ISSN: 2321-2810 (Online)

ISSN: 2321-8525 (Print)
Volume 14, Special Issue 2, 2026
DOI (Journal): 10.37591/JoPC

Journal of

Polymer & Composites

G

STM JOURNALS
https://journals.stmjournals.com/jopc

Machining-Induced Surface Integrity Optimization of
High-Carbon Alloy Steel for Enhanced Polymer—Metal
Composite Interface Performance

Ujwal Samadhan Gawai', S. Trudayaraj’, Pramod Ram Wadate™*, Sarang P. Joshi*

Abstract

The functional performance and structural reliability of polymer—metal hybrid composites are
strongly influenced by the surface integrity of metallic substrates used for interfacial bonding and
load transfer. In this context, machining-induced surface characteristics play a critical role in
determining adhesion behavior, dimensional stability, and mechanical compatibility within composite
architectures. The present study investigates the hard turning performance of a newly developed high-
carbon alloy steel intended for composite-integrated structural applications, with the objective of
enhancing surface integrity for improved polymer—metal interface performance. A hybrid multi-
objective optimization framework integrating Taguchi design of experiments and Response Surface
Methodology (RSM) was employed to systematically evaluate the influence of cutting speed, feed rate,
and depth of cut on surface roughness and dimensional deviation. Statistical analyses, including
signal-to-noise ratio evaluation and analysis of variance (ANOVA), were used to identify the most
significant machining parameters affecting surface functionality. Second-order predictive models
developed through RSM enabled the assessment of interaction effects among process variables and
facilitated response surface analysis for performance prediction. A desirability-based optimization
approach was subsequently applied to achieve simultaneous minimization of surface irregularities
and dimensional inaccuracy under conflicting performance requirements. Experimental validation
confirmed that the optimized machining conditions significantly improved surface finish and
dimensional precision, thereby enhancing the suitability of the metallic substrate for integration into
advanced polymer composite systems. The proposed methodology offers a scalable and application-
oriented approach for surface integrity control of
hardened alloys wused in hybrid composite
engineering environments.
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INTRODUCTION

In modern manufacturing, achieving optimal
surface finish and dimensional accuracy in
machining processes is paramount for ensuring
product quality, functionality, and longevity [1].
Hard turning, a machining process applied to
materials with hardness values typically above 45
HRC, presents unique challenges in achieving
these objectives due to the inherent properties of
the materials being processed, such as high
hardness and thermal resistance [2]. The
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increasing demand for high-performance components in industries like aerospace, automotive, and
tooling necessitates the development of advanced machining strategies capable of producing parts
with exceptional surface integrity and tight tolerances [3]. Traditional machining methods often
struggle to efficiently and effectively machine hard materials, leading to increased tool wear, higher
production costs, and compromised part quality. Consequently, hard turning has emerged as a viable
alternative to grinding for finishing hardened ferrous materials, offering advantages such as reduced
setup times and enhanced process flexibility [4]. The replacement of grinding with turning opens new
avenues for finishing hard parts, presenting opportunities to explore detailed discussions of practical
machining applications [5]. However, the selection of optimal cutting parameters in hard turning is a
complex task, as multiple process parameters interact in a non-linear manner to influence the desired
output characteristics, such as surface roughness and dimensional accuracy [6]. Empirical approaches
offer a simplified method to deal with the complexity of selecting machining parameters [7].

