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Accepted  :01 April 2026  roughness level of the turning results on low-carbon steel materials. The

Published  :26 April 2026 experimental method used is the Taguchi experimental design with an
orthogonal approach. L9 array to identify factors that affect the surface quality
of machining results efficiently. The independent variables tested were spindle
rotation speed at three levels (260, 290, and 450 RPM) and the type of cutting
tool material, consisting of three types, namely HSS, Carbide, and Diamond.
The results showed that the type of cutting tool material had a more significant
effect on surface roughness than the spindle rotation speed. Carbide cutting tools
produced the lowest surface roughness, followed by HSS and Diamond. The
optimal combination to minimize surface roughness was the use of Carbide
cutting tools at a spindle rotation speed of 450 RPM, which produced a surface
roughness of about 5.612 pm. Although the linear regression analysis did not
show high statistical significance, the model remained diagnostically valid based
on the residual test. This study provides an important contribution to the
selection of optimal machining parameters to improve the surface quality of
turning results in the manufacturing industry.

1.Introduction

In the manufacturing world, the turning process on a lathe or CNC lathe is a fundamental element in
producing components with high dimensional precision and surface quality. One indicator of the quality of a
lathe's surface is surface roughness. roughness), which affects the functional performance, aesthetics, and
service life of components. Therefore, it is important to understand the factors that influence surface
roughness [1]. Among the many machining parameters, two variables are often considered critical in
determining the surface finish of turning products, namely the cutting tool material and the spindle rotation
speed. The cutting tool material influences hardness, wear resistance, cutting stability, and the interaction
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between the tool and the workpiece. At the same time, spindle rotation speed determines cutting conditions
such as cutting force, heat generation, and process stability, all of which contribute to the final surface
roughness of the machined part.

Several recent studies support the importance of these variables. The machining process using a lathe to
produce components with good surface quality is greatly influenced by several factors, including the type of
cutting tool material and spindle rotation speed. Surface roughness is an important parameter in determining
the quality of machining results, which in turn affects the performance and durability of the final product [2].
In turning operations, surface roughness is influenced by the interaction between the cutting tool, the
workpiece material, and the machining conditions applied during the process.

Previous studies have also shown that cutting tool material has a major effect on surface roughness.
Ginting et al. reported that, in turning AISI 4140 steel, carbide tools produced lower surface roughness than
HSS tools under similar cutting conditions [3]. This result indicates that carbide tools tend to provide better
surface finish because of their higher wear resistance and more stable cutting performance. In contrast,
Prasad et al. 2024 also showed that tool wear in high-speed machining turning) can cause increased surface
roughness, due to the influence of greater friction during the cutting process [4]. These findings highlight that
the selection of cutting tool material is closely related to the ability to maintain surface quality during
machining.

In addition to tool material, tool geometry also contributes to the resulting surface finish. Gimastian et
al. [5] emphasized the role of tool nose radius in reducing the surface roughness of turned AISI 4140 steel.
Their study showed that an appropriate tool tip radius can improve surface quality when combined with
proper cutting conditions. This means that surface roughness is not controlled by a single factor, but by the
combined effect of tool characteristics and machining parameters.

Spindle rotation speed is another important factor in determining the surface quality of turning results.
According to a study by Sumawijaya et al. [6] found that coated carbide tools operated at high rotational
speed produced lower surface roughness because they were more resistant to heat and wear under demanding
machining conditions. Likewise, Lai et al. [7] reported that higher spindle speed can improve surface finish
by reducing contact time between the tool and the workpiece and by supporting a more effective cutting
process. However, the influence of spindle speed cannot be separated from the type of cutting tool used.
Research by Ginting et al. [3] also showed that increasing spindle speed can reduce surface roughness when
carbide tools are used, while the same increase may not provide similar benefits when HSS tools are applied.

