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Abstract Behavior of austenitic stainless steels has
been studied at very high cutting speeds. Turning tests
were carried out using the AISI 303 austenitic stainless
steel. In particular, the influence of cutting speed on
tool wear, surface quality, cutting forces and chip geom-
etry has been investigated. These parameters have been
compared when performing machining at traditional
cutting speeds (lower than 350 m/min) versus high
cutting speeds. The analysis of results shows that the
material undergoes a significant change in its behavior
when machining at cutting speeds above 450 m/min,
that favors the machining operation. The main compo-
nent of cutting forces reaches a minimum value at this
cutting speed. The SEM micrographs of the machined
surfaces show how at the traditional cutting speeds the
machined surfaces contain cavities, metal debris and
feed marks with smeared material particles. Surfaces
machined at high cutting speeds show evidence of ma-
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terial side flow, which is more evident at cutting speeds
above 600 m/min. Tool wear is located at the tool nose
radius for lower cutting speeds, whereas it slides toward
the secondary edge when cutting speed increases. An
analysis of chips indicates also an important decrement
in chip thickness for cutting speeds above 450 m/min.
This study concludes that there is an unexplored range
of cutting speeds very interesting for high-performance
machining. In this range, the behavior of stainless steels
is very favorable although tool wear rate is also sig-
nificant. Nevertheless, nowadays the cost of tool inserts
can be considered as secondary when comparing to
other operation costs, for instance the machine hourly
cost for high-end multitasking machines.

Keywords Austenitic stainless steel - Turning -
Tool wear - High-performance machining - High speed

1 Introduction

The main purpose of high-speed machining (HSM) is
to increase the material removal rate (MRR) while
keeping the quality of machined parts with regard to
as-design specifications. The material removal rate for
a turning operation is given by the product of cutting
speed (V.), feed rate ( f,,), and depth of cut (a,). There-
fore, if an increase in productivity is desired then an
increase in these three cutting parameters is required.
However, increment of feed rate leads to worse qual-
ity in machined surfaces. Also, increment in depth of
cut also negatively affects roughness of parts and pro-
duces an increment of cutting forces. This phenomenon
increases the risk of catastrophic failure of cutting tools,
and it demands additional power and better structural
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stiffness in machine tools. Therefore, machining with
high values for feed rate and depth of cut is only
possible when working with relative soft materials, such
as aluminum, light alloys, or ferrous alloys.

On the contrary, the effects of increasing cutting
speed are opposite to the former parameters. As de-
monstrated in some researches, increase in cutting
speed improves surface finish while reducing the cut-
ting forces [1-4]. The drawback behind the use of high
cutting speeds is the adverse effect in tool life. The well-
known equation of Taylor for tool life estimation and
other similar equations such as that of Kronenberg and
Konig-Depiereux point out that the cutting parameter
with more influence over tool life is the cutting speed.
However, regardless of the aforementioned drawback,
the current trend is to use high-speed machining to
improve productivity and surface finish of machined
parts. The reason is that the hourly cost of modern
turning centers or multitasking machines is very much
higher than that of the tool.

High-performance machining is possible with new
tool materials and improved coating technologies, such
as the PVD technique or the lateral rotating ARC-
Cathodes technology that allows to obtain multilayer
and nanomultilayer coatings [5]. These coatings have
extremely high nanohardness at very high toughness
and extremely high heat resistance, properties required
for the tools used in the machining at severe cutting
conditions [6].

Other aspect to consider is that in HSM, the chip
section is kept at a constant. That is, feed rate and
depth of cut are fixed at constant values while cutting
speed is optimized as means to reach the objectives
of productivity and partly quality while maintaining an
acceptable tool life.

The range of cutting speeds for machining with
acceptable tool life is very broad, depending on the
part material. For example, aluminum can be machined
using cutting speeds around 8,000 m/min [7], whereas
the range of high speed for titanium alloys or Inconel
is around 250 m/min [8]. Traditionally, the machining
of austenitic stainless steels is performed with cutting
speeds between 150 and 350 m/min, that is, a moderate
range. There are no available studies which consider
the behavior of these steels when machining at higher
cutting speeds.