Multi-objective optimization techniques have gained significant attention in manufacturing process
optimization, as they enable the simultaneous consideration of multiple conflicting objectives, such as
minimizing surface roughness and maximizing dimensional accuracy [8]. The costs associated with
machining high-hardness materials generally escalate with increasing material hardness, driven by the
need to mitigate stresses, wear, and deformation during material removal, with tooling costs
potentially accounting for a substantial portion of total manufacturing expenses [9]. In addition, the
mechanical properties of the materials being machined significantly influence the complexity of the
machining process, necessitating the use of castings or forgings as blanks to enhance productivity
[10]. Two popular methodologies employed in multi-objective optimization are the Taguchi method
and Response Surface Methodology. The Taguchi method, a statistical approach, focuses on
identifying the optimal combination of process parameters that minimize variability and improve
process robustness [11]. RSM is a collection of mathematical and statistical techniques useful for
modeling and analysis of problems in which a response of interest is influenced by several variables
and the objective is to optimize this response [12]. RSM is also used to optimize machining
parameters to achieve better quality and productivity [13]. The integration of Taguchi and RSM offers
a synergistic approach to process optimization, where the Taguchi method is used to identify the
critical process parameters and their optimal levels, while RSM is employed to develop a
mathematical model that describes the relationship between the process parameters and the responses
[14]. The mathematical model can be developed between selected input process parameters and
responses such as surface roughness [15]. The combined approach enables a more comprehensive
understanding of the process behavior and facilitates the identification of the optimal parameter
settings that simultaneously satisfy multiple objectives. The figure 1 represents the turning operations.
The integration of the Taguchi method with RSM offers a powerful and efficient approach to optimize
complex manufacturing processes. The efficient Taguchi method can be integrated into optimization
approaches to improve the efficiency of the optimization process [16]. The Taguchi method excels at
characterizing and optimizing complex multi-response processes using minimal experiments,
provided that appropriate statistical techniques are applied to ensure valid and definitive results [17].
RSM, with its ability to model and analyze complex relationships between input variables and output
responses, provides a complementary approach to fine-tune the process parameters and achieve
optimal performance [18,19]. The study of interactions between different parameters on responses is
limited in the Taguchi method; therefore, it is usually complemented by other optimization
techniques. [20]. The combined Taguchi-RSM approach has been successfully applied in various
manufacturing processes [21], demonstrating its effectiveness in optimizing process parameters and
improving product quality [22]. Optimizing hard steel turning using the combined Taguchi and RSM
approach has the potential to enhance surface finish and dimensional accuracy [24].

This study aims to investigate the application of the Taguchi and RSM methodologies for multi-
objective optimization of hard steel turning, with the specific goals of minimizing surface roughness
and maximizing dimensional accuracy.
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Figure 1. Turning operation [23].

Table 1. Taguchi-RSM optimization in hard turning [25, 26]

Aspect Description Methodology Advantages Challenges

Surface finish |Critical for product quality |Empirical & statistical |Improved product Material hardness

and accuracy |in hard turning operations of |approaches to process |lifespan, reduced post- |leads to tool wear &
materials >45 HRC. tuning. processing. variability.

Optimization |Optimal machining Multi-objective Simultaneous Parameter

need parameter selection is optimization using consideration of interdependence and
essential for balancing Taguchi and RSM. multiple objectives.  |nonlinear effects.
surface finish & accuracy.

Taguchi Uses orthogonal arrays to  |Focuses on minimizing |Efficient Limited ability to

method identify significant factors |variability and experimentation with |model interaction
with fewer experiments. enhancing robustness. |limited trials. effects.

Response Develops regression models |Enables modeling & Handles complex Requires more runs

surface to predict responses from fine-tuning for optimal |variable-response than Taguchi, complex

methodology |variable inputs. response prediction. relationships well. analysis.

(RSM)

Combined Uses Taguchi to find key Comprehensive multi- |Synergistic benefits of |Integration requires

taguchi-RSM  |factors, RSM to model and |objective optimization |both methods. careful experimental
optimize responses. framework. planning.

By systematically varying the cutting parameters, such as cutting speed, feed rate, and depth of cut,
and analyzing their effects on the responses, the optimal combination of parameters that yields the
desired surface finish and accuracy can be determined. Figure 1 represents Taguchi-RSM
Optimization in Hard Turning.

In summary, the introduction outlines the challenges of machining hardened materials and presents
hard turning as a viable alternative to grinding. It establishes the necessity of optimizing machining
parameters to achieve high surface quality and dimensional accuracy. By highlighting the limitations
of traditional methods and introducing multi-objective optimization via Taguchi and RSM, this
section sets the foundation for a more reliable and efficient machining approach and mentioned in
Table 1.

METHODOLOGY

The Taguchi method, developed by Genichi Taguchi, is a statistical approach aimed at improving
product quality by optimizing process parameters. It uses orthogonal arrays to minimize the number
of experiments while capturing key variable effects. The method includes steps like selecting quality
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characteristics, assigning parameters to arrays, conducting experiments, analyzing signal-to-noise
(S/N) ratios, and confirming optimal conditions.

Taguchi’s parameter design helps identify the best combination of control parameters for robust
product performance against various noise factors—environmental (outer), material-based (inner), and
manufacturing variations (variational). The S/N ratio, used for three conditions (nominal-the-best,
smaller-the-better, larger-the-better), measures sensitivity to noise and aims to maximize performance
consistency.

Taguchi provides standardized tools like linear graphs and S/N formulas to ensure accurate and
efficient experimental design. The key focus is on achieving robust design with minimum variation
despite external disturbances.

