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Abstract: Chip formation and cutting force behaviour in the threading of
austenitic stainless steels are important aspects that influence the performance
of the process. The present paper analyses the impact of different infeed
methods on the chip morphology and main cutting force in the threading of
AlISl 304L stainless steel. The results showed that long helical chips were
predominant for the three infeed methods. The saw-tooth profile along the
edges was present in the microscopic morphology of the chip, which is a
characteristic of serrated chips. Flank and incremental infeed methods resulted
in better chip generation and less restriction to chip flow when compared to the
radia infeed. The main cutting force increased with the number of machined
workpieces due to the progressive tool wear and the consequent changes in tool
geometry. Radial infeed resulted in higher main cutting force than the other
methods due to the V-shaped chip formation and higher stress concentration at
the tool nose that accel erated tool wear.

Keywords: threading; stainless steel; infeed method; chip morphology; cutting
force.
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1 Introduction

Thread machining is particularly challenging due to the complexities associated with the
formation and flow of the chips in the cutting zone. Given the distinctive characteristics
inherent to these materials, this challenge becomes even more pronounced when working
with austenitic stainless steels. They exhibit poor machinability because of their
mechanical properties and tendency to work hardening (San-Juan et al., 2015), leading to
rapid tool wear and deteriorated surface finishing. Thread machining encompasses a
variety of methods, such as turning, tapping, milling, grinding, and rolling.
Long-threaded surfaces can be machined by whirling (Botak et al., 2022). Turning and
milling processes are distinguished by their superior machining efficiency and their
capacity to adjust geometric parameters finely, ensuring the elimination of tool-thread
interference (Xu et al., 2023). On the other hand, bolts with threads machined through the
rolling process exhibit superior fatigue performance than those machined using the
cutting process (Bartsch and Feldmann, 2021).

The behaviour of machining forces in threading diverges from that observed in the
turning process. Kafkas (2010) reported that the specific cutting forces reduce at the
beginning of the process and then increase with consecutive passes in threading.
Khoshdarregi and Altintas (2015) proposed a model to predict the cutting forces in
threading with multi-point inserts and different tooth profiles. They observed a notable
disparity between simulation and experimental results, particularly during final passes,
attributable to wider chips and more pronounced chip interference. Hajdu et a. (2023)
introduced a curved uncut chip thickness model as part of a mechanistic approach to
predict the cutting forces for general uncut chip geometries. The model’s effectiveness
for various cutting edge geometries including threading inserts was presented in case
studies. They encountered challenges in experimentally validating their findings due to
the extreme cutting conditions. Unmodelled phenomena, changes in friction coefficients,
chip segmentation, and heat generation during chip formation may also affect the
validation, which are hard to monitor and control. Onysko et al. (2023) developed an
algorithm for calculating the thread profile depending on the value of the back rake
parameter of the threading cutter tool. The possible divergence from the tool-join pitch
diameter was based on the possible divergence from the tool-join pitch predicted. Khoei
et a. (2023) investigated the tribological and wear performance of AITiN-based coating
systems at high temperatures when threading super duplex stainless steel. The
investigation has been conducted into the energy needed to perform the cut and induce
friction among the proposed AITiN-based coating systems. They reported that the thread
machining results validated the tribometer data, confirming that the tribometer can be
used for analysing extreme friction conditions.
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The directions that the cutting tool penetrates the workpiece in each pass during the
threading are defined by the infeed method, which plays an important role in the process
performance. In their recent study, Ghogha et a. (2024) analysed the effect of infeed
strategies on the flank wear during thread milling of grey cast iron. They found that
incremental and modified flank infeed methods resulted in significant improvements
compared to the radia infeed method. Costa and Polli (2021) investigated the influence
of the infeed method on tool life, surface microhardness, and the temperature during
threading of AISI 304L stainless steel. By using the use incremental infeed it was
possible to reduce temperature and surface hardening depth, as well as increase toal life.
Nevertheless, the paper did not address important aspects like chip morphology and
cutting forces. Understanding chip formation and cutting force behaviour in threading of
austenitic stainless steels is essential to optimising the process. Moreover, the models to
predict the cutting forces in this process till present significant limitations. Thus,
additional experimental studies are required to draw firm conclusions about the topic. In
this context, this paper analyses the impact of three distinct infeed methods on the chip
morphology and main cutting force in the threading of AIS| 304L stainless stedl.