Austenitic stainless steels are considered difficult
materials for machining due to their high friction coe-

Table 1 Chemical composition of AISI 303 work material

fficient, low thermal conductivity, high coefficient of
thermal expansion, high ductility, and high work-
hardening rate [9]. The friction coefficient at the chip-
tool interface is in general higher for stainless steels
than for other steels. This fact leads to a faster degra-
dation of cutting tools [10].

The low thermal conductivity implies an increase
of temperature in the tool and, consequently, a re-
duction of tool life. The low thermal conductivity and
the high work-hardening rate affect chip formation,
which suffers catastrophic failure in narrow shear sur-
faces producing segmented chip [11]. Also, the high
coefficient of thermal expansion of austenitic steels
leads to serious difficulties in maintaining the machin-
ing tolerances. The high ductility favors development of
built-up edge (BUE) in the tool, worsening the surface
finish of the machined part [12].

The basic strategy to achieve an optimum machining
is to select the adequate cutting speed and tool for each
work material. In order to reach this objective, a good
understanding of the effect that cutting speed has over
mechanical and thermal properties of work material
and cutting tool is necessary [13]. In this paper, the
effect of cutting speed over tool wear, surface quality,
cutting forces, and chip formation is analyzed when
turning AISI 303 austenitic stainless steel. AIST 303
steel is one of the steels with enhanced machinability
more frequently used for mass production in automatic
lathes.

2 Experimental procedure

Machining tests were carried out using AISI 303
austenitic stainless steel. Table 1 shows the chemical
composition for the tested steel. Machining operations
were longitudinal turning, and part specimens were
bars of 180-mm length and 60-mm diameter. Coolant
was not employed in tests in order to analyze the behav-
ior of stainless steels in dry machining. Dry machining
satisfies the current trend of ecological machining [14]
and at the same time it does not modify the results of
the analysis of chemical composition in the tool surface.

2.1 Machining tests

Machining tests were performed modifying the cutting
speed in a wide range: 37, 75, 150, 300, 450, 600 750,

C P S Si Mn Cr
0.050 0.033 0.273 0.365 1.776 17.773

Ni Mo Ti N Cu Fe
8.783 0.271 0.003 0.041 0.273 70.392
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845, and 870 m/min. That is, cutting speeds out of
the range recommended by tool manufacturers (180-
250 m/min) were tested. The objective was to analyze
the effect of cutting speed over the work material-tool
pair. Feed rate and depth of cut were kept constant at
0.2 mm/rev and 1 mm, respectively. These values are in
recommended range as indicated by tool manufacturer.
As formerly commented, these two parameters have
not been modified due to the adverse effect over the
surface finish and the cutting forces.

The tool was a multilayer-coated (TiCN, Al,O3, and
TiN) cemented carbide cutting tool, submicrograin size
with binder 8-10% of cobalt. It was a commercial grade
insert with TNMG 160408 geometry.

The following variables were measured during the
machining tests:

— The three components of cutting forces.

— Surface finish of machined surfaces.

— Superficial damage caused by the action of cutting.
— Tool wear.

— Geometrical features of chips.

The subsystem for measuring the cutting forces was
composed of a triaxial Kistler 9121 piezoelectric dy-
namometer, a Kistler charge amplifier type 5070A,
a DapBoard/2000 PCI data acquisition board and a
computer data acquisition software (DasyLab). The
forces registered were the feed force (Fy), the radial
force (F,), and the tangential cutting force (F;). Mea-
surements were recorded along the 125-mm length of
machining on the 60-mm diameter pass.

Surface roughness (R,) was measured over the ma-
chined surfaces using a Hommelwerke class 1 perfilo-
meter, model Tester T4000. Cut-off was 0.8 mm and
sampling length was 4.8 mm, according to ISO 13565-
2:1997 standard.

A small portion of the machined surface was ex-
tracted to create samples for metallographic observa-
tion. These samples were mechanically polished and
later on electrolytically polished with 10% oxalic acid
solution at 6 VDC, 0.5 A, in order to reveal their
microstructure. The microstructures were examined
using an Olympus BX 80 metallographic microscope.
Optical inspection of the machined surface was per-
formed using a Jeol 6100 scanning electron microscope
(SEM).

The worn cutting tools and the generated chips were
also examined by SEM. Energy-dispersive spectrome-
try (EDX) techniques were used to measure the chem-
ical compositions of the worn surfaces in the cutting
tool.