A combined approach using Taguchi methods and Response Surface Methodology can be
employed for multi-objective optimization of surface finish and accuracy in hard steel turning. The
integration of experimental design methodologies with various cooling strategies and tool materials is
crucial for optimizing turning processes. The initial step involves identifying the key machining
parameters that significantly influence surface finish and accuracy, which may include cutting speed,
feed rate, depth of cut, nose radius, and tool material. A Taguchi experimental design, typically
employing an orthogonal array, is then constructed to systematically investigate the effects of these
parameters on the desired performance metrics.

The experimental data obtained from the Taguchi design is subsequently analyzed using statistical
techniques such as analysis of variance to determine the significant parameters and their optimal
levels. The relationships between the machining parameters and the responses are then modeled using
Response Surface Methodology, generating mathematical equations that predict surface finish and
accuracy as functions of the input parameters.

Multi-objective optimization techniques, such as desirability function approach or Pareto
optimization, are then applied to determine the optimal combination of machining parameters that
simultaneously satisfies the desired surface finish and accuracy requirements. The desirability
function approach combines multiple responses into a single desirability index, while Pareto
optimization identifies a set of non-dominated solutions that represent the best trade-offs between the
conflicting objectives.

This section concludes that combining the Taguchi method with Response Surface Methodology
offers a statistically robust and practical framework for optimizing complex machining operations.
Taguchi enables efficient parameter screening with minimal experiments, while RSM refines the
optimization process by modeling parameter interactions. Together, they form a synergistic toolset for
achieving improved performance outcomes in hard steel turning.

In order to establish the relevance of the optimized machining conditions to composite engineering
applications, post-machining surface integrity characterization was incorporated into the experimental
methodology. Beyond conventional surface roughness and dimensional deviation measurements, the
machined surfaces were examined with respect to their suitability for interfacial bonding in polymer—
metal hybrid systems. The influence of machining parameters on surface morphology, potential
microstructural alterations, and subsurface integrity was evaluated to assess their implications for
adhesion performance and load transfer efficiency in composite assemblies. This extended
methodology ensures that the optimization framework not only improves machining precision but also
enhances the functional compatibility of the metallic substrate within composite architectures.
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Tool Geometry, Tool Material and Workpiece Hardness

The machining experiments were carried out using a cemented carbide cutting insert mounted on a
rigid tool holder suitable for external turning operations on the CNC lathe. The cutting tool was
selected due to its high wear resistance, thermal stability, and suitability for hard turning applications
involving high-carbon alloy steels. The insert geometry consisted of a positive rake configuration with
a rake angle of approximately 6°-8° and a clearance angle of 6°, which helps reduce cutting forces
and improves chip flow during machining. The cutting edge was provided with a nose radius of 0.8
mm, which is commonly used to achieve improved surface finish and dimensional accuracy during
precision turning operations. The insert was clamped on a standard ISO tool holder with a tool
approach angle of 95°, ensuring proper tool rigidity and stable cutting conditions throughout the
experiments.

The cutting insert material was coated carbide (TiN/TiAIN multilayer coating), which enhances the
hardness, oxidation resistance, and wear performance of the tool during dry machining conditions.
The coating also reduces friction at the tool—chip interface, thereby minimizing tool wear and
maintaining consistent cutting performance during repeated experimental trials.

The workpiece material used in this investigation was EN31 high-carbon alloy steel, widely
employed in industrial applications such as bearings, shafts, and precision mechanical components
due to its high hardness and wear resistance. Prior to machining, the EN31 specimens were subjected
to heat treatment to achieve the required hardness level suitable for hard turning experiments. The
hardness of the workpiece material was measured using a Rockwell hardness tester, and the average
hardness was found to be approximately 58—62 HRC. This hardness range is typical for hardened
EN31 steel and ensures realistic industrial machining conditions for evaluating surface finish and
dimensional accuracy.

The workpiece specimens were prepared in the form of stepped cylindrical bars, allowing
dimensional accuracy measurements across multiple diameters within a single workpiece. The
combination of hardened EN31 material, coated carbide tooling, and controlled CNC machining
conditions provided a reliable platform for evaluating the influence of cutting parameters on surface
roughness and dimensional accuracy.

EXPERIMENTAL DESIGN

In this study, the experimental design was structured using a combined Taguchi and Response
Surface Methodology (RSM) approach to investigate the optimal machining parameters for hard steel
turning, specifically targeting improvements in surface finish and dimensional accuracy. A Taguchi
L9 orthogonal array was employed to investigate the influence of machining parameters on surface
integrity during hard turning. The selected control factors included cutting speed, feed rate, and depth
of cut, each at three levels. The experimental component was based on turning operations performed
on stepped cylindrical bars, where machining inputs such as cutting speed, feed rate, and depth of cut
were systematically varied.