2 Theoretical chip cross-sectional area

The theoretical chip cross-sectional area (S) for each threading pass for the three infeed
methods is represented in Figure 1.

In the first pass, as the depth of the cut (a) is smaller than the tool nose radius (re),
the contour of the chip cross-sectiona area (S;) appears as an arc segment and is similar
for the three infeed methods. From the next threading pass, the chip cross-sectional area
starts to be formed by different regions. In this case, as described by Akyildiz (2013)
thereisaregion A delimited by an internal boundary generated by the tool nose radius at
the previous pass and an external boundary generated by the tool nose radius at the
current pass. There are also regions B and B’ whose internal boundaries are generated by
the tool nose radius at the previous pass and linear external boundaries generated by the
cutting edges. Moreover, there are regions C and C' where the internal and external
boundaries are linear and generated by the cutting edges during the previous and current
passes, respectively.

The distribution of these regions differs between the infeed methods. In the radial
method, the linear regions are symmetrically arranged, resulting in a V-shaped chip. In
this case, the chip thickness at both sides of the thread chip corresponds to half of the
chip thickness at its root. In the flank method, the linear region is concentrated on one
side of the thread chip, and the chip shape is similar to that of a cylindrical turning
operation. The linear region in the incremental method is similar to the one of the flank
method, but it changes its position in every thread pass, aternating between both sides of
the thread. The chip thickness at one side of the chip thread is closer to the chip thickness
at itsroot.
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Figurel Chip cross-sectional areafor each pass (S) for different infeed methods (see online
version for colours)
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The chip thickness remains constant in the linear region regardless of the infeed method.
In the radia infeed, the chip thickness changes throughout the nonlinear region.
Meanwhile, for the flank and incremental methods, the chip thickness changes sharply
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only in a reduced portion. Once machining forces have different behaviour in the
nonlinear region of the chip, significant differences in force magnitudes are expected
between the infeed methods.

3 Experimental procedure

The material under investigation in this study is the AISI 304L stainless steel, selected in
a solution-annealed state, exhibiting a hardness of 218 HB. The material’ s tensile strength
was determined to be 629 MPa, with an elongation of approximately 42%. The chemical
composition of the steel is detailed in Table 1. The workpiece samples employed in the
experiments had a diameter of 16 mm and a length of 200 mm, as illustrated in Figure 2.
Specifically, the thread portion of the workpieces was 170 mm in length, featuring a pitch
of 2.0 mm. The experimental procedures were conducted in a Nardini Diplomat CNC
lathe.

Figure2 Workpiece samples (see online version for colours)

M16x 2

Tablel Chemica composition of AlSI 304L (%)

C Cr Mn Mo N Ni P S S
0.024 18.25 1.570 0.500 0.085 8.040 0.037 0.028 0.280

The experiments utilised cemented carbide inserts, specifically the RG16YM01A002M
1125, which were coated with TiN for enhanced performance. Three distinct infeed
methods — radial, flank and incremental —were applied during the tests. The cutting speed
was set to 50 m/min, and the desired thread height of 1.227 mm was achieved through
16 passes with a constant depth of cut. No cutting fluids were used during the tests. Ring
gauges were employed to check the conformity of the threaded samples.

The theoretica chip cross-sectional area (S) for each threading pass for the three
infeed methods was modelled in a CAD software (Solidworks) based on the parameters
used in the experiments to determine their values.