Based on these studies, the current state of the art shows that surface roughness in turning is strongly
influenced by the interaction between cutting tool material, spindle speed, tool wear, and tool geometry.
Previous research has consistently shown the advantages of carbide tools in producing smoother surfaces and
has highlighted the importance of selecting suitable cutting conditions to improve machining quality [3], [4],
[5], [6], [7]. However, studies that specifically compare three cutting tool materials, namely HSS, Carbide,
and Diamond, under several spindle rotation speed levels in the turning of low-carbon steel using a Taguchi
L9 design are still limited.

Therefore, the novelty of this study lies in the integrated evaluation of the effect of three cutting tool
materials and three spindle rotation speeds on the surface roughness of low-carbon steel in a turning process.
By applying the Taguchi experimental design, this study aims to determine the optimum combination of
cutting tool material and spindle rotation speed for minimizing surface roughness. The findings of this
research are expected to provide a clearer contribution to the selection of machining parameters for
improving the surface quality of turned low-carbon steel components.
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2.Research Methodology
2. 1. Method

This research begins with Stage 1: Process Selection and Preparation. The first step is selecting suitable
cutting tool materials—HSS, Carbide, and Diamond. Next, several input parameters are determined. The
spindle rotation speed is tested at 260, 290, and 450 rpm. The cutting rate and depth are kept constant at 25
m/min and 1 mm. The work material is low-carbon steel with set dimensions for each experiment.

Sel T’°ce?f "’:i:‘yd°wf " Input parameters Workpieces

election of tool type of the Spindle Speed: 260, 290, and : i

Stage 1 manufacturer. Tools used include P ’250 RPM, ’ Material dimensions
HSS, Carbide, and Diamond.

Turning
Stage 2 |—
Stage 3 | —
Analysis
» Surface roughness
Stage4 |~ - Taguchi Method
* Analysis of Variance (ANOVA)

FIGURE 1. Flowchart research

After the preparation phase, the research continued with the machining process (turning) in Stage 2, using
a lathe. In this stage, low-carbon steel material was cut using a selected cutting tool, according to the
specified rotational speed level. Cutting was carried out by paying attention to the parameters of spindle
rotational speed and the type of tool material, which will affect the machining results.

In Stage 3, measurements are taken for two important parameters: tool wear and surface roughness. Tool
wear is measured using a microscope to determine the extent of tool material damage after a certain amount
of cutting time. Meanwhile, the surface roughness of the turning result is measured using a Surface
Roughness Tester Mitutoyo SJ-310, where measurements are taken at three points along the surface of the
workpiece to ensure representative results.

After the measurements are carried out, the final stage is data analysis ( Stage 4), where the data obtained
from the tool wear and surface roughness measurements are analyzed using Analysis of Variance (ANOVA)
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to determine the significant influence of the tested factors, namely the type of cutting tool material and
spindle rotation speed, on surface roughness (Ra). If a significant difference is found, further analysis is
carried out using the Taguchi Test to determine the combination of factors and levels that produce the lowest
surface roughness.

By following this flow, the research aims to identify the optimal combination of machining parameters in
producing smooth surfaces in machining with low-carbon steel materials, as well as providing a deeper
understanding of the influence of tool material type and spindle rotation speed on surface quality.

2. 2. Table Parameters

TABLE 1. The parameters used in the research design

Factors Research Parameters Value Units
A Spindle rotation 260; 290; 450 mm/min
B Cutting tools X -

3.Results and Discussion

In this section, the results of the research are presented based on the data obtained from the conducted
experiments. The data shown in Table 2 illustrates the surface roughness (Ra) levels produced by varying
spindle speeds and cutting tool materials used in the study. These results highlight a significant relationship
between both factors and the quality of the surface finish. The subsequent analysis of this data will provide
insights into the impact of each factor and their interaction on the surface roughness of low-carbon steel
material tested in the experiment.

