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Abstract: Chip morphology is an intrinsic characteristic of the machining process that determines
the quality of the process. When machining low machinability materials, the chips formed are
usually long, continuous, and difficult to break. Due to the negative effect of the accumulation of
the chip along the process, chip breakage and the correct extraction out of the machining area have
become indispensable requirements. Although numerous chip-breaking methodologies have been
proposed, modulation-assisted machining (MAM) is one of the most promising approaches, due to
its independence from the workpiece material, tool geometry, and cutting conditions. In this work,
a comparison of different modulation-assisted machining strategies, based on the modulation of
the feed (F-MAM) or the depth of cut (D-MAM), were experimentally evaluated and compared to
conventional turning in terms of chip morphology, surface roughness, and tool wear. Results showed
that both MAM strategies enabled chip breakage and improved chip evacuation in comparison to
conventional turning; however, D-MAM showed a better performance in terms of tool wear and
surface roughness.

Keywords: turning; modulation-assisted machining; chip breakage

1. Introduction

In continuous machining processes, especially in turning operations, there are many
factors that have an influence on the efficiency of the process and product quality. In
addition, factors such as cutting parameters, tool wear, or chip morphology need to be
controlled along the machining process to meet the established tolerances and to optimize
production time. Nevertheless, one of the major challenges in the continuous machining
process is chip formation. Unlike milling, where the tool constantly engages and disengages
the workpiece, conventional turning, boring, and threading operations typically exhibit
continuous cutting, creating long and continuous chips. This chip formation is usual when
machining austenitic low machinability materials commonly used by the aeronautical
industry, such as nickel-based superalloys or precipitation-hardened austenitic stainless
steels. This issue is related to the material properties, as the high hardness of the material
demands low cutting speeds to avoid high tool wear rates, and the austenitic nature of the
metallic matrix makes it difficult to take the material to the breaking point and generate
discontinuous chips, even with the use of advanced chip-breaker geometries. The excess
chip length leads to the entanglement of the chip with the tool or with the workpiece,
making chip evacuation a great challenge. Especially during the vertical turning of big
parts, the need to remove the chips from the machine can generate the highest process
inefficiencies in a machining installation. Also, the chip entanglement can generate damages
on the tools and parts, which can lead to even greater time losses and, in the case of high
added value parts, significantly higher costs [1].
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However, there are some techniques that enable chip discontinuity and, therefore,
improved chip evacuation:

Cutting tool inserts with the chip breaker included in their geometry.
Systems capable of breaking the continuous chip after it is generated [2,3].
High-pressure cutting fluid to deform the chip and help in its breakage [4,5].
Modulation-assisted machining (MAM).

In the present work, modulation-assisted machining is proposed as a chip control
technique. This is based on nullifying the undeformed chip thickness in the cutting process,
adding a harmonic oscillation on top of the standard movement of the tool. Such harmonic
oscillation can be added both in the feed (F-MAM) or the depth of cut directions (D-MAM).
This way, the insert periodically disengages the workpiece, producing discontinuous chips.

Concerning the development of this technique, the pioneering works in this chip-
breaking approach were initiated by Satel et al. in 1961 [6], who described the kinematic
conditions for sinusoidal tool oscillations in the direction of the feed (F-MAM). Ostwald [7]
mathematically defined the required amplitude for the breakage of the chips, showing that
the minimum amplitude to break the chip is obtained for ratios between a workpiece rota-
tion frequency and an oscillation frequency (frot/ fosc) of 0.5, with this being the amplitude
of half of the feed per revolution.

Regarding the practical achievement of the tool motion, Ostwald designed a mechani-
cal apparatus composed of a flexible tool in the feed direction, which reached an oscillation
frequency of 50 Hz and an amplitude of 1.12 mm. Due to the limited applicability, Skel-
ton [8] presented a hydraulically actuated device capable of reaching 125 Hz of actuation
and enabling the frequency of the oscillation and the amplitude to be set independently.
In order to obtain higher actuator frequencies, fast tool servos (FTS) were used, which
were able to produce oscillations of over 1 kHz in bandwidth in the feed direction [9].
Mechanical devices were also used for MAM chip breaking, as used by the MITIS company
for drilling operations [10].