Chip morphology was evaluated using a Zeiss EVO MA15 scanning electron
microscope (SEM). The main cutting force (F¢) during the turning thread trials was
measured using a Kistler 9257B piezoelectric dynamometer attached to a Kistler 5070A
charge amplifier, which in turn was connected to a National Instruments USB-6259B
data acquisition unit and a microcomputer (Figure 3).
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Figure3 Schematic diagram of experimental setup (see online version for colours)

4 Resultsand discussions

Figure 4 illustrates the chip formation mechanism for threading 304L stainless steel.
During the experiments of the present work, the saw-tooth profile along the edges was
observed in the microscopic morphology of the chip for al the infeed methods. Thisisa
characteristic of serrated chips. Depending on the operation and cutting conditions, the
chip formed when machining 304L stainless steel may be continuous or serrated. The
result is associated with material deformation in the primary zone, contact between the
chip and tool in the secondary zone, and temperature rise due to deformation in both
cutting zones. According to Wang and Liu (2014), in continuous chip formation, shear
constantly occurs, while serrated chip formation involves the combined effect of ductile
mode failure and adiabatic shear. In the formation of the serrated chips, small lamellae
occur instead of shear bands, as shown in Figure 4.

Images of the free surface of the chip obtained during the last pass of the first and
seventh threaded workpieces using the radial infeed are presented in Figure 5. The central
region of the V-shaped chip is associated with the formation of the thread root, resulting
from the contact between the tool nose radius (r: = 0.2 mm) and the workpiece material.
Whilst the thread flanks are generated by the cutting edges. The chip surface presents
regions with different lamella structure orientations, which may be approximately parallel
to the cutting edges or the tool nose. The chip deformation is higher at the central region
of the chip than at its sides, resulting in distortions in the actual V-shaped chip. This
condition is especialy noticeable in the chip of the seventh workpiece owing to the
higher tool wear. In this case, the tool was close to the end of its life and far from its
initial geometry, resulting in higher chip deformation.
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Figure4 Chip formation in threading of 304L stainless steel (see online version for colours)
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Figure5 Chip obtained by using the radial infeed, (a) first workpiece (b) seventh workpiece (see
online version for colours)
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Figure 6 illustrates images of the chips obtained during the last pass of the seventh
threaded workpiece by the flank infeed and incremental infeed. Similar chips were found
for both methods. These infeed methods resulted in better chip generation and less
restriction to chip flow when compared to the radial infeed. The free surface presents two
regions with different lamella structure orientations. In the major one, the orientation is
parallel to the main cutting edge. In the corner one, the orientation is parallel to the tool
nose. Chip deformation is considerably lower than radial infeed. The back surface of the
chip that contacts the tool rake surface is smooth, while the free surface has more
irregularities with the formation of a serrated profile. According to Zhang and Guo
(2009), in all cutting operations, the plastic deformation of the back surface of the chip is
constrained by the tool rake face, resulting in high contact pressure and frictional force
when the chip dslides over the tool rake face. These combined actions with high
temperatures make the back surface of the chip shiny and smooth.
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Figure6 Chip surfaces, (a) incrementa infeed (b) flank infeed (see online version for colours)
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The long helical chip was predominant for the three infeed methods during the
experiments. The helix’s external side corresponded to the back surface of the chip,
which presented a smoother appearance. In contrast, the inner side of the helix exhibited
arough surface and corresponded to the free surface of the chip.

The theoretical chip cross-sectional area found for each threading pass according to

the parameters of the experimentsis shownin Figure 7.

Figure7 Chip cross-sectional area as afunction of the number of passes (see online version
for colours)