3 Results and discussion

This section shows the results obtained from the analy-
sis of measured values for cutting forces, condition of
machined surface, tool wear, and chip morphology. The
results are discussed to explain the effect of cutting
speed in the turning of AISI 303 austenitic stainless
steel.

3.1 Cutting forces

The evolution of the tangential force (F;), feed force
(Fy), and radial force (F,) components is showed in
Fig. 1 as a function of cutting speed. The tangential
force component is approximately two times the two
other force components. It should be noted that when
cutting speed increases from 35 to 450 m/min, the
three force components reduce and then they increase
again with cutting speed. This behavior has also been
observed in the machining of titanium alloys [15] and
medium carbon steels [16].

The change in the evolution of cutting forces with
cutting speed can be explained for the balance between
the strain hardening rate and the thermal softening.
These factors are already considered in the well-known
law of Johnson—Cook (1) that explains the viscoplastic
behavior of materials. This law expresses the flow stress
(o) as a function of the strain (¢), the strain rate (¢), and
the temperature (7).

o = (00 + Be") <1 +Cln :_0> (1- 7 (1)

In the first part of the curve in Fig. 1 (below 400-
450 m/min), the cutting forces decrease with the
increase of cutting speed. In this case, the thermal
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Fig. 1 Evolution of cutting forces with cutting speed
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Table 2 Arithmetic average surface roughness (R,;) and maximum peak to valley height (R;)

V (m/min) 37 75 150 300 450 600 750 845 870

Ry (um) 221 1.84 2.00 2.14 212 1.66 217 1.84 1.90
Rape—Ray, 1.50 0.58 111 0.74 0.26 0.16 0.11 0.15 1.05
R; (um) 19.56 9.50 10.77 10.47 10.91 8.84 13.02 10.45 12.61
Ripui—Riy 10.20 3.28 8.36 5.96 5.62 1.49 8.26 2.93 6.27

In bold the minimum values achieved
In italics the maximum values achieved

softening factor (1—T*") predominates in the Johnson—
Cook’s equation. Due to the low thermal conductivity
of the AISI 303 steel (15 W/mK), the heat generated in
the machining cannot be dissipated quickly. This phe-
nomenon causes an important increment in the temper-
ature of the deformation areas and, consequently, the
thermal softening of the work material; therefore the
decrease of cutting force components takes place.

In the second part of the curve (Fig. 1) above
450 m/min, the cutting forces have a tendency to aug-
ment with the increase of the cutting speed. Now,

the strain hardening rate factor (1 + Cln :—0)> pre-

dominates in the Johnson-Cook’s equation. At these
very high cutting speeds the strain rate is high, around
105 s~!; the significant sensibility of stainless steels to
the strain rate leads this factor to be predominant over
the thermal softening and, in consequence, the cut-
ting forces have a tendency to increase. This tendency
agrees with the classic theory exposed by Oxley that
considers the effect of strain hardening, strain rate and
temperature on the properties of materials [17].

The behavior showed by the three cutting force
components in the first part of the curve is similar. A
reduction around 25% is observed for the three compo-
nents. However, for cutting speeds above 450 m/min the
slope of the curve is different in the three components.
The tangential component experiences the smallest in-
crement, around 10%. The feed component is the one
which shows a quicker increment with a 52%, whereas
the radial component is featured by a 40%. So, for
cutting speeds above 600 m/min the value of the feed
component overpass the value of the radial component.
The effect of this behavior over tool wear and material
side flow will be explained in Section 3.3.

3.2 Analysis of machined surface
3.2.1 Analysis of surface roughness
The effect of cutting speed on surface finish is analyzed

in this section. Table 2 shows the values obtained for
the average surface roughness (R,) and the maximum
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peak to valley height (R;) in the machined surface for
different cutting speeds. These values are calculated as
the average of six measurements.

Theoretical values of R, and R, can be estimated by
means of Egs. 2 and 3, respectively. According to them,
the roughness values for the cutting conditions used in
the machining tests are 1.5 and 6.25 pum, respectively.
These ideal values for R, and R, are lower than the
real ones as measured by the perthometer. The reason
is that surface finish is affected by additional factors
related to machining stability, work material, tool wear
or machining conditions [25].