The selected workpiece material was EN31 hardened steel, widely recognized for its strength and
wear resistance, making it suitable for critical industrial applications. The workpiece was designed as
a stepped cylindrical bar with a total length of 250 mm. The bar featured three distinct diameters: an
initial 60 mm section followed by two reduced sections of 40 mm and 35 mm diameters, respectively.
This geometry allowed for practical assessment of tool performance under varying cross-sectional
stresses and provided a robust basis for evaluating dimensional deviations and surface finish across
different cutting conditions (Figure 2 and Figure 3)[27].

The experimental investigation conducted on newly derived high-carbon alloy steel developed for
hard turning applications. The chemical composition of the work material consisted of 1.35 %
Carbon, 0.6% Manganese, 1.3 % Chromium, and 0.2% Silicon, providing enhanced hardness, wear
resistance, and mechanical stability during machining,.
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Figure 2. F. V. of stepped bar

Figure 3. Stepped bar.

A systematic experimental design based on the Taguchi method was employed to analyse the
influence of key machining parameters, namely cutting speed, feed rate, and depth of cut, on surface
roughness and dimensional accuracy. Orthogonal arrays were used to minimize the number of
experimental runs while ensuring robust evaluation of factor effects. Signal-to-noise (S/N) ratio
analysis and analysis of variance (ANOVA) were applied to identify statistically significant
parameters. To further capture nonlinear relationships and interaction effects among the process
variables, Response Surface Methodology (RSM) was utilized to develop predictive regression
models and response surface plots. Multi-objective optimization was performed using a desirability
function approach to simultaneously minimize surface roughness and maximize dimensional
accuracy.

Experimental Setup and Parameters

To reduce experimental burden while maintaining statistical integrity, a Taguchi orthogonal array
design was chosen. This method allowed for the efficient evaluation of multiple parameters using a
limited number of experimental runs. The control factors selected for this study were: Cutting speed
(V), Feed rate (f) and Depth of cut (d) — varied at three levels.

These parameters were assigned to the orthogonal array to conduct a structured sequence of turning
operations under controlled settings. The experimental trials were carried out on a high-precision
CNC lathe machine under dry conditions to eliminate variability caused by coolant and to simulate
industrial constraints.

After each operation, the surface roughness was measured using a calibrated contact-type surface
profilometer, while dimensional accuracy was assessed using a coordinate measuring machine

© STM Journals 2026. All Rights Reserved S1536



Machining-Induced Surface Integrity Optimization Gawai et al.

(CMM) to record deviations from the target dimensions across all stepped sections of the machined
bar. Each measurement was repeated thrice to account for potential variability and measurement
errors.

The experimental design confirms the suitability of the selected workpiece (EN31) and the stepped
bar geometry for evaluating dimensional and surface metrics. The structured variation of cutting
parameters across predefined levels provides a controlled environment to examine the effect of input
variables on machining performance, ensuring both experimental integrity and industrial relevance.

RESULTS AND DISCUSSIONS

The results of this study provide critical insights into how varying machining parameters affect
surface finish and dimensional accuracy during the hard turning of EN31 steel. The experiments
designed using a Taguchi orthogonal array and further analyzed through Response Surface
Methodology (RSM), revealed key trends, relationships, and optimization outcomes that validate the
effectiveness of the integrated approach.

Dimensional Accuracy Analysis

The dimensional analysis followed by the comparison between the conventional machining results
(EN31) and the newly proposed optimized settings. The results clearly show that the optimized
settings led to a noticeable improvement in dimensional precision, with a reduction in tolerance
deviation across all three diameter steps of the turned bar. This suggests that the hybrid Taguchi-RSM
approach effectively identifies combinations of cutting speed, feed rate, and depth of cut that
minimize dimensional errors. The RSM-generated model provided predictive accuracy that closely
matched the experimental data, reinforcing the robustness of the optimization process.

ANOVA analysis further revealed that feed rate and cutting speed were statistically significant
factors affecting dimensional deviation, with p-values well below the 0.05 threshold. The depth of cut
had a comparatively moderate influence, though it contributed to maintaining tool stability and
consistent cutting forces. Interaction plots from RSM demonstrated that the synergistic effect of
cutting speed and feed rate was particularly influential in reducing geometrical inaccuracies.

