are 

numbers of different cutting technologies on the market such as CNC milling machine. The FIM 

laboratory will use its cutting tools for the milling process. The samples will be analyzed for surface 

roughness, hardness and dimensional inspection to establish the possible deviation from the cutting 

process. Deviations are possible due to several factors influencing machining accuracy relative to the 

original design. 
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Kara et al. studied surface roughness optimization in finish milling by using the Taguchi design method 

and ANOVA analysis. The study was related to the influence of machining parameters on the surface 

quality and indicated the optimal cutting conditions to minimize the roughness values [1]. The effect of 

machining processes on wear properties and surface quality of S355JR structural steel was investigated 

by Garagnani et al. The results showed that the machining parameters significantly affect the surface 

integrity and performance of the material [2]. Kombayev et al. studied the effect of cutting parameters 

and assist gases on the laser cutting quality of S355J2 structural steel. The study highlighted the 

importance of optimizing the process to improve surface quality and cutting efficiency [3]. Demian et al. 

studied the surface roughness optimization in milling process using Taguchi method. The study examined 

the influence of cutting speed, feed rate and depth of cut on the quality of the machined surface [4]. The 

surface roughness and surface topography were studied by Doluk et al. for the milling process under 

various machining conditions. The study emphasized the correlation between cutting parameters and the 

quality of machined surfaces, which aids in enhancing the milling performance and surface integrity [5]. 

The optimization of milling parameters of the EN 1.7131 alloy steel was studied by experimental analysis 

by Bonde et al. The effect of cutting speed, feed rate and depth of cut on surface roughness and machining 

performance was investigated and the importance of parameter optimization in CNC milling processes 

was emphasized [6]. Etyemez and Baran studied the effects of different milling strategies on surface 

roughness in machining operations. The study has shown that the toolpath strategy and machining 

conditions significantly affect the quality of the machined surface and the overall process efficiency [7]. 

The influence of various cooling and lubrication conditions on the surface roughness in stainless steel 

milling has been studied by Kumar and Chauhan. The results of the work show that the cooling methods 

play an important role in improving the quality of machining and reducing the surface irregularities [8]. 

Kuntoğlu et al. in their study evaluated the surface roughness of Strenx 1100 steel in milling under 

Minimum Quantity Lubrication (MQL). The study highlighted that the adoption of MQL technology can 

lead to betterment of surface quality and machining performance, and reduction of tool wear and cutting 

temperature [9]. Gjelaj et al. proposed an experimental method to predict surface roughness in milling 

processes using artificial intelligence algorithms. The study has proved that AI-based models are 

effective in the analysis of machining parameters and the improvement of the prediction accuracy of 

surface quality during CNC milling operations [10].  

This paper deals with machinability of S355 structural steel in CNC milling. Surface roughness (Rz) was 

studied with the Taguchi experimental design and statistical analysis methods, as a function of spindle 

speed, feed rate and depth of cut. 

 

2. Materials and Methods 

The milling tool used in this study was an HSS-Co Ø10 mm cutter with four cutting edges (Z4) according 

to DIN 844K standard. It is a professional helical cylindrical milling cutter with a 10 mm diameter and 

a cylindrical shank. This cutting tool is made of cobalt alloyed high-speed steel (HSS-Co) that offers 
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high resistance to wear and heat during machining of hard materials. The experiment was carried out 

with a 5 axes CNC milling machine, EMCO Maxxmill 630. 

An HSS-Co end mill (DIN 844K, Ø10 mm, Z4) was selected for the milling experiments. Although 

carbide tools are widely used in industrial machining due to their superior wear resistance and cutting 

performance, HSS-Co tools provide sufficient cutting capability for machining S355 structural steel 

within the investigated cutting parameter range. Furthermore, HSS-Co tools offer good toughness, 

reduced susceptibility to brittle failure, and are commonly used in laboratory and educational 

environments. To ensure consistency throughout the experiments, the same cutting tool was employed 

in all tests, allowing the influence of spindle speed, feed rate, and depth of cut on surface roughness to 

be evaluated without the additional effect of tool material variation. The experimental investigation 

utilized structural steel S355 as the workpiece material, which is widely used in manufacturing industries 

owing to its good mechanical properties, weldability and machinability. The material was prepared in 

the form of prismatic samples according to the predefined design and dimensions of machining in 

CAD/CAM. 