2

R, =0.0321— (2)
r€
1 f?
R =-— 3
T8 Te 3)

It can be observed that the surface machined at
600 m/min shows the lowest R, (1,66 um) and R,
(8,84 um) values. The surfaces machined at 37 and
750 m/min are featured by higher R, and R, values.
These high values are due to vibrations (unstable ma-
chining) during the operation. When analyzing the val-
ues of the cutting force components, it was observed
that variation of signal amplitude (Fiyax—Fmin) iS max-
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Fig. 2 Evolution of the amplitude of cutting forces with cutting
speed
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Fig. 3 SEM micrographs }
of machined surfaces N L 2
at different cutting speed Sl ; cavities

Ve =450 m/min

{

} material side

imum for the three components at 37 and 750 m/min;
this fact gives an idea of the instability of the cutting
operation at these cutting speeds. Meanwhile, the min-
imal amplitude is reached at 600 m/min (Fig. 2), which
means stable machining and also minimal roughness,
as indicated before. This fact corroborates the idea
that roughness depends on cutting parameters and tool
vibrations [18, 19].

3.2.2 Analysis of surface damage

SEM micrographs of machined surfaces at different
cutting speeds are shown in Fig. 3. The influence of
cutting speed in surface finish is confirmed with these
images. Surfaces machined at low cutting speeds (37 to
300 m/min) show cavities, metal debris and feed marks
with smeared material particles. Surfaces machined at
high cutting speeds (450 to 870 m/min) do not contain
cavities nor metal debris, but they show evidence of
material side flow. Similar effects were reported by
other authors during machining of modified AISI 420
stainless steel [20]. The material side flow takes place
when the chip material in the cutting tool edge is
exposed to high pressure and temperature. This state
produces a complete plastification of the material, that
flows through the main cutting edge toward the sec-

|

smeared material

1T

Ve =300

Ve =600 m/min

ondary cutting edge and it adheres to the new machined
surface.

Kishawy and Elbestawi [21] researched two mecha-
nisms for material side flow. In the first mechanism, the
material is squeezed between the tool flank face and
the machined surface when chip thickness is below a
minimum value. In our research, when considering the
evolution of chip thickness with cutting speed (Fig. 4),
it can be observed that above 450 m/min the material
side flow becomes more evident and the chip thickness
suffers a significant reduction.

05

\
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o
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o
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Fig. 4 Evolution of chip thickness with cutting speed

@ Springer



66

Int J Adv Manuf Technol (2011) 57:61-71

Fig. 5 Depth of deformed
microstructure of machined
specimens at different cutting
speeds

Ve =600 m/min

In the second mechanism, the plastified material in
the cutting zone flows through the worn trailing edge
to the side of the tool. In Section 3.3, where tool wear is
analyzed, severe wear is observed on the trailing edge at
cutting speeds above 450 m/min and material side flow
is evident.

In addition, some authors [22, 23] have demon-
strated that cutting speed has a significant influence on
material side flow. The high temperature generated
during high-speed machining helps to the material plas-
tification and, hence, a tendency for material side flow.

The effect of cutting speed on the structural change
in the work material was analyzed. A transversal cut-
ting was done to the machined specimen and the disk
surfaces were electrolytically polished and prepared
for analysis in metallographic microscopy. The images
in Fig. 5 show the deformation of the grains in the
machined surface. Depth of the deformed area was
estimated using ten measurements along the transver-
sal section. This analysis was carried out for different
cutting speeds; Table 3 contains the mean values. The
results show an increase in the depth of the deformed
area with the increase of cutting speed, due to the strain
hardening which features the austenitic stainless steels.

3.3 Analysis of tool wear

The surface of the cutting tools used for the ma-
chining tests was analyzed using the SEM and EDX
techniques to determine the nature of wear. Cutting
tools were multilayer coated cemented carbide inserts

Table 3 Work-hardening measures carried out in the transversal
section of the machined specimens at different cutting speeds

V (m/min) 37 150 450 600 750 870

Distance from 2.18 1.84 3.16 3.57 5.11 6.05
surface(pum)

@ Springer

Ve= 750m/min

Ve ='8.7.0 m/min

(TiCN-AI,O5-TiN). Many authors have been carried
out different studies to evaluate the effect of tool coat-
ings on the cutting process, such as Ucun and Aslantas
[24] summarize in recent times. The aluminum oxide
(Al,0O3) coating provides chemical stability minimizing
the wear by diffusion and, at the same time, it improves
the strength to abrasive wear. The titanium nitride
(TiN) coating reduces the coefficient of friction on the
tool rake face [25]. The TiCN coating improves the
adherence of the coatings to the substrate of the insert.

