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Abstract

Residual stresses induced by orthogonal cutting in AISI 316L standard and resulfurized steels have been investigated, with attention
given to the role played by the cutting parameters, such as cutting speed, feed rate, tool geometry and tool coating. Depth profiles of
residual stress have been determined using the X-ray diffraction technique. The effect of cutting conditions and tool nature on residual
stresses are analyzed in association with thermal and mechanical events, recorded during the cutting tests. The tool temperature distribution
has been determined by a specific CCD infrared camera technique and the cutting forces by a Kistler table set up on the lathe. © 1999

Elsevier Science S.A. All rights reserved.
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1. Introduction

Austenitic stainless steels have many applications
because of their high corrosion and oxidation resistance
properties. However, these materials are considered difficult
to machine because of specific properties such as high
mechanical and microstructural sensitivity to strain and
stress rates. They are prone to work-hardening, which
induces mechanical modifications and behavioral heteroge-
neity on the machined surface, and leads to unstable chip
formation and vibrations. Moreover, their low thermal con-
ductivity leads to bad heat conduction at the tool tip and,
locally, to very hot points. These thermo-mechanical phe-
nomena affect the surface integrity of the piece.

Free cutting austenitic stainless steels with high sulfur
content have been developed in order to facilitate cutting
operations. Their better machinability is related to the plastic
behavior of the sulfides in the flow zone [1]. However,
adding this element is detrimental to corrosion resistance
and material workability. Consequently, special attention
was paid to the development of both calcium- and sulfur-
controlled austenitic stainless steels. Their addition
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improves machinability without greatly reducing resistance
to corrosion. Further, the development of new materials for
cutting tools, such as TiN-coated cemented tungsten car-
bides, has also led to better control of the material removal
process.

An important factor related to the workpiece surface
alteration occurring during machining is the residual stress
distribution. Indeed, it can greatly affect the material’s
properties and its ability to withstand severe loading con-
ditions (stress corrosion cracking, fatigue, ...). The nature
of residual stresses depends not only on machining para-
meters such as the cutting speed, feed rate, depth of cut, but
also on the tool geometry and the lubrication conditions.

Residual stresses resulting from metal removal processes
have been studied for several decades. Henriksen [2] attrib-
uted residual stresses mainly to mechanical effects caused
by the forces acting on the tool during the cutting process,
deeming thermal stresses due to heat generation to be
negligible. However, another study performed by Okushima
and Kakino [3] showed that tensile residual stresses were
caused by thermal effects and compressive residual stresses
by mechanical effects related to the machining operation.
The later results obtained by Liu and Barash [4] tend to
validate Henriksen’s conclusions.

Recent works on carbon steel have also shown that the
nature of the residual stresses produced on a machined
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surface is related to the material properties, especially its
hardness. Matsumoto et al. [5] showed that the residual
stresses obtained from the machining of AISI 4340 steel are
tensile for low hardness levels but become compressive as
hardness increases. For the same material, Wu and Matsu-
moto [6] showed that the residual stress pattern is linked to
the orientation of the primary shear deformation zone in
metal cutting. In most cases, a tensile residual stress state is
found on the machined surface. Brinksmeier and Scholtes
[7,8] showed that the tensile residual stresses and the depth
of the stressed region tend to increase with feed rate.
Schreiber and Schlicht [9] and Brinksmeier [7] found that
residual stresses increase with cutting speed. The use of a
coolant [10] at low cutting speeds reduces the maximum
residual stress and the depth of the stressed region, when
compared with the results obtained with dry cutting. Lubri-
cation does not seem to have any significant influence on the
residual stress distribution, when the cutting speed increases.

Few studies on turning residual stresses in austenitic
stainless steels have been performed. Nagawaka et al.
[11], in a study on the influence of surface finishing on
residual stresses and stress corrosion cracking susceptibility
in Type 18-8 austenitic stainless steel, found longitudinal
tensile stresses for rough turning conditions and compres-
sive stresses for fine cutting conditions. Circumferential
stresses were tensile and reached high values (close to
700 MPa at the surface). The cutting-affected zone was
found to be deeper for a material turned with a high speed
steel tool than for the one turned with a cemented carbide
tool. Smith and Riley [12], in a study on residual stresses in
turned surfaces of 18% Cr 18% Mn end ring steel, found a
heavily deformed layer with tensile residual stresses extend-
ing to a depth of 25 pm. In the case of AISI 304 steel,
Wiesner [13] showed that mechanical and thermal effects
were both responsible for the tensile residual stresses in the
near-surface region. For the same material, Yang et al. [14]
have shown that increasing tool sharpness leads to a diminu-

Table 1
Chemical composition of AISI 316L steels

tion in the level of the surface residual stresses for low values
of feed rate.

This paper has sought to correlate the above-mentioned
recent improvements in material/tool pairing with the resi-
dual stress pattern induced by the machining of two types of
AISI 316L steel, standard and resulfurized, with coated and
uncoated cemented tungsten carbide tools. The results are
discussed in terms of the thermal and mechanical loading
occuring during machining.

