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ABSTRACT

This experimental study provides new insights into the dry internal
turning behaviour of seamless cold-drawn DIN C45 steel tubes
subjected to different heat treatment conditions (normalized and
stress-relieved). Unlike conventional studies that focus solely on
parameter optimization, this work emphasizes the interaction
between cutting parameters and heat treatment on surface integrity
and chip morphology. A factorial experimental design was applied to
evaluate the combined effects of cutting speed and feed rate on surface
roughness parameters arithmetic mean deviation (Ra), total profile
height (R:), and maximum profile height (R.) while maintaining a
constant cutting depth. The results highlight that feed rate and its
interaction with cutting speed significantly affect surface roughness (p
< 0.05), with normalized steel showing superior chip fragmentation
and surface finish compared to the stress-relieved condition. The
findings contribute to a better understanding of dry machining
behaviour in medium-carbon steels, offering experimentally validated
guidelines for selecting cutting parameters that improve surface
quality and process efficiency while minimizing empirical testing in
industrial applications.

© 2025 Published by Faculty of Engineering

1. INTRODUCTION

DIN (C45 steel is a medium-carbon steel widely

dimensional stability, reduced residual stresses,
and enhanced machinability, enabling the
production of high-strength components

employed in engineering applications due to its
combination of mechanical strength, hardness,
availability, and cost-effectiveness [1,2]. Cold-
drawn seamless tubes of DIN C45, when
subjected to thermal treatments such as
normalization or stress relief, exhibit improved
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including gears, pins, bushings, automotive
parts, and machine elements [2,3].

Dry turning, in particular, has gained interest
for reducing cutting fluids, energy
consumption, and operational costs, while
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achieving high-quality surface finishes [4-9].
However, achieving these advantages requires
careful selection of cutting parameters,
including feed rate, cutting speed, and cutting
depth, as well as appropriate tool geometry
and coating [10-13]. Previous studies have
demonstrated that feed rate and cutting speed
largely govern surface roughness, while
cutting depth typically has a minor influence.
Biasibetti [14] and Keblouti [15] highlight that
tool material and cutting conditions
significantly affect chip formation and surface
integrity, yet most studies focus on external
turning or bar geometries rather than internal
turning of tubular components.

Despite  extensive  research on  steel
machinability, limited attention has been given
to internal dry turning of cold-drawn DIN C45
tubes, particularly evaluating the effects of
thermal treatments on surface roughness and
chip morphology. This study addresses this gap
by assessing the influence of feed rate (f;) and
cutting speed (Cs) on surface roughness
parameters (R, Ry, R;) and chip formation in dry
internal turning of normalized and stress-
relieved DIN C45 tubes.

The study highlights the relevance of this choice
by demonstrating the potential competitiveness
of the selected material compared to traditional
applications, adding value by combining
scientific rigor with industrial applicability, and
generating technical knowledge useful for the
rational selection of cutting parameters in
relation to the material's thermal conditions,
with direct benefits in performance, cost, and
production efficiency.

Table 1. Chemical Composition (% by mass) of C45 Steel.

2. MATERIALS AND METHODS

The material used in all tests was DIN C45
steel, subjected to two distinct types of heat
treatment: normalizing (+N), performed at
920 °C for 60 minutes, and stress relief (+SR),
performed at 580 °C for 30 minutes. The
chemical composition, analysed using the
Thermo Fisher ARL4460 optical emission
spectrometer, can be found in Table 1. The
permissible values for each element according
to the EN10083-2 [16] standard are also
shown.

The dimensions of the test specimens used
were 82.5 mm x 18 mm (external diameter x
thickness) for the steel with normalizing
thermal treatment (+N) and 52 mm x 7 mm
(external diameter x thickness) for the steel
with stress relief thermal treatment (+SR),
both with an initial length of 150 mm. The
experimental procedure was conducted using
dry turning tests on the internal diameter
surface of the test specimens. This evaluation
was performed by analysing the roughness of
the machined surface and the machining chips’
morphology. A 32 full factorial design was
used, with three levels and two factors,
resulting in nine trials, without replicates. The
independent variables (factors) were the feed
rate and cutting speed, with the following
levels: 0.15 mm.rev-! (-1), 0.23 mm.rev-! (0),
and 0.30 mm.rev! (+1) for feed rate; 180
m.min-! (-1), 278 m.min-! (0), and 300 m.min-!
(+1) for cutting speed. The level values
encompass the limits specified by the cutting
tool manufacturers and are commonly applied
in the industry.