In the milling process the influence of surface quality was evaluated considering different machining 

parameters such as spindle speed, feed rate, cutting speed and depth of cut. In the experiments, the spindle 

speed levels were 1600 rpm, 1800 rpm and 2000 rpm, which correspond to the cutting speeds of 

approximately 50.3 m/min, 56.5 m/min and 62.8 m/min, respectively. The surface roughness of the 

samples was measured by a Mitutoyo surface roughness tester after machining, paying special attention 

to the Rz roughness parameter. The obtained results of the experiment were further analyzed to determine 

the relationship between machining parameters and surface characteristics of S355 steel. 

S355 structural steel in accordance with the EN 10025-2 standard is usually characterized by the 

following elements as presented in table 1. 

Table 1. Chemical composition for steel S355 

Chemical Element Symbol Content (%) 

Carbon C ≤ 0.24 

Silicon Si ≤ 0.55 

Manganese Mn ≤ 1.60 

Phosphorus P ≤ 0.035 

Sulfur S ≤ 0.035 

Nitrogen N ≤ 0.012 

Copper Cu ≤ 0.55 

 

S355 steel is a low alloy structural steel that has good weldability, machinability and mechanical 

properties. It can be used in a wide range of engineering and manufacturing applications. 
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3. Results and Discussion 

3.1. Analysis of surface roughness results for CNC milling process 

Theoretical and practical results were compared to analyze the surface roughness for the CNC milling 

manufacturing technology. In addition to the CNC milling machine, this research also used measuring 

equipment and statistical analysis software (Minitab) which includes the Taguchi method. 

Before starting the measurements, the measuring device Mitutoyo SJ-301 was calibrated. The calibration 

value measured must be equal to the reference standard value Ra = 3.10 [μm], as shown in Figure 1. 

 

 

Figure 1. Calibration of the Surface Roughness Measuring Instrument and Measurement Procedure 

 

The Mitutoyo device can measure up to 38 different parameters. However, the main parameters studied 

in this research are the primary surface roughness parameters, namely Ra [µm], Rz [µm] and Rq [µm]. 

The Mitutoyo SJ-301 is a sophisticated portable surface roughness profilometer used professionally in 

laboratory and industrial environments for quality control of machined surfaces created by manufacturing 

technologies such as turning, milling, and grinding process. The device has a wide variety of 

measurement parameters according to international ISO, JIS, ANSI standards such as Ra, Rz, Rq, Rt and 

many others. The Mitutoyo instrument uses Gaussian filtering with the adjustment of the cutoff length 

(λc) that was set to 2.5 mm in this study for the adaptation to different types of machined surfaces. 

The Mitutoyo SJ-301 has an LCD display and a thermal printer. This means that the results of 

measurements can be printed immediately after testing. This device also has advanced analysis 

capabilities like profile, waviness and roughness evaluation and an automatic calibration support system. 
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The SJ-301, with its high accuracy and operational flexibility, is an ideal solution for precise surface 

quality measurements of mechanical components, fulfilling the requirements of the metal processing 

industry. 

Table 2 presents the machining conditions and the obtained surface roughness values for Ra, Rz, and Rq 

as a function of the main CNC milling parameters. Ra, Rq and Rz parameters were measured and 

analyzed in this work for a full evaluation of surface roughness. However, the main evaluation criterion 

was Rz, because it is the maximum height difference between the highest peaks and the deepest valleys 

over the sampling length, and is very sensitive to surface irregularities generated during the machining 

process. 

Table 2. Results obtained from CNC milling process. 

No. of 

experiments 

Number of 

revulotion 

n [rpm] 

Feed rate 

f [mm/min] 

Depth of 

cutting 

a [mm] 

Surface 

roughness 

Rz [μm] 

S/N 

Ratio 

 1 1600 70 0.2 6.56 -16.34 

2 1800 85 0.4 6.93 -16.81 

3 2000 100 0.6 5.75 -15.19 

4 1600 85 0.2 5.69 -15.10 

5 1600 100 0.2 6.74 -16.57 

6 1800 70 0.4 11.26 -21.03 

7 2000 100 0.4 6.68 -16.50 

8 1800 70 0.6 5.95 -15.49 

9 2000 85 0.6 6.39 -16.11 

 

The experimental results obtained from the CNC milling process are presented in Table 2, which includes 

machining parameters, measured surface roughness (Rz), and their corresponding Signal-to-Noise (S/N) 

ratios. The S/N ratio was calculated based on the “smaller-is-better” criterion as the objective of the study 

was to minimize the surface roughness. 