The chip cross-sectional area values are the same regardless of the infeed method. The
chip cross-sectional areaincreases linearly with the increase in the number of passes, and
the chip cross-sectional area of the last pass corresponds to approximately six times the
chip cross-sectional area of the first one.
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Figure 8 shows the evolution of the mean main cutting force according to the
threading passes for the first machined workpiece, where the error bars correspond to two
standard deviations calculated from three measurements. The main cutting force
increases with the number of threading passes. This is mainly because the chip area
increases as the successive threading passes are performed with a constant depth of cut.
Although the chip cross-sectional area values are the same for the different infeed
methods, higher main cutting forces were observed for the radia infeed compared to the
flank and incremental infeed. As the number of threading passes increases, the
interference between the chips on the tool rake face becomes evident for the radial infeed.
According to Kafkas (2010), each cutting edge produces chips simultaneously during
thread machining. Chips travel in different directions, colliding with each other and
interfering with subsequent cuts, which affect the forces acting in the shear area or on the
tool rake face. Moreover, the distribution of regions with different chip sections also
influences the behaviour of the cutting force. For the radial infeed, in the linear regions
where the cut is performed by the cutting edges, the chip is constrained on one side and
free on the other. Meanwhile, in the region where the tool nose radius performs the cut,
the chip is constrained on both sides by the linear regions. According to Akyildiz (2013),
this results in high compressive stress during the process due to the differences in the
chip thicknessratio in these regions.

Figure8 Main cutting force as a function of the number of passes for the first workpiece
(see online version for colours)
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As the successive threading passes are performed, the cutting conditions become more
severe, and more energy is needed to deform the chip, increasing the main cutting force.
The work-hardening tendency of the austenitic stainless steel during the machining
process may aso contribute to the increase in the main cutting force for al the infeed
methods.

The maximum values of the main cutting force obtained during the machining of each
workpiece for the different infeed methods are shown in Figure 9.

Figure9 Maximum values of the main cutting force as a function of the number of threaded
workpieces (see online version for colours)

Radial Flank Incremental

Main cutting force [N]
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There was a small difference in values for the three infeed methods for the first
workpiece. However, the maximum main cutting force values increased with the number
of machined workpieces due to the progressive tool wear and the consequent changes in
tool geometry. Radia infeed resulted in higher main cutting force than the other methods
due to the V-shaped chip formation and higher stress concentration at the tool nose that
accelerated tool wear. There was a uniform growth up to 540 N associated with the sixth
workpiece, followed by a sharp rise for the final approved workpiece, achieving a value
of 780 N. As mentioned before, high chip deformation was observed for this condition.
The flank infeed exhibited main cutting force values that fell between those of radial and
incremental infeeds. The main cutting force increased almost linearly up to the last
approved workpiece, where a value of 710 N was reached. Incremental infeed provided
lower main cutting forces during the process due to lower tool wear. This method uses
both cutting edges and changes the thread flanks and sides of the tool in every pass. The
main cutting force curve behaviour for this method was similar to the flank infeed until
the sixth workpiece, after which it displayed a more gradual rise until reaching the final
approved workpiece, where it peaked at a maximum force of 560 N.

The behaviour of the main cutting force during the final pass in machining the last
approved workpiece for each infeed method is illustrated in Figure 10. In radia infeed
machining, the main cutting force increased steadily over time due to the tool’s rapid
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wear progression resulting in higher chip deformation [Figure 5(b)]. Flank infeed resulted
in some fluctuation in the main cutting force, likely attributed to contact between the
minor cutting edge and the opposite thread flank, as well as the tendency of the stainless
steel to adhere to the tool. The main cutting force was more stable during the machining
with the incremental infeed than the other methods. These findings are associated with
the varying progression of the tool wear among the three infeed methods, which
consequently influenced the surface quality and accuracy of the thread profile.

Figure10 Main cutting force during the final pass in machining the last approved workpieces
(see online version for colours)
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Figure1l Last approved threaded workpieces produced with (a) radial infeed, (b) flank infeed
and (c) incremental infeed (see online version for colours)
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Images of the last approved threaded workpieces produced with each infeed method are
presented in Figure 11. Radia streaks can be observed on the surface of the thread flank
of the seventh workpiece using the radial infeed [Figure 11(a)]. These streaks exhibit
greater spacing and depth from the thread’s root to the flank. They are caused by tool
microchipping, material adhesion on the tool cutting edge, and loose particles between
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the workpiece and the tool. In the thread root, the influence of tool tip wear is evident.
The thread root is formed by the tool tip geometry during the final pass.