Apart from the beforementioned MAM applications, some works used the ordi-
nary drives of the machines to perform required oscillations for the chip breakage.
Chhabra et al. [11] designed a 400 Hz bandwidth linear drive capable of generating a
linear motion with superimposed modulation in the feed direction, enabling chip breaking
in drilling operations. Woody et al. [12] proposed a CNC toolpath-based approach to break
the chips in turning operations. Although chip breakage was achieved, the modulation
was programmed by means of trajectory generation in the CNC program, which is valid
for its implementation at a workshop-level. According to the process parameters, Astarloa
et al. [13] analyzed MAM parameters, oscillation frequency, and amplitude, respectively,
with the aim of selecting the most appropriate oscillation parameters according to the
machine oscillation capability and process parameters for heavy-duty vertical turning
machines. They proposed a methodology to characterize the oscillation capability of the
machine and to automatically select the F-MAM parameters [14].

The tool wear, surface roughness, and temperature variation generated by the applica-
tion of this chip-breaking technique were also analyzed by different authors. Smith et al. [15]
concluded that as MAM involves an air-cutting phase where the tool is cooled down, in
this way, a reduction in the wear can be obtained, in comparison to conventional turning.
Mann et al. [9] analyzed the chip formation and the benefits of the modulation-assisted
machining, including the tool wear and surface texture, concluding that the production
of short chips facilitates the reach of the coolant to the cutting edge, resulting in reduced
wear. Gao et al. [16,17] developed a model for the prediction of the surface topography and
thermal effects, showing that MAM can reduce the average tool temperature by 30%, com-
pared to conventional machining. However, the beforementioned MAM applications were
conducted in small-size lathes with extremely low chip loads. Therefore, the conclusions
may not be extrapolated to heavy-duty machining.

Finally, although the modulation of the tool path in the feed direction is a powerful
tool for chip breaking, it cannot be applied to threads machining. The main difference for
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threading operations is that the tool does not encounter the same material surface from the
previous revolution. Specifically, as the feed per revolution of the operation is equal to the
thread pitch, there is no overlapping with the previous revolution.

As an answer to this limitation, Berglind et al. [18] proposed a variation in the depth
of cut direction (D-MAM) for threading operations. This modulation was carried out
by means of the machine’s ordinary drives through modulated tool path programming.
Therefore, two different ways to apply MAM have been proposed in literature, but the
performances of these techniques have not been compared.

The present paper evaluates and compares different MAM techniques for achieving
chip breakage during the turning of low machinability materials. First, the industrial
implementation of MAM techniques is analyzed, identifying optimized parameters for
the application of both D-MAM and F-MAM techniques on big-diameter parts. Then,
the evaluation of the performances of such techniques in comparison to conventional
turning is carried out on 17-4 PH stainless steel in terms of chip formation, tool wear, and
surface roughness. Results indicate that, in contrast to some works in the bibliography [9],
both MAM techniques evaluated reduce tool life in comparison to conventional turning,
especially the F-MAM technique. Moreover, significantly higher surface roughness values
are achieved with this last technique in comparison to the conventional and D-MAM
techniques. Finally, the conclusions for the presented work are drawn, indicating further
research lines for the application of MAM techniques.

2. Modulation-Assisted Machining

The chip-breaking methods used in the present work are based on nullifying the
undeformed chip thickness on the cutting tools, thanks to the harmonic modulation of
the tool paths. Considering the kinematics of cylinder turning operations, the modu-
lation of the tool path can be generated either in the feed direction (F-MAM) or in the
depth of cut direction (D-MAM), as shown in Figure 1. The implementation of harmonic
modulations in both the axial and radial directions using the machine drives is shown in
Sections 2.1 and 2.2, respectively.

Workpiece rotation

Figure 1. Diagram for a cylinder turning operation and directions for the harmonic modulation.

2.1. Modulation-Assisted Machining through Feed Variation (F-MAM)

To generate a variable feed turning tool path, a harmonic vibration is added to the tool
trajectory in the axial direction of the part. The harmonic oscillation applied on the tool
generates an interference between successive passes in the axial direction. Depending on
the frequency relationship between the spindle rotation and the frequency of the harmonic
modulation, this interference can nullify the chip load when the axial maximum from
a previous pass and the axial minimum of the present pass coincide or intersect. In
order to achieve this point with the minimum amplitude, the frequency relationship must
correspond to an integer +0.5 (i.e., 0.5, 1.5, or 2.5) [7]. Figure 2 shows the tool paths for a
conventional turning and for an F-MAM, with an oscillation frequency relationship of 1.5.
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Figure 2. Tool path when applying an F-MAM turning in comparison to conventional turning.