Elements C Si Mn P S Cr Mo Ni Cr + Mo + Ni
min/max | max. | min/max max. max. |max.| max. | max. max.
EN10083-2 Standard
0.42/0.50 | 0.40 | 0.50/0.80 0.045 0.045 | 0.40 | 0.10 | 0.40 0.63
Stress relief 0.471 0.21 0.80 0.011 0.0082 | 0.17 | 0.018 | 0.03 0.22
Normalized 0.461 0.22 0.68 0.009 0.0124 | 0.07 | 0.028 | 0.03 0.13

The machining length was kept constant at 55
mm, and the cutting depth (Cp;) remained
constant at 0.80 mm at the radius for each
machining pass. The response variables
obtained from the experiment were the R,, R¢
and R; roughness parameters. R, determines
the average of all peaks and valleys measured

along the analysis, R¢ is defined as the vertical
distance between the highest peak and the
lowest valley, and R, is more sensitive to
occasional high peaks or deep valleys than R,
[17,18]. Table 2 presents the design of the dry
turning experiments.
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Table 2. Experimental Design for Stress Relief and
Normalized C45 Steel.

Test fr Cs
1 -1 (0.15) -1(180)
2 -1(0.15) 0(278)
3 -1(0.15) +1 (300)
4 0(0.23) -1(180)
5 0(0.23) 0(278)
6 0(0.23) +1 (300)
7 +1(0.30) -1(180)
8 +1(0.30) 0(278)
9 +1(0.30) +1 (300)

The metallographic analysis was performed on
samples with a face area of 1 cm? (1 cm wide x
1 cm long). The samples were embedded using
hot-curing phenolic resin (bakelite) at
approximately 150 °C, using the PRE 30Mi
Arotec metallographic embedding machine.
After embedding, the sample surfaces were
prepared following consecutive sanding steps,
using water-resistant sandpapers with grit sizes
of 120, 240, 320, 400, and 600 mesh. Afterward,
they were polished in the presented sequence,
using diamond paste with grit sizes of 9 um, 3
pum, and 1 pm. The samples were etched with a
5% Nital solution to reveal the microstructure.

The hardness was determined using a Vickers
microhardness tester, Shimadzu, HMV-2TE, with
a 40x magnification, diamond-tipped indenter,
15 seconds penetration time and an applied load
0of 1961 N. Ten measurements were taken on the
surface of the samples.

The tensile test was conducted using an Instron
universal testing machine, model 5992, with the
Blue Hill3 data acquisition system and a
mechanical extensometer. The test specimens
were prepared according to the requirements
defined by ASTM A370 [19].

The machinability test was conducted on a Romi
Centur 30D lathe, using power of 9 kW and a
maximum speed of 4000 rpm. The lathe is
equipped with a Siemens 810 Computer
Numerical Control (CNC) software. A carbide
cutting insert (Mitsubishi Materials, VBMT
110304-MV UE6020, ISO P20 class), coated with
titanium nitride (TiN), was used with the
FSVUB20 16R-11S tool holder. Both components
were new at the start of testing. The MV model
features dual chip breakers and rounded points on
the cutting face. Its dimensions are shown in Fig. 1.
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The R, Riand R, measurement was conducted
using a contact method, with a Tesa portable
roughness meter, model Rugo Surf 20, at three
equidistant points horizontally across the
internal surface of the test specimens. The
roughness meter was configured with five cut-
offs of 0.80 mm sampling length, totalling 4 mm
as the total measurement length. The chips
formed during the tests were analysed using a
digital microscope, and their characteristics
were compared with the chip classification
according to the NBR ISO 3685 standard [20].
Descriptive statistical analysis of the roughness
parameters was performed using the arithmetic
mean, standard deviation, coefficient of
variation, and variation index. Inferential
statistical analysis was conducted to evaluate the
influence of cutting parameters on R, Rrand R,
roughness using the analysis of variance
(ANOVA) method with a 95 % significance level
[21-24].