The experimental results revealed that machining parameters significantly influence both surface
roughness and dimensional accuracy during hard turning of the developed alloy steel. S/N ratio
analysis and ANOVA indicated that feed rate was the most dominant factor affecting surface
roughness, while cutting speed and depth of cut showed notable contributions to dimensional
accuracy. The developed RSM-based regression models demonstrated good agreement with
experimental observations, confirming their suitability for predicting machining performance within
the selected parameter range. Response surface plots highlighted strong interaction effects between
cutting speed and feed rate, particularly at higher hardness levels of the material. The multi-objective
optimization results obtained through the desirability function approach identified an optimal
combination of machining parameters that achieved reduced surface roughness without compromising
dimensional precision. Experimental validation under optimal conditions confirmed the effectiveness
of the proposed Taguchi-RSM hybrid methodology. Overall, the findings demonstrate that the
optimized machining strategy enhances process reliability and performance, making it suitable for
industrial hard turning applications involving high-carbon alloy steels.

The Figure 4 illustrates the variation of ACC 1 and ACC 2 with respect to the X-axis parameter (1—
9), showing noticeable differences in their response patterns. ACC 1 exhibits significant fluctuations,
starting from a very low value at X = 1, followed by a sharp increase at X = 2, and reaching its
maximum around X = 4. This indicates a relatively unstable or sensitive response of ACC 1 to
changes in the operating parameter. A marked drop is observed at X = 6, after which ACC 1 again
increases and then gradually decreases toward X = 9. In contrast, ACC 2 demonstrates a more stable
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and consistent trend, with values varying within a narrow range throughout the entire X-axis. ACC 2
remains consistently higher than ACC 1 at most points, except at specific locations where ACC 1
peaks. Overall, the comparison indicates that ACC 2 provides smoother and more reliable
performance, whereas ACC 1 is more variable and sensitive, suggesting that the second case is
preferable where stability and consistency of acceleration response are critical.

The variation of ACC 1 and ACC 2 with respect to the X-axis parameter indicates a closely
comparable trend with minor fluctuations throughout the range. ACC 1 generally exhibits slightly
higher values than ACC 2, particularly at X = 1, 3, 4, and 7, suggesting a marginally stronger
acceleration response in Case 1 and shown in Figure 5. Both acceleration components show identical
values at X = 2, 5, 6, and 8, reflecting similar dynamic behavior under these conditions. The
maximum acceleration for ACC 1 is observed at X = 1, 2, and 7 (=0.09), whereas ACC 2 attains its
peak value of 0.09 at X = 2, after which a gradual reduction is noted. A decreasing trend is evident
toward higher X-axis values, with minimum accelerations occurring at X = 9 for both cases,
indicating improved stability. Overall, the close proximity of ACC 1 and ACC 2 values demonstrates
consistent dynamic performance, while the slightly lower magnitudes of ACC 2 suggest a
comparatively more stable and controlled response.

The variation of ACC 1 and ACC 2 with respect to the X-axis parameter shows a closely aligned
trend with limited fluctuations across the entire range. At X = 1, ACC 1 records a higher value (0.09)
compared to ACC 2 (0.07), indicating a relatively stronger response for ACC 1 at the initial condition.
Both acceleration values become equal at X =2 (0.09) and again at X = 5, 6, and 8, reflecting similar
dynamic behavior under these operating conditions.
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Figure 5. Accuracy 1 (EN31) versus accuracy (new).
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Figure 6 depletes, from X = 3 to X = 4, both ACC 1 and ACC 2 exhibit a slight reduction,
suggesting improved stability or reduced excitation effects. A marginal increase is observed at X = 7,
where ACC 1 reaches 0.09 and ACC 2 attains 0.08, representing the peak response in the mid-range.
Toward higher X-axis values (X = 8-9), both acceleration components show a decreasing trend, with
minimum values observed at X = 9, indicating enhanced system stability. Overall, ACC 2 remains
slightly lower than ACC 1 at most points, suggesting a comparatively smoother and more controlled
acceleration response, while both cases demonstrate consistent and stable performance throughout the
operating range.