Additionally, the harmonic modification of the tool feed enables the total material
removal rate (MRR) to be kept, in comparison to a conventional turning. However, the
undeformed chip thickness on the tool varies from zero to double the nominal feed per
revolution (f,) value, which generates oscillations on the chip load on the tool. Figure 3a
shows the chip load calculated for both conventional turning and the F-MAM operation
with a depth of cut (a,) of 0.5 mm and a feed per revolution (f) of 0.15 mm/rev. For a
conventional turning operation, the chip load grows as the tool completely enters the part,
reaching the nominal value of 0.075 mm?, and decreases down to zero as the tool exists
in the part. In the E-MAM turning operation, the chip load follows a similar pattern, but
its value oscillates from zero to double the value for conventional turning along the entire
turning process. In this way, as the feed per revolution is doubled, the maximum pressure
is also doubled in the same differential element of the cutting edge (Figure 3b).
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Figure 3. (a) Chip load values (fysc/ frot = 1) and (b) pressure variations in the cutting edge for
conventional (black arrows) and F-MAM (red arrows) turnings.

In previous works [13,14], a method to evaluate the machine oscillation capabil-
ity was introduced, together with a procedure for the automatic selection of the oscil-
lation parameters when applying a variable feed turning operation. The present work
follows this approach for the application of the F-MAM technique during the experimental
analysis (Section 3).

2.2. Modulation-Assisted Machining through Depth of Cut Variation (D-MAM)

When the depth of cut direction MAM is applied in longitudinal turning operations,
an oscillation is applied over the radial direction of the workpiece, creating a variation in
the actual diameter machined by the tool (Figure 4). This way, the tool leaves the workpiece
at some circumferential locations, creating discontinuous chips. Nevertheless, this strategy
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does not generate a cylindrical shape or, at least, a cylindrical shape coaxial to the starting
cylindrical part. Therefore, a second pass without modulation is required to generate a
final coaxial cylindrical shape after the execution of an initial variable pass.
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Figure 4. Tool path when applying a D-MAM in comparison to conventional turning (fosc/ frot = 1).

The length of such discrete chips is dependent upon the oscillation frequency (fosc).
When this frequency is equal to the workpiece rotational frequency (frot), the length of the
chip will be the same as the perimeter of the part, producing an eccentric part. Higher
oscillation frequencies will generate shorter chips.

In order to compare the D-MAM strategy with conventional turning, the material
removal rate (MRR) must be kept constant. Therefore, the maximum depth of cut value
in the D-MAM must be double that used during conventional turning. This is shown
in Figure 5, where the straight black and blue lines are the cumulative depths of cut for
the first and second conventional (as well as F-MAM) machining operations, respectively,
while the red and green sinusoidal lines represent the depths of cut for the first and
second D-MAM processes, respectively. It must be highlighted that only the first D-MAM
machining has a modulated path, while the second one has a conventional trajectory. The
non-circumferential shape generated in the first pass makes this second pass generate
discontinuous chips with a conventional turning trajectory. This second conventional pass
also has a variable chip thickness, due to the effect of the first non-conventional D-MAM
pass. Notice that the sum of the depth of cuts of the successive cuts in a certain angular cut
is constant (see Figure 5).

1 : : . : .
. 08¢ g
:
= 1% conv. cut
mﬁ« 0.6 + : .
45 —an conv. cut
. 04 —— 15! D-MAM cut
o 4+ i
e —— 2" D-MAM cut
)
(oW
7]
T 02} ]
0 s .