(b)

\
EPSR 4

D1 - Hole diameter for mounting: 2.90 mm

IC - Diameter of the inscribed circle: 6.35 mm
EPSR - Point angle: 35°

AN - Clearance angle: 5°

S - Cutting insert thickness: 3.18 mm

RE - Point radius: 0.0 mm

Fig. 1. Cutting Insert: (a) VBMT 110304 - MV
UE6020; (b) representation of cutting insert with its
respective dimensions.

3. RESULTS AND DISCUSSION

The materials under consideration in this study
were characterized in terms of their
microstructure, hardness, and the influence of
dry machining parameters on surface finish.

3.1. Metallographic analysis

The material was characterized as a
hypoeutectoid steel with a microstructure
consisting of ferrite (light areas) and pearlite
(dark areas) [25] in both types of thermal
treatments, as illustrated in Fig. 2 (a) for
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normalized steel and Fig. 2 (b) for stress-relieved
steel. The metallographic analysis reveals that
the C45 steel microstructure is consistent with
the thermal treatments applied. The presence of
ferrite phase is observed in light areas, while
pearlite phase is present in dark areas. The main
difference observed when comparing the
micrographs of samples subjected to different
thermal treatments is that the pearlite density in
the stress-relieved sample appears to be higher
compared to the normalized sample [26].

Fig. 2. Microstructure of C45 Steel with Thermal
Treatments: (a) Normalized, (b) Stress Relieved.

3.2. Hardness and tensile strength

Table 3 presents the average hardness values
obtained with their respective standard
deviations. A hardness of 297 HV + 13 HV was
found for the stress-relieved material, where
there were a higher fraction of pearlite (Fig. 2)
and a hardness of 190 HV = 7 HV for the
normalized material. It can be observed that the
thermal treatment has a significant impact on
the hardness of C45 steel, resulting in greater

hardness for the stress-relieved sample
compared to the normalized one. This
mechanism is explained by Bhadeshia [26],
where it may arise from differences in the
thermal history: normalizing via heating above
the A3 temperature tends to homogenize the
microstructure and frequently refine the
pearlite, whereas stress-relieving undertaken at
temperatures below A1l preserves the pre-
existing microstructure and only modifies the
defect energy state and micrographic contrast.

Table 3. Vickers Hardness of the Samples.

Treatment Hardness (HV)
+N 1907
+SR 297 £13

Table 4 shows the results obtained from the
tensile tests until the fracturing of the test
specimens. These results represent the simple
arithmetic means of tests conducted on three
specimens for each type of thermal treatment
and are consistent with normalized C45 steel
and stress-relieved C45 steel. The results
indicate that the final tensile strength is lower in
the normalized state compared to the stress-
relieved state. This can be attributed to the relief
of internal stress during thermal treatment.
However, the reduction in final tensile strength
is offset by the increase in material ductility, as
observed by Samir and Thapa [27].

Table 4. Mechanical Properties of C45 Steel Obtained
from Tensile Testing.

Yield Tensile Elongation
Treatment strength strength (E/ )
(MPa) (MPa) °
+N 3779 632+9 26+2
+SR 461 £51 951 + 27 20+1

3.3. ANOVA analysis for experiments with
stress-relieved C45 steel

Fig. 3 shows that all three independent variables
showed significant absolute effects on all
dependent variables, exceeding the minimum
significance threshold of 1.975.

When evaluating the impact of the observations
on the model, the feed rate variable was the
most influential on all dependent variables—
Ra, R and R, —followed by the interaction
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between the cutting speed and feed rate, and
finally, by the cutting speed. This behaviour is
expected, as described by Arbizu and Perez
[28], Barzani [23], and Kumar and Chauran
[29], who state that the feed rate is generally the
independent variable that most influences the
surface roughness of turned parts. Similar
results were observed in studies conducted by
Biasibetti [14] and Filho [30].