TABLE 2. Roughness level of turned work with Spindle Rotation and Cuttingl Tool Type

Speed Spindle Rotation Cutting Materials
(rpm) HSS Carbide Diamond

260 5.273 6.241 8.198
260 9.501 6.482 10.868
260 9.906 7.477 9.247

Average 8.227 6.733 9.438
290 8.882 7.390 10.614
290 11.467 7.145 8.221
290 8.950 4414 9.745

Average 9.766 6.317 9.527
450 8.399 4.968 10.910
450 5.992 6.385 11.284
450 4.709 5.482 9.935

Average 6.367 5.612 10.170

Table 2 presents the surface roughness level (Ra) of turning results with variations in spindle rotation
speed and cutting tool material types at three different experimental levels. Based on the data, it can be seen
that Carbide cutting tools produce the lowest surface roughness at each spindle rotation speed level, followed
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by HSS and Diamond. In general, increasing spindle rotation speed contributes to a decrease in surface
roughness, although the effect is smaller compared to the type of cutting tool used.

At a speed of 260 RPM, the Carbide chisel produced an average surface roughness value of 6.733 pm,
lower than that of HSS (8.227 um) and Diamond (9.438 um). This indicates that at lower rotational speeds,
the Carbide chisel is more efficient in producing smoother surfaces. In line with the findings of Ginting et al.,
who showed that carbide tools produce smoother surfaces due to their better wear resistance compared to
HSS.

At a speed of 290 RPM, the Carbide tool still showed the lowest surface roughness (6.317 um), while
HSS and Diamond produced higher roughness. This finding supports the research of Lai et al. [7], who also
found that carbide tools were more effective in reducing surface roughness at high cutting speeds.

At a speed of 450 RPM, the Carbide chisel still produces a lower surface roughness (5.612 pm) compared
to HSS (6.367 um) and Diamond (10.170 pm). This decrease in surface roughness is in line with research by
Lai et al. [6] and Kang et al. [8] who revealed that coated carbide chisels in fast machining tend to produce
better surface quality.

TABLE 3. Orthogonal array L9 (factor, level and response)

Run A B Response Ra (um)
1 1 1 8.227
2 1 2 6.733
3 1 3 9.438
4 2 1 9.766
5 2 2 6.317
6 2 3 9.527
7 3 1 6.367
8 3 2 5.612
9 3 3 10.17

Carbide chisels are more effective in producing smooth surfaces at various spindle rotation speeds. This is
in line with the findings in Ginting et al. [3], which shows that carbide tools can reduce surface roughness
better than HSS and Diamond, especially under fast machining conditions. However, the spindle rotation
speed has an effect on reducing surface roughness; the effect is smaller compared to the type of cutting tool.
This finding is relevant to previous research, which shows that increasing spindle rotation speed can improve
machining quality only when combined with the right tool, such as a Carbide tool at high speed.

This analysis aims to evaluate the combination of factors and levels that produce the lowest surface
roughness (Ra) value, according to the optimization principles in the Taguchi method.
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1. Taguchi Design Analysis

TABLE 4. Response for Signal to Noise Ratios (Smaller is better)

32

Level A B
1 -18.12 -18.06
2 -18.46 -15.85
3 -17.07 -19.74
Delta 1.39 3.89
Rank 2 1
TABLE 5. Response for Means
Level A B
1 8.133 8.120
2 8.537 6.221
3 7.383 9.712
Delta 1.154 3.491
Rank 2 1

Based on the results of the Taguchi Test and Signal-to-Noise Analysis Ratio (SNR), the cutting tool
material type factor (B) has a greater influence on surface roughness compared to the spindle rotation speed
factor (A). The SNR analysis presented in Table 3 shows that cutting Tool (B) has the largest contribution to
the variation in surface roughness with a delta value of 3.89, while the spindle rotation speed (A) has a
smaller delta of 1.39. This shows that the selection of the cutting tool type is more dominant in reducing
surface roughness compared to the spindle speed setting.

These results are consistent with the findings in Sukkam et al. [9] , who stated that carbide tools are more
effective at high speeds in producing smooth surfaces compared to HSS. Their research revealed that carbide
tools provide better surfaces in machining AISI 4340 steels at high speeds.