0 40 80 120 160 200 240 280 320 360
part circumferential angle (°)

Figure 5. Depth of cut values for two conventional and variable depth of cut passes, depending on
the part circumferential angle, for a dimensionless oscillation ratio equal to 1.
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In the case of the variable depth of cut MAM, the dimensionless oscillation frequency
(fosc/ frot) must be an integer (i.e., 1,2, 3, ...). In case of an uneven relationship between
both frequencies, while discontinuous chips will be produced, an interference is created
between tool trajectories at different axial locations. Figure 6 shows the X-Y view of the
variable depth of cut trajectories for dimensionless oscillation (f,s:/ frot) relations of 3 and
1.5. As it can be seen, in the case of an integer relationship, the radial location of the tool
trajectory for a circumferential position of the part is kept constant. In the case of an uneven
relationship, this radial location is variable. This leads to interferences between the tool and
the material left by passes in different axial locations, which makes the chip load on the tool
increase over the nominal value. In addition, the value of such an integer must be defined
according to the machine’s oscillation capacity and by selecting the highest possible value
to produce the shortest possible chips.

original diameter 1% conv. cut 2" conv. cut ——15' D-MAM cut 2" D-MAM cut
a b
@ . ©
g g
g 0 £ 0
>~ >~
-5 -5

X (mm)

Figure 6. Tool trajectories for the D-MAM process with different frequency relations: (a) fosc/ frot =3,
and (b) fosc/ frot = 1.5.

The application of D-MAM to achieve a discontinuous chip requires a specific oscilla-
tion frequency that can be calculated from the workpiece diameter and the cutting speed.
In addition, oscillation frequency is inversely proportional to the workpiece diameter, so in
small diameter parts, the oscillation frequency increases. In this way, to apply the MAM
technique in small parts (D < 50 mm), linear motors or FTSs are generally needed to reach
the required frequency. However, when the size of the part approaches the region of heavy-
duty industrial applications (D > 1000 mm), the typical drives used in large-size machine
tools can reach the necessary frequency to generate discontinuous chips. Therefore, when
large-diameter workpieces are produced, both MAM methods can be applied using the
ordinary drives of the machine, no matter the material being cut.

Figure 7a shows the calculated chip load for a D-MAM trajectory when using a
0.15 mm/rev feed per revolution (f;) and a variable depth of cut (a,) of 0-1 mm. As it
can be seen, the chip load for the case of an integer frequency relationship (fosc/ frot = 1) is
variable from zero to double the chip load for a conventional turning operation (0.075 mm?).
In the case of an uneven, dimensionless (fosc/ frot = 1.5) oscillation frequency, the chip load
can take values up to four times the chip load for conventional turning, which can lead to
excessive loads on the cutting tool and generate its breakage. According to the pressure
generated in the cutting edge when the D-MAM technique is applied, although a variation
in the depth of cut is generated, the maximum pressure on each differential element of
the cutting edge has the same value as in the conventional case (black and red arrows in
Figure 7b).
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Figure 7. (a) Chip load values for a conventional turning and a D-MAM with relations of

fosc/ fror =1.5.and fosc/ frot = 1. (b) Pressure variations in the cutting edge for conventional (black
arrows) and D-MAM turnings (additional load represented by red arrows).

Regarding the practical implementation of the depth of cut direction MAM, oscillatory
trajectories are programmed in the NC code, following the next relationship:

fosc 2N
frot 60 t) (1)

Xp(t) = D +2a, —2a, COS<

In Equation (1), Xp(t) is the diametral position of the tool, D is the diameter of
the workpiece, a, is the depth of cut and N is the spindle speed. In order to avoid
synchronization issues between axes, the spindle speed is kept constant during the tests.

However, the oscillation of the tool trajectory in the depth of cut direction (Xp)
generates longer tool path lengths than in conventional turning for a workpiece revolution.
Coupled with the differential displacement applied in the feed direction (dZ), the motion
in the Xp direction generates an additional dXp displacement that increases the actual tool

path length (Figure 8).
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Figure 8. Tool path of the part revolution when applying D-MAM. Differential displacement between
red dots highlighted by black lines.