The EDX analysis of components in a new insert
shows high levels of the original coating elements
(TiCN-AIL,O5-TiN). On the contrary, the analysis of
worn inserts shows higher levels of iron (Fe), chromium
(Cr), silicon (Si), nickel (Ni), sulfur (S) and man-
ganese (Mn) (Fig. 6). As mentioned before in Table 1,

New tool ‘Woin tool
Element Weight%  Atomic% | Weight%  Atomic%
CK 7.50 12.37 5.51 11.00
NK 31.82 4497 10.82 18.53
OK 18.19 2251 24.21 36.31
AlK 8.15 5.98 14.70 13.07
SK - - 0.21 0.16
TiK 34.25 14.15 23.83 11.94
CrK - - 4.15 1.91
w 0.09 0.01 - -
MnK 0.56 0.24
FeK 14.39 6.18
NiK 1.64 0.67
Totals

Fig. 6 EDX chemical composition analysis at flank face for new
and worn cutting tools
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these elements are alloying elements for the AISI 303
austenitic stainless steel. As it is known, these work
material components are located in the flank and rake
faces of the cutting tool and they are called BUE and
built-up layer, respectively [26].

On the other hand, Fig. 7 shows layers of material
adhered to the tool flank face. A quantitative element
mapping was carried out using EDX analysis to char-
acterize the components attached to the flank surface.
The mapping results indicated that these layers were
composed by iron (Fe), chromium (Cr), nickel (Ni),
and manganese (Mn) which come from the workpiece
material. When machining in the range of low cutting
speeds (37-300 m/min) these layers are located close
to the main cutting edge and they spreads over the
flank face. When machining at high speeds (above
300 m/min), a tendency to form lumps of FeCr welded

to the main edge can be observed. With the increment
of cutting speed the lumps tend to displace toward the
secondary edge, as it can be appreciated in Fig. 8§ for a
cutting speed of 870 m/min.

As supposed, increase of cutting speed implies a more
severe tool wear rate. Besides, the wear band in the
tool displaces from the main edge toward the secondary
edge. In Fig. 8, it is observed how wear is more accused
in the region near to the tool nose radius for a cutting
speed of 300 m/min, whereas for cutting speeds of 845
and 870 m/min the most worn region is observed at the
secondary edge. This wear in the secondary edge favors
material side flow at the highest cutting speeds, as it was
indicated previously in Section 3.2.2.

Micrographs of tool rake face for worn tools (zone A
in Fig. 9c) and spectral information obtained with EDX
analysis (zone A in Fig. 10) show higher levels of sulfur

Fig. 7 SEM mapping image for adhered material in the tool flank face
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Main edge

(¢) V.=300m/min (d) V.=600m/min

(e) V. =845m/min

(f) V.=870m/min

Fig. 8 SEM images for tool flank wear at several cutting speeds

(S) and manganese (Mn), which indicates the presence
of MnS layers.

This MnS layer is uniform through the tool rake
face at low or medium cutting speeds. This layer acts
like a barrier for adhesive wearing and it prevents
from welding or stiffening of work material in the tool
surface. At high cutting speeds the MnS layer in the tool
rake face is more irregular, since higher temperatures
caused by higher cutting speeds makes this layer viscous
and unstable. This layer spreads also toward the inner
of the tool moving away from the edge border without
reaching the secondary edge. This effect leaves the
cutting edge unprotected and, consequently, welding of
work material on the tool edge border takes place.

In the areas of tool rake face not protected by the
MnS layer (zone B in Fig. 9c) high content of tungsten
(W) and cobalt (Co) (from substrate) and low per-
centages of aluminum (Al), titanium (Ti), and nitrogen
(N) (from coating) are observed (zone B in Fig. 10).
This analysis indicates that tool coating has disinte-
grated by diffusion wearing which occurs at high cutting
temperatures.