The results show that the best surface quality of Experiment No. 4 has the lowest Rz value of 5.69 µm 

and the highest S/N ratio of -15.10 dB. This combination of machining parameters gave the best cutting 

conditions of the experiments tested. On the other hand, Experiment No. 6 had the highest value of Rz 

equal to 11.26 µm and the lowest value of the S/N ratio equal to -21.03 dB, which indicates poor surface 

quality. In this experiment, the increased roughness might be attributed to higher cutting forces, vibration, 

unstable chip formation, or unfavorable tool–workpiece interaction in the milling process. 

In general, the variation of Rz values shows that the selection of machining parameters has a great impact 

on surface quality and machinability performance. The Signal-to-Noise (S/N) ratio was calculated by 

using the quality characteristic of “smaller-is-better” because the objective of the milling process is to 

minimize the surface roughness parameter Rz . The S/N ratio was calculated according to the following 

equation: 
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𝑆

𝑁
= −10𝑙𝑜𝑔 (

1

𝑛
∑ 𝑅𝑧𝑖

2𝑛
𝑖=1 )                (1) 

 

The diagrams of Rq were obtained after the application of the Taguchi method as shown in the following 

figure.   

Figure 2 shows the 3D diagram based on the feed rate f [mm/rev], depth of cut a [mm] and the maximum 

profile roughness parameter (Rz) [µm]. The Rz parameter is the maximum height between the highest 

peak and the lowest valley of the surface profile and is considered an important criterion in assessing the 

machined surface quality. The surface in the diagram depicts the effect of the cutting parameters on the 

increase or decrease of Rz values. 

The Rz value in Experiment No. 6 is much higher because of the particular combination of machining 

parameters used in this test. The CNC milling surface roughness is highly dependent on the spindle speed, 

feed rate and depth of cut and on the dynamic stability of the cutting process. 

 

Figure 2. Surface roughness diagram for Rz [μm] as a function of feed rate f [mm/rev] and 

depth of cut a [mm]. 

 

The surface profile shows a non-linear behavior, where in some areas the increase of depth of cut and 

feed rate causes a considerable increase of Rz values. In particular, for experiment number 6, for which 

the machining parameters are: spindle speed 1800 [rpm], feed rate 70 [mm/rev] and depth of cut 0.4 

[mm], some points show a sudden increase of Rz above 10 µm (experiment number 6 with a value of Rz 

= 11.26 μm). 
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The effect of machining parameters on the surface roughness parameter Rz was evaluated by analysis of 

variance (ANOVA). The results showed that the depth of cut was the most significant factor, accounting 

for 62.77% of the total variation in surface roughness. The feed rate was the second most significant 

parameter with a contribution of 21.05%, while the spindle speed showed the lowest contribution of 

16.18%. The results indicate that the surface quality is greatly affected by changes in depth of cut than 

changes in feed rate and spindle speed. Therefore, it is very important to optimize the depth of cut to 

achieve lower surface roughness values and improve the overall machining performance. This research 

paper helps to identify the optimum parameters for stable and efficient machining of S355 steel in the 

milling process. The Rz values obtained are quite low with respect to the machining parameters, but they 

are needed to evaluate the quality of the surface finish. This graph shows the relative influence of each 

parameter and an overview of the variation behavior according to the experimental results for machining 

process optimization. 

 

4. Conclusions 

In this study, the effect of spindle speed, feed rate and depth of cut on surface roughness parameter Rz 

during the CNC milling of S355 structural steel was investigated. The experimental results showed that 

the quality of machined surface is highly affected by the machining parameters. 

The Taguchi methodology with “smaller-is-better” criterion was successfully employed to evaluate and 

optimize the milling process. From the nine experimental runs, the best machining performance was 

obtained from the Experiment No. 4 with the lowest value of surface roughness of Rz = 5.69 μm and the 

highest S/N ratio of -15.10 dB. Experiment No. 6 had the lowest S/N ratio of -21.03 dB and the highest 

surface roughness value of Rz = 11.26 μm, which indicated the worst machining conditions 

The statistical analysis showed that the depth of cut was the most influential factor on the surface 

roughness followed by the feed rate, whereas the spindle speed had the lowest contribution in the 

investigated parameter range. The results demonstrate that proper selection and optimization of 

machining parameters can significantly improve the surface quality and machining performance 

Overall, the study proves the effectiveness of the Taguchi approach for optimizing CNC milling 

operations and provides useful guidelines for achieving lower surface roughness and improved 

machinability of S355 structural steel. 
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