Mean of Means

Main Effects Plot for Means

Data Means

FIGURE 2. Plot of Main Effects for means
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Figure 2. shows the Main Effects Plot for the average surface roughness (Ra) values at each level of
factors A and B. From this graph, it can be seen that the type of cutting tool (B) has a greater impact on
surface roughness compared to the spindle rotation speed (A). In factor B, level 2 (Carbide) produces the
lowest Ra value, while in factor A, level 3 (450 RPM) provides the lowest surface roughness, although the
difference is smaller. This indicates that Carbide is more sensitive to variations in spindle rotation speed

compared to other tools.

Main Effects Plot for SN ratios
Data Means

-16 1

17

-18

Mean of SN ratios

-19

204

1 2 3 1 2 3
Signal-to-noise: Smaller is better

FIGURE 3. Plot of Main effects for SN ratios

Figure 3, which shows the Main Effects Plot for SN Ratios, also shows a similar pattern, where factor B
(cutting tool) has the greatest influence on surface roughness. Level 2 (Carbide) provides the highest SN
ratio, meaning the lowest surface roughness, while level 3 (Diamond) produces the lowest SN ratio,

indicating higher roughness.
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Contour Plot of Surface Roughness vs A; B
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FIGURE 4. Contour plot of the interaction effect of factors A and B on surface roughness

Figure 4 shows a contour plot depicting the interaction between factors A and B on surface roughness.
This plot confirms that the combination of high speed (A3) with a carbide tool (B2) produces the lowest
surface roughness, with lighter colors on the plot indicating roughness below 6 pm. This is in accordance
with the findings of Muhammed et al. [10] who suggested that to achieve optimal surface quality, carbide
chisels should be used at high speeds.

Plot of Surface Roughness vs A; B

100
Surface Roughness

75

FIGURE 5. Plot of surface effects interaction factors A and B against the surface roughness
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Based on Figure 5, which shows the surface plot, also illustrates that the combination A3B2 (450 RPM
spindle speed and Carbide tool ) produces the lowest surface roughness, reinforcing the results of the
previous analysis and indicating that the interaction between factors A and B greatly affects the surface
quality. This combination forms the lowest curve on the graph, indicating the most optimal conditions for
minimizing surface roughness.

The interaction analysis between the spindle speed (A) and cutting tool type (B) factors revealed that the
Carbide tool at a speed of 450 RPM produced a smooth surface with the lowest roughness value, which is
consistent with the results of research by Lai et al. [7] who stated that the combination of high speed and the
right tool is the key to achieving optimal surface quality.

2. Analysis of Variance (ANOVA)

TABLE 6. Result of ANOVA
Source DF Seq SS Contribution Adj SS Seq MS  F-Value P-Value
Regression 2 4.6431 18.51% 4.6431 2.3216 0.68 0.541
A 1 0.8430 3.36% 0.8430 0.8430 0.25 0.637
B 1 3.8001 15.15% 3.8001 3.8001 1.12 0.332
Error 6 20.4399 81.49% 20.4399 3.4067
Total 8 25.0830 100.00%

Tests use the sequential sums of squares

Table 6 shows the results of the Analysis of Variance (ANOVA) to evaluate the influence of factor A
(spindle speed) and factor B (cutting tool) on surface roughness. The ANOVA results show that although
factor B has a greater contribution to the variation in surface roughness, these two factors do not have a
statistically significant effect, with a P-value greater than 0.05. However, factor B (cutting tool) has the
largest contribution, namely 15.15%, compared to factor A (spindle speed), which only contributes 3.36%.
This indicates that although both factors are not statistically significant, the type of cutting tool remains a
more dominant factor in influencing surface roughness in this experiment.

4.Conclusion

Based on the research results, it can be concluded that the type of cutting tool material has a more
significant influence on surface roughness compared to the spindle rotation speed. Carbide tools produce the
lowest surface roughness at every level of spindle rotation speed tested, with the combination of Carbide
tools at a speed of 450 RPM providing optimal results with a surface roughness of around 5.612 um.
Although the spindle rotation speed affects surface roughness, its influence is smaller compared to the
selection of the right type of cutting tool. This study suggests the use of Carbide tools at high speeds to
achieve the best surface quality in machining low-carbon steel, as well as opening room for further research
on the influence of other factors, such as tool geometry and cooling techniques.
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