@ Springer
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Fig. 9 SEM images in the crater region at several cutting speeds

3.4 Analysis of chip formation

A morphological analysis of chips was carried out at
different cutting speeds with the purpose of studying
the influence of cutting speed in the formation mech-
anism of the chip. Chips were analyzed by means of
optic and scanning electron microscopy. In all the cases
chips were segmented type, but geometrical differences
were observed as consequence of cutting speed varia-
tion. Segmented chip is formed due to some features
of austenitic stainless steels, as high work-hardening
rate and low thermal conductivity which prevents heat
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Zone A Zone B (J;m) Chips Top surface  Sliding surface  Free surface
Element | Weight% Atomic% | Weight% Atomic% = &y
CK 13.85 26.20 12.74 30.93 37 DN
OK 32.01 45.44 18.25 33.28
AlK 8.98 7.56 5.57 6.02
SiK 0.29 0.24 - -
SK 1.20 0.85 1.26 1.15 75
CaK 0.19 0.11 0.18 0.13
TiK 26.36 12.50 21.78 13.26
CrK 4.24 1.85 4.64 2.60 150
MnK 4.94 2.04 2.27 1.20
FeK 7.12 2.90 14.00 7.31
CoK - - 1.51 0.74
NiK 0.81 0.32 1.58 0.79 300
WM - - 16.21 2.57
Totals 100.00
450
600
750
Fig. 10 EDX chemical composition analysis at the crater area of
870
evacuation. The heat concentrates around the shear

zone and it produces thermal softening and flow stress
reduction in work material. This effect produces adia-
batic bands of deformation that leads to local deforma-
tion in a nearly plane area.

Ten samples of chip were considered at each cutting
speed so that the results of geometrical analysis were
representative. Moreover, for each chip sample three
images were acquired using SEM to measure its thick-
ness and width and to analyze the morphology of the
free surface and the slipping surface (the one in contact
with the tool rake face). Figure 11 shows an example of
chip images at different cutting speeds. The first column
indicates that as higher the cutting speed smaller the
chip length, which is more significant above 600 m/min.
This is due to severe segmentation that occurs at high
cutting speeds which produces the breaking of chip in
lamellas.

Free surface of chip is featured by a rough aspect.
For all cutting speeds, a lamellas pattern is observed
as result of slipping mechanism. Lamellas are smaller
and more uniform for low cutting speeds, as it can be
observed in the last column in Fig. 11. With the increase
of cutting speed the lamella pattern is deeper, which
indicates higher chip segmentation.

As it is well-known in literature [27], chip surface
that slips on the tool rake face during cutting process is

Fig. 11 SEM images of chips at several cutting speeds

subjected to high pressure and friction force, which leads
to very high cutting temperatures (around 1.200°C).
Combination of these effects produces in this chip slid-
ing surface a flat and bright aspect. Chip width mea-
surements were carried out using the chip sliding surface
images. Chip width varies from 1.174 (at 37 m/min) to
1.701 mm (at 870 m/min) with the increase of cutting
speed. It can be concluded from these measures that
lateral chip material flow takes place, which is higher
with the increase of cutting speed due to the higher
pressures and temperatures in the chip.

It is also observed that chips produced at low cutting
speeds (under 300 m/min) are featured by discontinu-
ities in one of the lateral borders. However, at cutting
speeds above 300 m/min cracks and discontinuities ap-
pear in both lateral borders (Fig. 12) due to severe de-
formation that occurs at these very high cutting speeds.

EDX analysis was carried out on the chip sliding
surface. Results show that they are not elements of tool
coating or its substrate. This lets us conclude that there
was no transference of material from the tool toward
the chip, that is, there was no diffusion wearing.
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Z8Bum

(a) V=75 m/min

Z6EN 268 1m

(¢) V=600 m/min

(d) V=870 m/min

Fig. 12 Chip sliding surface at several cutting speeds

Chip thickness was measured as the average of ten
chip images acquired at each cutting speed. Figure 4
shows the relation between chip thickness (4.) and
cutting speed. It is observed that above 450 m/min
chip thickness decreases significantly. In the research
carried out by Kishawy and Elbestawi [21], the authors
concluded that when chip thickness reaches a minimum
value the material is squeezed between the tool flank
face and the machined surface and material side flow
is observed. In our study, this phenomenon takes place
when chip thickness in inferior to 0.35 mm at cutting
speeds above 450 m/min, as it is indicated in Fig. 3.