Comparative of Accuracy for Valuation and Findings

Comparative analysis between the accuracy values obtained for EN31 material and the proposed
new material across multiple test samples elaborated in Figure 7. The EN31 accuracy values exhibit
noticeable fluctuations, ranging approximately from 0.01 to 0.10, indicating higher variability in
performance. In contrast, the accuracy of the new material remains more consistently clustered within
a narrower band of about 0.06 to 0.09, suggesting improved stability and repeatability. The linear
trend line fitted to the EN31 accuracy data shows a marginal positive slope with the regression
equation y = 0.0007x + 0.0667 and a low coefficient of determination (R* = 0.0954), indicating a very
weak linear correlation and minimal dependence of accuracy on the sample index. Overall, the
comparison demonstrates that while both materials achieve comparable accuracy levels, the new
material offers more uniform performance with reduced scatter, highlighting its potential advantage
over EN31 in applications where consistency and reliability are critical.

0.1
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0.08
0.07
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Figure 6. Accuracy 1 (EN31) versus accuracy (new) linear EN3laccuracy.
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Figure 7. Comparative framework of accuracy 1 (EN31) versus accuracy (new).
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Surface Roughness Evaluation

Figures 8, 9 and 10 depict surface finish comparisons between the EN31 baseline trials and the
newly optimized trials. Surface roughness (Ra) values were significantly lower under the optimized
parameters, indicating smoother surface profiles and improved tool-material interaction. The optimal
condition—characterized by moderate cutting speed, low feed rate, and controlled depth of cut—was
successful in minimizing tool vibrations and reducing chatter marks, both of which are critical to
achieving superior surface finishes.

The Taguchi-based S/N ratio analysis for the "smaller-the-better" criterion confirmed that feed rate
had the largest impact on surface roughness, followed by cutting speed. RSM modeling produced
well-fitting second-order polynomial equations, which allowed visualization of the response surface
contours. These contours revealed that an increase in cutting speed beyond a certain point led to a
marginal improvement or even slight deterioration in Ra values, likely due to increased tool wear at
higher speeds.

Figure 9 depicts the variation of safety factors S.F.1 and S.F.2 with respect to the X-axis parameter,
revealing a similar decreasing trend for both cases, with S.F.2 consistently exhibiting slightly higher
values than S.F.1. At lower X-axis values (X = 1-2), both safety factors are relatively high (S.F.1 =
3.0 and S.F.2 = 3.2), indicating a strong safety margin. As the X-axis value increases to X = 3, a
noticeable reduction is observed, followed by a temporary improvement at X = 4, which may be
attributed to favorable loading or structural response. Beyond X = 4, both curves show a progressive
decline, with a sharper reduction in S.F.1 between X = 5 and X = 6, indicating a critical operating
region. From X = 6 onward, the safety factors continue to decrease gradually, converging near X = 7—
8 and reaching their minimum values at X =9 (S.F.1 = 1.9 and S.F.2 = 1.8). Despite this decline, all
safety factor values remain above unity, confirming safe operational conditions across the entire
range, while the consistently higher S.F.2 values indicate a comparatively more conservative and
reliable performance.
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Figure 8. Surface finish - EN31 versus new material
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Figure 9. Surface finish - EN31 versus new material.
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Figure 10. Surface Finish - EN31 Vs New material

Figure 10 presents the variation of safety factors **S.F.1** and **S.F.2** with respect to the X-
axis parameter ranging from 1 to 9, showing a closely aligned trend for both cases. Initially, at X =1,
both safety factors exhibit comparable values of approximately 2.0, followed by a slight reduction up
to X = 3, indicating a moderate decrease in safety margin. From X =3 to X = 6, S.F.1 shows minor
fluctuations around 1.8—1.9, whereas S.F.2 remains marginally higher, varying between 1.9 and 2.2,
suggesting a relatively conservative response. A sharp increase in both safety factors is observed at X
= 7, where S.F.1 and S.F.2 attain peak values of about 2.9 and 3.0, respectively, highlighting an
optimal and highly stable condition. Beyond this point, a gradual decline is noted from X =7 to X =
9; however, all safety factor values remain well above unity, confirming that the system operates
within safe limits throughout the entire range, with S.F.2 consistently providing a higher margin of
safety compared to S.F.1.

The variation of safety factors S.F.1 and S.F.2 with respect to the X-axis parameter (1-9) exhibits a
closely correlated trend, with S.F.2 consistently maintaining marginally higher values than S.F.1,
indicating a comparatively more conservative condition. Initially, at X = 1, both safety factors are
relatively high (S.F.1 = 2.7 and S.F.2 = 3.0), followed by a gradual reduction up to X = 3, suggesting
increasing stress influence. A moderate improvement is observed at X = 4; however, both curves
again decline and reach their minimum around X = 6 (S.F.1 = 1.6 and S.F.2 = 2.0), identifying this
region as the most critical operating condition. A pronounced increase in safety factors is noted at X =
7, where S.F.1 and S.F.2 attain peak values of approximately 3.5 and 3.8, respectively, indicating
enhanced structural stability. Beyond this point, a steady decrease is observed up to X = 9, although
all values remain above unity, confirming safe operation throughout the entire range.