Factor

1,975
T

Feed Rate

Speed x Feed
Rate

Speed

Factor

Feed Rate

Speed x Feed
Rate

Speed

Standardized effects

(b)

Factor

Feed Rate

Speed x Feed
Rate

Speed

Standardized effects

()
Fig. 3. Pareto Charts showing Standardized Effects of
the Parameters for C45 +SR Samples, a = 0.05. (a) R,,
(b) Reand (c) Ra.
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In Fig. 4, the residual plot for the R,, Riand R,
roughness parameters shows that the
residuals approximate a normal distribution,
as indicated by the closeness of the points to
the line with few outliers in the normal
probability plot. The histogram of the residuals
reveals an  approach to  normality,
demonstrating data close to symmetry. These
observations are consistent with the statistical
assumptions discussed by Walpole [31], where
residuals following an approximately normal
distribution and symmetric histogram indicate
the adequacy of the fitted model and the
reliability of the variance assumptions used in
the analysis.

Speed Feed Rate
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Fig. 5. Main effects plots of parameters for C45 +SR
samples. (a) Ra, (b) Reand (c) Re.

Fig. 5 presents the main effects plot for the R, R¢
and R, roughness parameters. For R, can be
observed that transitioning from a feed rate of 0.15
mm.rev-! to 0.23 mm.rev-! results in a significant
change in the analysis, while the effect of the
cutting speed increases similarly across the three
factors. For the R parameter, there is a distinct
effect with the cutting speed compared to R.. An
inflection in the cutting speed variable can be
clearly seen, indicating a decrease in roughness
when moving from 180 m.min-! to 278 m.min-! and
an increase when moving from 278 m.min-! to 300
m.min-l. However, concerning the feed rate, the
same pattern identified in R, is observed, where
the transition from 0.15 mm.rev-! to 0.23 mm.rev-!
results in a significant change in R..
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Fig. 6. Interaction plots of parameters for C45 +SR
samples. (a) Ra, (b) Reand (c) Ra.
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For the R, roughness parameter, it can be observed
that transitioning from a cutting speed of 278
m.min! to 300 m.min?! has a more significant
impact than the change from 180 m.min-! to 278
m.min-l. Regarding the feed rate, the change from
0.15 mm.rev! to 0.23 mm.rev-! results in a marked
effect on the response variable, unlike the change
from 0.23 mm.rev-! to 0.30 mm.rev-1. Overall, the
behaviour of the feed rate follows a very similar
pattern to that observed in the effects plots for R,
and R, supporting the discussions by Revel [32]
and Ribeiro Filho [33] who assert that, among
cutting conditions, the feed rate is the most
influential parameter.

Fig. 6 illustrates a significant interaction between
the feeds of 0.23 mm.rev?! and 0.30 mm.rev!
across all three roughness parameters. This effect
is indicated by the crossing lines corresponding to
these values, suggesting that the effect of varying
the cutting speed level on the roughness response
depends on the feed level. Hence, there is an
interaction between the cutting speed and feed
factors. Similar interaction trends were reported in
the statistical studies conducted by Toledo [34]
and Devor [35].

3.4. ANOVA analysis for experiments with
normalized C45 steel

Fig. 7 illustrates the Pareto charts, providing a
visual representation of the estimated individual
effects of the independent variables on the
different roughness parameters.

It can be observed that all the variables significantly
impact the model for all roughness parameters,
contributing substantially to the variation in the
dependent variable, as none of them fall below the
minimum significance threshold of 1980. For the R,
parameter, it is noted that the cutting feed variable
had the most significant impact on the variation of
the dependent variable, followed by the cutting
speed, and finally by the interaction between the
cutting speed and feed. Equivalent results were
observed in research conducted by Biasibetti [14]
and Filho [30].

For the R; and R, parameters, the cutting speed
variable emerged as the main significant
contributor to the variation of the dependent
variable, followed by the feed, and finally, by the
interaction between the cutting speed and feed.
This behaviour contrasts with that observed for
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the R, parameter, where feed showed the greatest
significant impact on the variation of the
dependent variable, followed by the cutting speed.

In the residual plots (Fig. 8), it can be observed
that the residuals show a distribution close to
normality, as indicated by the proximity of the
points to the line, with a few outliers in the
normal probability plot. The histograms of the
residuals also approach normality, showing a
distribution with a slight left skew. Such findings
align with the statistical concepts discussed by
Walpole [31], indicating that residuals
displaying an approximately normal distribution
with slight skewness validate the suitability of
the model assumptions and support the
robustness of the regression analysis.