If the programmed feed per revolution value is kept constant, this longer tool path
would generate longer machining times than conventional turning, as well as a variable
undeformed chip thickness on the tool. To avoid such issues, the programmed feed must be
modified too, considering the tool motions in both Z and Xp directions. For that purpose,
the feed per revolution at each trajectory location (fs,) can be calculated according to



J. Manuf. Mater. Process. 2024, 8, 167

8 of 14

Equation (2), using the modulus of the velocity vector formed by the displacements in the

Z and Xp directions.
2
2 . fosc 27N
fa,, = \/fv + <4ap7'[sm<fmt 0 t)> (2)

3. Experimental Validation

In order to evaluate the performance of the chip-breaking methods in comparison to
conventional turning operations, as well as their impact on tool life, turning tests were
carried out. A 900 mm diameter rolled ring made of 17-4 PH precipitation-hardened
stainless steel in H900 condition (45 £ 1 HRC) was used as the workpiece material, while
conventional, oil-based coolant (5% concentration) was used as the cutting fluid. Cylinder
turning tests were performed in a Soraluce (FMT-4000,Bergara, Spain) multitasking machine
using feed and depth of cut MAM techniques, as well as conventional turning. Table 1
shows the cutting parameters and tools employed during the tests.

Table 1. Cutting parameters employed during the experimental tests.

Cutting Conditions

Conventional D-MAM F-MAM
Cutting speed, Vc [m/min] 200 200 200
Feed per revolution, f, [mm/rev] 0.15 0.15 0-0.3
Depth of cut, a, [mm] 0.5 0-1 0.5
fosc/frot ['] - 1 15
Removed material, Q [cm?] 100, 200, 300, 400, 500
Cutting tool
Toolholder PCLNL 2525M 12
Insert Sandvik CNMG 120412-MS MP9015

Regarding the cutting parameters, the chip load values were selected based on data
from the bibliography [19]. The cutting speed was chosen to achieve a tool life of ap-
proximately 0.5 h in conventional turning, thereby avoiding excessively long tests. It
should be noted that the selected insert had a chip-breaker geometry but could not gen-
erate chip breakage during conventional turning. To allow a fair comparison between
the results from each test, they were divided into different passes, keeping the removed
material (Q) constant for each pass (100 cm?). Three repetitions were performed for each
machining strategy.

Regarding the oscillation parameters, their selection should keep the chip length
similar in both MAM strategies to perform a fair comparison. However, F-MAM requires
oscillation frequencies that are 0.5, 1.5, 2.5. .. times the rotational frequency to break the
chips with the minimum variation [13]. On the contrary, D-MAM requires oscillation
frequencies that are integer multiples of the rotational frequency. Therefore, it is not
possible to achieve similar chip lengths for the same workpiece diameter. Bearing in
mind machine drive limitations and the high mass of the machine components, the lowest
dimensionless oscillation frequencies of 1.5 and 1 were selected for F-MAM and D-MAM,
respectively, to avoid synchronization errors and to ensure accurate MAM oscillations.

3.1. Chip Generation

During conventional cutting tests, big chip nests were generated around the cutting
tool. Figure 9a shows highlighted by a yellow circle one of these chip nests entangled
between the part and the cutting tool. On the contrary, during the use of both MAM
techniques, the generation of discrete-length chips was achieved, leaving the cutting zone
free from chip nests (Figure 9b). The chips obtained for each test were collected to evaluate
the capability of the applied modulation-assisted machining techniques to improve the
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chip control, in comparison to conventional turning operations (Figure 10). As it can be
seen, the conditions employed during the conventional turning operation were unable to
generate chip breakage, leading to long chips. During the execution of the machining tests,
such long chips were rolled around the part and the fixture, generating impacts on the tool,
as well as in the machine head and enclosure. Moreover, the chip nests stuck in the cutting
zone would scratch the machined surface during the turning operation.

(b)

Figure 9. Execution of machining tests for (a) conventional turning where a chip nest entangled
between the part and the tool can be seen and (b) F-MAM.

(b)

3
8 -
&
¥ MA
L
5 N
[mm]

N . -
0 25" 507551 CORMPSERIS

Figure 10. Examples of chips obtained during (a) conventional turning, (b) F-MAM, and (c) D-MAM.

In the case of MAM, discontinuous chips were obtained during the feed and depth
of cut modulation tests, as shown in Figures 10b and 10c, respectively. In both cases, the
chips showed variable thicknesses, from thin ends to a sturdy center, corresponding to
the variable chip load generated when applying the MAM techniques. The different chip
lengths were related to the optimum oscillation parameters, as different fs:/ fro¢ ratios
must be used for chip breakage in both techniques. With the employed ratios, D-MAM
produced one chip per revolution, while 1.5 chips were generated with F-MAM.