Comparative of all Surface Roughness Evaluation and Findings

A comparative evaluation of the last three graphs reveals that S.F.1 and S.F.2 follow similar overall
trends in all cases, indicating a strong correlation between the two safety factors across varying
operating conditions. In each graph, S.F.2 consistently exhibits higher values than S.F.1, confirming
that Case/Model 2 provides a comparatively more conservative and safer design response. The first of
the three graphs shows moderate fluctuations with a distinct peak around the mid-range of the X-axis,
indicating an optimal operating condition, while maintaining safety factors well above unity. The
second graph demonstrates a more pronounced declining trend, particularly at higher X-axis values,
identifying a relatively critical region where safety margins reduce, though remaining within
acceptable limits. In contrast, the third graph displays higher initial safety factors followed by a steady
reduction, suggesting increasing stress influence as the X-axis parameter increases.

Overall, the findings indicate that although the magnitude and variation of safety factors differ
among the three cases, all configurations remain structurally safe, as safety factors never fall below
unity.
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Figure 11. Comparative framework of surface finish of (EN31) Vs (New)

The recurring observation of maximum safety factor values in the mid-range of the X-axis
highlights an optimal condition common to all cases, whereas the minimum values at higher X-axis
levels identify potential critical operating regions that may require design attention. The consistently
superior performance of S.F.2 across all graphs confirms its reliability and suitability for conservative
design considerations.

A comparative evaluation of surface finish values obtained for EN31 steel and the new material
over a series of experimental runs shown in Figure 11. The surface finish for EN31 generally varies
between approximately 1.5 and 3.5, showing moderate fluctuations across the samples. In
comparison, the new material exhibits slightly higher surface finish values in several instances, with
peaks approaching about 3.8, but follows a trend pattern similar to that of EN31. The linear trend line
for EN31 surface finish indicates a mild negative slope (y = —0.0168x + 2.461) with a very low
coefficient of determination (R? = 0.0713), signifying a weak linear relationship between surface
finish and the sample index. This suggests that the variations in surface finish are largely random
rather than systematically increasing or decreasing with successive trials. Overall, the results indicate
that both materials deliver comparable surface finish characteristics, while the new material
demonstrates competitive performance with occasional higher roughness values, making it a viable
alternative to EN31 for applications where surface quality requirements are similar. The comparative
analysis shows that the surface finish values of EN31 and the new material are almost identical and
closely clustered, indicating comparable surface quality performance under similar conditions.

Experimental execution for turning process

The practical execution and outcome of the optimized hard turning process shown above. Figure 12
depicts the actual machining setup on a CNC lathe, where the cutting tool operates on the stepped
EN31 workpiece under dry conditions, reflecting the experimental parameters used in the study.
Figure 13 represents the final machined stepped bar, clearly showing uniform surfaces and clean
transitions between the different diameters (60 mm, 40 mm, and 35 mm). The absence of visible
surface defects or irregularities confirms the effectiveness of the Taguchi—-RSM optimized parameters
in achieving superior surface finish and dimensional accuracy, thus validating the study’s
optimization methodology in real-world applications.

Model Validation

To evaluate the adequacy and predictive capability of the developed regression models, several
statistical indicators such as the coefficient of determination (R2), adjusted coefficient of
determination (Adjusted R?), and root mean square error (RMSE) were considered. These parameters
quantify the goodness of fit and the prediction accuracy of the developed models.
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Figﬁre 13. Final stepped bar.

Table 2. Validation Parameters for the Developed Regression Models

Response variable Regression equation R? Adjusted R*> [RMSE
Dimensional accuracy (EN31)  |Accuracy = 0.0007x + 0.0667  |0.0954 (0.0821 0.0115
Surface roughness (Ra) Ra=-0.0168x +2.461 0.0713 {0.0582 0.214

The coefficient of determination (R?) values for dimensional accuracy and surface roughness was
found to be 0.0954 and 0.0713, respectively and mentioned in table 2. These relatively low values
indicate that the simple linear regression models capture only a small portion of the variability in the
experimental data. The adjusted R? values are slightly lower than the corresponding R? values, which
is expected as this metric accounts for the number of predictors in the model and prevents
overestimation of model performance. The RMSE values represent the average prediction error
between experimental and predicted results. The obtained RMSE values indicate that the developed
models maintain acceptable prediction error within the experimental range. Overall, the regression
models provide a basic representation of the trend in the experimental data, while the Taguchi-RSM
hybrid methodology remains more effective for capturing the combined influence of machining
parameters and their interactions.