Factor

Feed Rate

Speed x Feed
Rate

Speed

o H 2 3 a s 5 7 B
Standardized effects

(a)

Factor

Feed Rate

Speed x Feed
Rate

Speed

Standardized effects

(b)

Factor

Feed Rate

Speed x Feed
Rate

Speed

Standardized effects
(0)
Fig. 7. Pareto Charts showing Standardized Effects of
the Parameters for C45 +N Samples, a = 0.05. (a) R,,
(b) Reand (c) Ra.
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Fig. 9 presents the main effects plots for the R,,
Rt and R, parameters. For the R, parameter, a
reduction in roughness is observed when
advancing from 0.15 mm.rev-! to 0.23 mm.rev-,,
while transitioning from 0.25 mm.rev! to
0.30 mm.rev-! results in a significant increase in
roughness.

Speed Feed Rate
10 .
9.
g 8
]
g
4
=
<
7.
6
st —
180 278 300 0.15 0.23 0.30
(@)
Speed Feed Rate
504
as
& a0
£
=
s
-
35
30
180 278 300 0.15 0.23 0.30
Speed Feed Rate
40
35
&
g
-4
H
-
30
25
180 278 300 0.15 0.23 0.30
()

Fig. 9. Main effects plots of parameters for C45 +N
samples. a) Ra, b) Reand c) Rz

Regarding the cutting speed, there is a noticeable
increase in roughness when changing the cutting
speed from 180 m.min-! to 278 m.min-%, followed
by a significant decrease when the cutting speed
changes from 278 m.min-! to 300 m.min-t. The
behaviours observed for the samples with the +N
heat treatment differ from those of the +SR
treatment, which showed more linear graphs. An
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inverse behaviour in roughness is observed for
the cutting speed and feed rate compared to the
effect plots of the R; parameter for the +SR steel.
An increase in Rt is noted when the cutting speed
is changed from 180 m.min?! to 278 m.min-,
followed by a sharp decrease in roughness when
the cutting speed is increased from 278 m.min-1
to 300 m.min-1.

Speed x Feed
. . Feed rate
12§
—— 0.15
Pommmmmmmmmm=—ee -+ —& on

11
-4- 030

101

Average

180 278 300
Speed

(a)
Speed x Feed
Feed rate
554 = —— 0.15
._,_.,7--*-*"'/'\\‘ = 0.23
/ 1\ ==
501 / N 030
ye
451 vi \
/ \
» /
% a04 /
£ / il
o = / e |
/, - \
-7/ N \
et | a o \
/ R ‘\
/ \
25 / L
¢ E
201 ; :
180 278 300
Speed
Speed x Feed
Feed rate
o —— o1
—n 2
P P ’;; -- 3
/N
a0 /
/N
& / N\
z / N\ .
30 / —a \
A ~ \
25 / e \
/ RSN
0 // ~_®
y L]
‘¢
154
180 78 300
Speed
()

Fig. 10. Interaction plots of parameters for C45 +N
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For the feed rate, a reduction in roughness is
observed when the feed rate is changed from
0.15 mm.rev-! to 0.23 mm.rev-!, followed by a
considerable increase in roughness when the
feed rate is modified from 0.23 mm.rev-! to
0.30 mm/rev. For the main effects plot of the Rz

800

parameter, an inverse pattern of roughness
behaviour is observed compared to the +SR
steel R, parameter effect plots, with a behaviour
similar to the main effects plot of R roughness
for the +N steel. An increase in R; is observed
when the cutting speed is changed from 180
m.min! to 278 m.min'!, followed by a sharp
decrease in roughness when the cutting speed
is increased from 278 m.min-! to 300 m.min-1.
Regarding the feed rate, a reduction in
roughness is observed when the feed rate is
changed from 0.15 mm.rev-! to 0.23 mm.rev-,
followed by a considerable increase in
roughness when the feed rate is modified from
0.23 mm.rev-!to 0.30 mm/rev.