Figure 12 illustrates the profile of the resulting thread on the seventh workpiece, as
well as the condition of the tool after machining this workpiece with radial infeed. Excess
material can be seen on the thread flank and root that was not removed due to wear on the
flank and tip of the tool. The error Ay in the thread flank profile is influenced by the tool
wear and, as indicated by Koleva et al. (2017), can be calculated based on flank wear VB
and clearance angle (), as shown in equation (1). However, in addition to flank wear,
tool tip wear and microchipping on the cutting edges also have a significant impact on the
profile of the machined thread.

Ay =VBtana D

Degspite the observed deviation from the original tool tip geometry, this workpiece was
still approved during gauge inspection.

Figure12 (a) Thread profile of the seventh workpiece machined with radial infeed (b) Tool after
machining this workpiece (see online version for colours)
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An example of a thread obtained using the flank infeed, from the ninth workpiece is
presented in Figure 11(b). The best surface finish is observed on the flank of the thread
generated by the main cutting edge. Significant surface deterioration near the thread's
root was observed on the flank generated by the minor cutting edge due to material
adherence.

A uniform surface appearance is observed on both thread flanks of the twelfth
workpiece obtained using the incremental infeed [Figure 11(c)], characteristic of the
alternating cutting method employed. Good quality is also observed at the root of the
thread. Figure 13 shows an overlay of images depicting the thread profile and the tool
used for machining this workpiece. It can be observed that the profile of the worn tool is
mirrored in the resulting machined thread. During the machining process, as the tool
gradually wears, its original profile changes. Consequently, these aterations have direct
impact on the accuracy of the machined thread, potentially deviating from the intended
specifications.
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Figure13 Tool condition and thread profile of the twelfth workpiece machined with incremental
infeed (see online version for colours)
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Table 2 summarises the findings from the experiments conducted, focusing on three key
aspects across different infeed methods. These aspects include chip morphology, the
count of approved workpieces, and the maximum main cutting force observed during
machining the last approved workpieces.

Table2 Experimental results summary

Maximum main

Infeed . Approved :

Chip morphology - cutting force for the
method workpieces last workpiece
Radial Long helical serrated V-shaped chips 7 780N

with higher deformation at the central
region
Flank Long helical serrated chipswith 9 710N

major lamellae orientation parallel to
the main cutting edge

Incremental Long helical serrated chips with 12 560 N
major lamellae orientation parallel to
the main cutting edge

5 Conclusions

This paper explores the impact of different infeed methods on chip morphology and main
cutting force during the threading process of AlIS| 304L stainless steel. From the resullts,
the following conclusion can be drawn:

e Long helical chip was predominant for the three infeed methods. A saw-tooth profile
along the edges was present in the microscopic morphology of the chip, whichisa
characteristic of serrated chips.
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e Thefree surface of the chip obtained by the radial infeed presented a central region
with lamella structure orientations parallel to the tool nose and side regions with
lamella structure orientations parallel to the cutting edges. Flank and incremental
infeed methods resulted in better chip generation and less restriction to chip flow
when compared to the radial infeed. The free surface of the chip presented two
regions with different lamella structure orientations. In the major one, the orientation
was parallel to the main cutting edge, and in the corner one, the orientation was
parallel to the tool nose.

e Themain cutting force increases with the number of threading passes. Thisis mainly
because the chip area increases as successive threading passes are performed.
Moreover, the work-hardening tendency of the austenitic stainless steel during the
machining process also contributes to the increase in the main cutting force. The
main cutting forces measured for the flank and incremental methods were lower than
those obtained for the radial infeed.

e  Themaximum main cutting force values increased with the number of machined
workpieces due to the progressive tool wear and the consequent changesin tool
geometry, which consequently influenced the surface quality and accuracy of the
thread profiles. The radial infeed yielded a higher maximum main cutting force
compared to the other methods due to the V-shaped chip formation and higher stress
concentration at the tool nose that accelerated tool wear. The flank infeed exhibited
main cutting force values that fell between those of radial and incremental infeeds.
The incremental infeed provided lower main cutting forces during the threading
process due to reduced tool wear.
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