While significantly lower-sized chips were reported in the bibliography [4,9,18], those
results were obtained with low-mass and high-dynamic Swiss-type turning centers. The
chip lengths obtained in the present work, adapting the MAM techniques to the oscillation
capabilities of heavy-duty machines, were adequate to avoid the issues related to chip
entanglement and control indicated above.
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3.2. Tool Wear

After each machining pass, images of the flank and rake faces of the tools were obtained
using a Koolertron 5 MP 20-300 x USB microscope(Hong Kong Karstone Technology Co.,
Shenzhen, China). Figure 11 shows images obtained for the rake faces of the tools after one
machining pass for conventional, FMAM, and D-MAM tests. The yellow lines overlaid
on the images highlight the tool-chip contact area on the rake face on the tools. As it can
be seen, the tool-chip contact area obtained for MAM tests increased consistently with
the direction of the applied oscillation in comparison to conventional turning. When the
oscillation was applied in the axial direction (F-MAM), the undeformed chip thickness
increased, while the chip width on the tool was kept constant. The contrary can be observed
for the case of radial oscillations (D-MAM), where the chip width was increased, while the
chip thickness was kept constant.

Figure 11. Images of the rake faces of tools from (a) conventional turning, (b) F-MAM, and
(c) D-MAM. The yellow lines indicate the tool-chip contact area for each case.

Regarding the tool flank wear (VB), Figure 12 shows the evolution for the mean values
of different repetitions after each machining pass for each tested condition, together with
the associated 3o error bars. While the classical criteria to stop the machining tests are
based on reaching VB = 0.3 mm [20], the performed tests could not reach such a limit, due to
the appearance of catastrophic failure on the cutting edges. As it can be seen, conventional
turning generated lower tool wear than tested MAM techniques, from which the variable
feed technique generated the highest VB values. The achievable removed material volumes
were 300, 400, and 500 cm? for variable feed, variable depth of cut, and conventional
turning, respectively. It is also noteworthy that the variable feed technique showed the
highest variabilities for the VB values obtained from different test repetitions.

—es—conventional —e—F-MAM —e-D-MAM
0.35

=
© ju 2
o g1 W

Flank wear, VB (mm)
o
©
= Q1

0.05

0 100 200 300 400 500 600
Q (cm?)

Figure 12. Tool flank wear (VB) evolution along the cutting tests.
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In contrast to the results in the bibliography [9], both MAM techniques increased
the tool wear in comparison to conventional turning. The oscillatory movements of the
MAM techniques can induce higher thermo-mechanical fatigue on the tool, which could
lead to the higher wear results observed in comparison to conventional turning. Both
MAM techniques presented in the manuscript generated oscillations on the chip load to
achieve chip discontinuities. However, F-MAM increased the uncut chip thickness up to
double the nominal value to generate the chip discontinuities. In comparison to F-MAM,
D-MAM also doubled the chip load, but it was redistributed along the longer tool edge
without increasing the uncut chip thickness (Figure 11). Since the tool wear did not follow
a linear relationship with the uncut chip thickness, the higher uncut chip thickness values
generated with F-MAM can be the reason for the higher tool wear generated in comparison
to D-MAM. In addition, the chip generated in the present study was long, compared to
the studies presented in literature [9], due to the limitations of the machine dynamics, and
therefore, the tool life cannot be improved, due to the better lubrication condition generated
by a more efficient chip breakage.

3.3. Surface Roughness

Concerning the generated surfaces, the roughness of the machined surface was mea-
sured axially on different circumferential locations of the part using a Mitutoyo SurfTest
5J-210(Mitutoyo Corporation, Kawasaki, Kanagawa, Japan) surface roughness tester. As in
the case of the tool wear measurements, these measurements were performed after each
machining pass, with three measurement repetitions at four equidistant circumferential
angles of the part. The parameters for the roughness measurements were a sampling length
of 0.8 mm and an evaluation length of 4 mm, according to the ISO 4288:1996 standard [21].