In Fig. 10, for the R, parameter, a significant
interaction is noted only between the feed
rates of 0.15 mm.rev-! and 0.23 mm.rev-1. This
is clearly observed by the crossing lines
corresponding to these two feed values. This
dynamic contrasts with the interaction plot of
Ra roughness for +SR steel, which revealed a
significant interaction at feed rates of 0.23
mm.rev'! and 0.30 mm.rev-l. For the R
parameter, a significant interaction is
observed among all three feed rates, indicating
a strong correlation between these factors.
This phenomenon can be clearly observed by
the crossing lines associated with these three
feed values. Comparable significant
interactions between cutting parameters in the
helical milling process were also identified by
Toledo [34], supporting the trends observed in
the present study. This type of interaction
between the feed rates was also observed in
the interaction plot of R; in +SR steel. For the
R, roughness parameter, a significant
interaction is noted between the feed rates of
0.15 mm.rev'! and 0.23 mm.rev-l, as seen by
the crossing lines associated with these feed
values. When comparing the interaction plot of
the same R, roughness parameter in +SR steel,
it can be observed that the significant
interaction was between the feed rates of 0.23
mm.rev'! and 0.30 mm.revl. Furthermore,
through graphical analysis, it can be observed
how the influence of the cutting speed on the
response varies at different feed rates.
Considering the feed rate fixed at 0.15 mm.rev-
1 and the cutting speed that changed from 180
m.min! to 278 m.min'!, the R, roughness
increased by an average of about 30 units,
revealing a notably significant result.
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3.5. Analysis of chip formation in the dry
internal turning process of C45 steel

The chips were analysed and classified according
to the NBR ISO 3685 standard [20], considering
the shape and type of chips formed. In both
conditions, C45 +SR and C45 +N, the
predominant shape was in the form of
fragmented chips in flakes or pieces. This
morphology is similar to disconnected arc chips
(comma) and fragmented chips, categorized as
chip forms 6.2 and 7, respectively.

The production of short or fragmented chips is
a positive aspect of machinability, as it offers
many advantages, such as a low specific
volume, which favours process automation,
ease of removal, and reduced risk of accidents

for machine operators. For a more in-depth
analysis of the chip characteristics, the cutting
speed fixation metric with varying feed rates
was used. According to Arbizu and Perez [28],
Kumar and Chauran [29] and Barzani [23], the
cutting parameters that most influence chip
formation are the feed rate, followed by the
cutting depth.

Fig. 11 shows the morphology of the chips
generated for different feed rates and cutting
speeds, characterized according to the
classification established by the ABNT NBR ISO
3685 standard [20]. In experiments 1 (0.15-
180), 2 (0.15-278), and 5 (0.23-278), all planned
machining passes were carried out smoothly,
maintaining a consistent morphology of
fragmented chips throughout the process.
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Fig. 11. Chip Morphology from Experiments with DIN C45 +SR Steel: a) 0.15-180, b) 0.15-278, C) 0.15-300,d) 0.23-
180, e) 0.23-278, f) 0.23-300, g) 0.30-180, h) 0.30-278 and i) 0.30-300.

The morphology of the chips in experiments 4
(0.23-180), 6 (0.23-300), 7 (0.30-180), 8 (0.30-
278),and 9 (0.30-300) showed short chips prone
to entanglement, short ribbons, and entangled
short ribbons. These types of chips were
associated with the highest feeds within their
groups, considering a constant cutting speed.
Despite having a low feed experiment 3 (0.15-
300) also showed impaired chip morphology. It

is suggested that the combination with the
highest cutting speed might have contributed to
a potential increase in turning temperature and
cutting force, although these factors were not
addressed in this study. This behaviour aligns
with the observations of Singh [36], who
reported that an increase in cutting speed
reduces the degree of chip segmentation,
resulting in the formation of smaller,
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discontinuous chips, a condition favourable for
high-speed machining. These findings were
established through a detailed study of chip
morphology in the turning of AISI 4340 steel.

3.6. Analysis of chips for normalized C45
steel (+N)

As shown in Fig. 12, the morphology of chips
generated in experiments 1 (0.15-180), 3 (0.15-
300), 4 (0.23-180), 6 (0.23-300), and 7 (0.30-
180) did not show morphological differences
among them, maintaining a shape consistent

with fragmented chips. The chip morphology
from experiments 2 (0.15-278), 5 (0.23-278),
and 8 (0.30-278)3685 generally showed chips in
fragmented, disconnected, and comma-like
shapes. However, a special cause was identified
in experiment 2 (0.15-278), which resulted in
short, tangled ribbon-type chips during the
second machining pass. The special cause was
attributed to the wear of the insert seat in the
tool holder. After correcting the anomaly, the
experiment continued smoothly, maintaining the
fragmented chip type observed in the other two
experiments of this group.