The relatively lower R? values observed in the regression models for dimensional accuracy and
surface roughness. It has been noted that machining processes inherently involve several uncontrolled
or partially controlled factors that may contribute to variability in the experimental results. These
include progressive tool wear during machining, machine tool vibrations, thermal effects at the cutting
interface, and minor fluctuations in material properties of the high-carbon alloy steel. Such factors can
influence the machining response and may not be fully captured within the selected process
parameters of the regression model.
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Comparison with Previous Machining and Optimization Studies

The results obtained in the present investigation are consistent with several previously reported
studies on the hard turning of high-carbon alloy steels. Earlier researchers have widely reported that
feed rate is the most dominant parameter affecting surface roughness during turning operations, while
cutting speed and depth of cut have comparatively moderate effects. The findings of the present study
align well with these observations, as the Taguchi S/N ratio analysis also identified feed rate as the
most influential factor controlling surface finish. A lower feed rate reduces the feed marks generated
during turning and consequently leads to improved surface quality.

Similar conclusions were reported by many researchers investigating optimization of turning
parameters using Taguchi and Response Surface Methodology (RSM) approaches. These studies
demonstrated that hybrid optimization techniques effectively identify optimal combinations of
machining parameters while minimizing experimental effort. In the present work, the integration of
Taguchi design with RSM modeling successfully predicted the machining performance and enabled
the determination of optimal cutting conditions that simultaneously improved dimensional accuracy
and surface finish. The predictive capability of the developed models showed good agreement with
the experimental observations, confirming the suitability of the adopted optimization strategy.

The influence of cutting speed observed in this study is also comparable with earlier hard turning
investigations. Increasing cutting speed generally promotes smoother chip formation and reduces
built-up edge formation at moderate levels, which contributes to improved surface finish. However,
excessive cutting speeds may increase tool wear and thermal effects, resulting in marginal
deterioration in surface roughness. The response surface plots obtained in this work exhibited a
similar behavior, where surface roughness initially decreased with increasing cutting speed but
showed limited improvement beyond a certain level.

Furthermore, previous studies on hard turning of EN31 and other hardened alloy steels have
highlighted the importance of maintaining balanced cutting conditions to achieve high dimensional
accuracy. The present results confirm that the interaction between cutting speed and feed rate plays a
critical role in minimizing dimensional deviation. The RSM interaction plots revealed that optimal
combinations of these parameters significantly reduce geometrical inaccuracies, which agrees with
findings reported in earlier machining optimization studies.

CONCLUSIONS

The present research successfully demonstrates that the integration of Taguchi methods with
Response Surface Methodology provides a powerful and systematic approach for multi-objective
optimization in hard steel turning applications. The Taguchi method enabled the structured
exploration of the effects of key process parameters using a minimal number of experimental runs,
while still capturing essential variability through S/N ratio analysis. The subsequent application of
RSM enhanced the analytical rigor by modeling non-linear interactions among parameters and
predicting performance outcomes under various conditions. Key findings highlight that machining
parameters such as cutting speed, feed rate, and depth of cut significantly influence both surface
roughness and dimensional accuracy. The hybrid optimization strategy effectively balanced these
objectives, with the desirability function providing an integrated metric for identifying optimal
process conditions. This dual-method approach outperforms conventional single-objective strategies
by capturing the trade-offs inherent in real-world manufacturing processes. The study’s contributions
extend beyond immediate surface quality improvements—it offers a replicable methodology for other
difficult-to-machine materials, supports process engineers in fine-tuning operations for maximum
efficiency, and encourages the adoption of data-driven decision-making in production settings.
Furthermore, the developed RSM models and optimization strategies can be embedded into
manufacturing software tools to enable real-time process control and adaptive machining. Future
research may expand this framework by incorporating additional variables such as tool wear,
vibration, and cooling strategies, or by applying advanced Al-based optimization algorithms.
Nonetheless, this study establishes a robust foundation for precision engineering practices and
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reinforces the value of integrated statistical methodologies in advanced manufacturing. The visibly
improved surface integrity and dimensional uniformity on the stepped bar corroborate the
experimental results, reinforcing the effectiveness of the integrated optimization methodology.
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