The evolutions of the measured mean surface roughness (Ra) and maximum surface
height (Rz) are displayed in Figure 13. The mean values and 3¢ error bars for the values
obtained after each pass from the different repetitions for each test are shown. While the Ra
and Rz values for conventional turning and D-MAM were close to each other, the E-MAM
technique generated substantially higher mean values for both Ra and Rz measurements.
In addition, high scatter can be observed in the roughness values for the F-MAM technique,
generating considerably wider 3¢ error bars.
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Figure 13. Mean surface roughness (Ra) (a) and maximum surface height (Rz) (b) evolutions along
the cutting tests.

The origin of this scatter is related to the kinematic dependency of the surface rough-
ness in turning operations, with the surface roughness dependent partially on the feed per
revolution and the nose radius of the tool. Therefore, a variation in the feed per revolution
generated a variable surface roughness in the part. As this variation was generated in all
the peripheries of the part, different roughness values were generated around the part.
In addition, as the feed per revolution was doubled in some areas, the overall roughness
value was also increased. This behavior was confirmed by roughness measurements at



J. Manuf. Mater. Process. 2024, 8, 167

12 of 14

(a) 35

2.5

< 1.5

0.5

90

different angular locations of the part (Figure 14), as well as results reported in the bibliog-
raphy [9,16]. In summary, while the conventional turning and D-MAM techniques yielded
similar values for the roughness parameters at different parts of circumferential locations,
the values obtained for the F-MAM technique varied. This was the main reason behind the
high variability of the roughness values of the F-MAM technique in Figure 13.
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Figure 14. (a) Mean surface roughness (Ra) and (b) maximum surface height (Rz) along the circum-
ferential angle of the part.

4. Conclusions

Different machining path modulation strategies were compared, using the machine’s
own drives to produce an oscillation either in the direction of the feed or the depth of cut,
to produce discontinuous chips in turning operations. The applications of both MAM tech-
niques tested can generate discontinuous chips, avoiding the chip control issues observed
during the tests performed with conventional turning. The required drive bandwidth for
the generation of the modulation is dependent on the workpiece diameter and material
being cut. In the case of heavy-duty parts (D > 1000 mm), the ordinary drives of the
machine can be used to produce the modulation in both the -MAM and D-MAM methods.

As the modulation in the depth of cut direction creates an oval surface, a second
machining operation is needed to obtain the final part geometry. Therefore, the process
planning must be modified for its application. However, this technique allows chip breaking
in threading operations, which cannot be achieved by the feed variation MAM.

Under tested conditions, the chip-breaking functionality of MAM techniques have the
cost of reducing tool life in comparison to conventional turning. FFMAM showed higher
wear values than D-MAM, possibly due to the overload of the cutting edge when the
uncut chip thickness was doubled to break the chip. In the case of the D-MAM, the chip
width was increased, with the generated wear being an intermediate value between the
F- MAM and the conventional turning. It is noteworthy to mention that the results may
vary depending on the chip-breaking application. Although the tendency was clear under
the tested conditions, in some applications, the results may differ, due to the improved
lubrication of the cutting edge when chips are properly broken. Therefore, the relationship
between the wear due to overstress in the cutting edge and the one due to improper
lubrication will define the overall wear.

Regarding the surface roughness, D-MAM showed similar values to the ones obtained
from conventional turning. When F-MAM was applied, surface roughness values were
higher, due to the need to double the feed per revolution to keep the MRR constant
while breaking the chips. As the roughness of turning operations is directly related to
the feed per revolution value, its increase in chip breaking entailed the beforementioned
surface roughness value increase. Additionally, this behavior resulted in a variable surface
roughness along the part’s angular positions.

As a general conclusion, considering the effects of MAM techniques on the tool wear
and surface roughness, they should be applied in cases where the chip control is the main
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cause of inefficiencies and time losses or is detrimental to the final quality and integrity of
high added value parts. Comparing both MAM strategies, both are successful in generating
discontinuous chips, but D-MAM can be more advantageous than F-MAM, as it produces
lower tool wear and better surface roughness. However, F-MAM can provide higher
flexibility for its application, while D-MAM would require creating tool trajectories with
computer-aided manufacturing (CAM), as well as a modification of the production plan, as
a secondary machining is needed to eliminate the non-circumferential geometry.
Clarifying the effect of MAM techniques during the process design phases would
require further evaluation of their effects on the tool wear and surface roughness. Further
research should be performed by analyzing the variable thermo-mechanical loads generated
and their relationship with the fatigue behavior of the tool and the increased tool wear.
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