Chip thickness is related to the shear angle by
means of the following expressions stated in the classic
Merchant’s theory (4):

(4)

Fo= —

2
N ¢=tan_1< FeCOSQ )L

1 —resina /) r

where r. is the chip compression ratio, 4 is the uncut
chip thickness, ¢ is the shear angle, and « is the tool
rake angle. When cut chip thickness (%.) is smaller,
the chip compression ratio and the shear angle become
higher. High values of ¢ and r. correspond to small
chip deformation and less consumed energy, therefore
favoring the cutting process.

Table 4 shows the values for r. and ¢ calculated
using the Merchant’s theory. For cutting speeds un-
der 450 m/min, the chip compression ratio is below
0.5 and it approximates to 0.7-0.8 for higher cutting
speeds. The shear angle presents a similar behavior,
that is, it stays always close to 30° at cutting speeds
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Table 4 Values for chip thickness, chip compression ratio, and
shear angle at different cutting speeds

V. (m/min) h(mm) h.(mm) Ie ¢(degrees)
37 0.199 0.373 0.536 29.56
75 0.199 0.370 0.540 29.77
150 0.199 0.451 0.443 24.88
300 0.199 0.460 0.435 24.43
450 0.199 0.262 0.763 39.70
600 0.199 0.253 0.790 40.79
750 0.199 0.302 0.662 35.43
845 0.199 0.313 0.639 3439
870 0.199 0.254 0.787 40.67

under 450 m/min and takes values near to 40° when
cutting speed is higher than 450 m/min. This behavior
has already been observed in other materials, such as
Inconel 718. Thakur et al. [28] observed that a higher
cutting speed increases the shear angle, which results
in a shorter shear plane for a fixed shear strength. The
authors concluded that when the shear angle increases,
thin chips are generated, speed of chips is higher, and
the result is a reduction of cutting force and friction.

4 Conclusions

Behavior of austenitic stainless steels has been re-
searched when machining at very high cutting speeds
in dry turning. In this paper, the behavior of work-
piece material and cutting tool is analyzed at cutting
speeds much higher than the speeds used by other
researchers. Usual cutting speeds are in the range of 200
to 300 m/min and use of coolant is extensive for these
materials. In this research, very high cutting speeds of
up to 870 m/min were tested. These machining condi-
tions were considered for economical and ecological
reasons, in accordance to actual state of technology.
The effect of very high cutting speeds was analyzed
over cutting forces, quality surface, tool wear and chip
geometry.

From the results obtained, a critical cutting speed
of 450 m/min is identified. Above this critical cutting
speed, the behavior of machined material changes with
regard to lower cutting speeds. Traditionally, stainless
steels are machined at cutting speeds between 150-
300 m/min. However, this research concludes that these
materials have a good behavior at higher speeds. For
example, the main component of cutting forces (F;)
reduces above 450 m/min, which implies less power
consumption and less stress and deformation in cutting
tool. Besides, with regard to the surface of the ma-
chined workpiece, the roughness achieved at these very
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high cutting speeds is similar to the one at lower cutting
speeds, reaching the R, minimum value at 600 m/min.
No cavities were found nor any metal debris; however,
material side flow is observed above the critical cut-
ting speed. Depth of the zone affected by microstruc-
tural change increases with cutting speed; however,
the values obtained are acceptable for all the tested
cutting speeds. The analysis of chip also shows that a
significant change in chip geometry is obtained above
the critical cutting speed of 450 m/min; chip thickness is
significantly less, which implies lower chip compression
ratio and higher shear angles. These parameters are
indicative of the good behavior of austenitic stainless
steels to dry machining at very high cutting speeds.

The study concludes that there is an unexplored
range of cutting speeds very interesting for high-
performance machining, where the behavior of work-
piece material is very favorable although tool wear is
high. Nevertheless, nowadays cost of tool inserts can
be considered secondary when compared with other
operation costs, for instance the machine hourly cost
for high-end multitasking machines.
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