SET YA T Q?‘
L %%‘QS: .‘3"‘
D“#%/:b y‘ v
RFC + %

1cm 1 cm

Fig. 12. Chip Morphology from Experiments with DIN C45 +N Steel: a) 0.15-180, b) 0.15-278, C) 0.15-300, d) 0.23-
180, e) 0.23-278, f) 0.23-300, g) 0.30-180, h) 0.30-278 and i) 0.30-300.

Comparing the chip characteristics produced in
experiments with C45 steel with stress relief and
normalized, it is generally observed that the +N
state showed fewer issues with chip formation.
In these experiments, the chip morphology
remained predominantly fragmented. In
contrast, most of the experiments with C45 +SR
encountered difficulties in chip formation,
resulting in various morphologies such as short
chips prone to tangling, short ribbon chips, and
tangled short ribbons. In the experiments
conducted with C45 +N steel, greater stability in
chip formation was observed, with less variation
in chip morphology. This consistency can be
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attributed to the material's microstructure,
which significantly influences machining
performance, as also highlighted in the studies of
Strafford [37] and Singh [38]. The normalized
structure of the material undergoes a heating
process to austenitization temperature for
sufficient time for complete normalization,
followed by cooling to ambient temperature.
This process results in mechanical properties
and a structure that provides more favourable
conditions for machining, as demonstrated in
this study, regardless of the various cutting
parameter configurations used in the
experiments.
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4. CONCLUSION

The statistical study showed that for the three R,,
R, and R; roughness parameters, all models,
including the individual factors and interactions,
were statistically significant ata 5 % level (P-value
< 0.05). This result suggests that at least one of the
independent variables analysed has a significant
effect on the dependent variable. An observable
increase in roughness was detected as the feed rate
was amplified.. Experiments with the lowest feed
rates, 0.15 mm.rev-1and 0.23 mm.rev-1, showed the
optimal results for the C45 steel in both thermal
treatments evaluated. Regarding the chips, for the
stress relief steel samples, the combinations that
demonstrated ideal chip conditions were those
with the lowest feed rates, specifically the feed and
cutting speed combinations: 0.15-180, 0.15-278,
and 0.23-278. For the steel with the normalization
treatment, almost all the cutting parameters
showed the best performance, covering both lower
and higher feed and cutting speed combinations,
except for the 0.30-300 parameter, which showed
the poorest performance. A comparison of the
characteristics of chips produced in experiments
with C45 steel in both stress-relieved and
normalized states reveals that the normalized state
generally exhibited fewer issues related to chip
formation. In experiments with the normalized
state, the chip morphology remained
predominantly fragmented. In contrast, a majority
of experiments with stress-relieved C45 steel
showed poorer chip formation results, resulting in
range of morphologies, including short chips prone
to entangling, short ribbon-like chips, and
entangled short ribbons. From an industrial
perspective, the findings of this study provide
significant practical contributions to C45 steel
turning operations. It was observed that
normalized C45 steel exhibits superior
machinability compared with stress-relieved steel,
particularly in terms of chip control and surface
finish quality. Furthermore, lower feed rates
(0.15-0.23 mm-rev™*) proved to be more suitable
for achieving smoother surfaces and controlled
chip formation, thereby contributing to reduced
tool wear and enhanced process stability. The
application of the identified relationships between
cutting parameters and machinability outcomes
can, significantly, reduce the time required for
empirical testing in production environments. In
parallel, the integration of experimental design and
statistical analysis methods has demonstrated
efficacy in improving process reliability, enabling a

more precise and rational selection of cutting
parameters. Overall, the findings of this work
highlight the potential for cost reduction and
productivity improvement, resulting from the
optimized definition of machining parameters, the
reduction of setup time, and the decreased
dependence on empirical, trial-and-error
approaches in turning operations.
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