2. Materials and experimental procedure

Round bars (150 mm diameter) of two varieties of AISI
316L steel were selected for the study: one standard type
(material A); and another with improved machinability, due
to the existence of sulfide inclusions (material U). Their
chemical composition is presented in the Table 1. The two
kinds of steel have an austenitic structure with an approx-
imate grain size of 50 pm and a hardness value of close to
170 HV.

Orthogonal cutting tests were conducted with uncoated
and coated tungsten carbide tools. The uncoated tools, which
are referenced as K313 (Kennametal commercial name, ISO
K-05/K-15) and H13A (Sandvik commercial name, ISO K-
10/K-15), are cemented carbide tools. The chemical vapor
deposition (CVD) tool coatings employed were triple layer
coatings of TiC-Al,O5;-TiN (Kennametal KC850 tool, ISO
P-05/P-25), and TiC-TiCN-TiN (Kennametal KC950 tool,
ISO P-25/P-45), chosen for their good wear-resistance prop-
erties. The orthogonal cutting conditions and the tool geo-
metry are given in Table 2. All of the cutting tests were
carried out without cutting fluid.

The orthogonal cutting tests were carried out with a
numerically controlled machining center, equipped with
analysis set-ups. Cutting force measurements were per-
formed using a Kistler table, delivering the values of the

Material ~ Chemical composition (wt%)
C Si Mn Ni Cr Mo S P N Co Cu Fe

U 0.010 0.630 1.280 11.140 16.74 2.020 0.022 0.020 0.030 0.240 - balance

A 0.012 0.60 1.71 11.58 17.09 2.20 <0.003 0.025 - - 0.11 balance

Table 2

Cutting conditions and tool geometry

Cutting tool reference Rake angle Clearance Cutting speed Feed rate Width of
) angle (a) () (V) (m/min) (f) (mm/rev) cut (mm)

K313 (WC/Co) 0and 5 5 75-200 0.1-0.3 4

KC950 (WC/Co + TiC/AL,O5/TiN) 0 5 75-200 0.1-0.3 4

KC850 (WC/Co + TiC/TiCN/TiN) 0 5 75-400 0.1-0.3 4

H13 A (WC/Co) 0 11 75-280 0.1-0.3 6
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Table 3
Parameters used for the X-ray analysis

Test material Spot area (mmz) 172 Sz(Mpa’l) S](Mpa’l) Wavelength Radiation Filter Bragg angle 26 (°)
Fe ~ 1 6.531 x 107 —1.429 x 10°®*  Mn K, Cr 152.3 (hkl) = (311)
Radial shear stress components were negligible, when compared to
direction . ) the high values found in the axial and circumferential

Circumferential . . . .
direction directions. For this reason, in the next part of the stress
analysis, residual stress determination was done only in
Axial these two directions, on the surface as well as in the sub-

direction

Fig. 1. Analysis directions.

forces the tool sustained in the radial, axial and circumfer-
ential directions' (Fig. 1). An original temperature analysis
was also performed during cutting, using an infrared CCD-
camera [15,16], to reveal the thermal map of the cutting zone
for points ranging from 500°C to 1000°C, showing the way
heat is evacuated in the tool and the chip, and the interface
hot points.

The residual stress state in the workpiece affected by
cutting was analyzed by X-ray diffraction using the sin®1p
method [17]. Fig. 1 represents the directions of analysis of
the residual stresses. Using Eq. (1) and knowledge of the
elastic radio-crystallographic constants S; and S,/2, the
stresses were calculated from the strain distribution derived
from the measured interreticular plane spacing:

eop = 352((0f) —0%3)sin’ ¢ + ofysin 2 + 03]
+Si[of) + 0% + o). M
The parameters used are given in Table 3. The machined
surfaces were electrolytically polished, step-by-step, in
order to determine the evolution of the residual stresses
with depth. The uncertainty on stress data is less than
50 MPa for depths of less than 200 pm, but reaches 150-
200 MPa for greater depth values, because of existing stress
heterogeneity between grains, and a larger grain size in the
plastically undeformed core material.

3. Results

3.1. Influence of the tool retraction

A triaxial stress analysis was first conducted on the sur-
face of the workpiece, the results indicating the radial and

"In this case the axial forces are negligible when compared with the
circumferential and radial forces.

layer.

In order to analyze the residual stress state on the work-
piece it was necessary to choose a part of it to be repre-
sentative of the cutting test. In fact, the part of the surface
corresponding to the retraction movement of the tool, at the
end of the test, should not be taken into account for the stress
analysis. Thus after the cutting tests, circularity profiles were
measured on each workpiece, the results showing that it is
possible to determine the retraction zone of the tool on the
workpiece (Fig. 2). To complete these circularity measure-
ments, surface residual stresses were analyzed all round the
workpiece. Measurements were done at different points
marked by a specific angular position. The surface residual
stresses were plotted in a polar coordinate system as a
function of the different angular positions of each measuring
point. Fig. 3 shows the circumferential residual stresses
(parallel to the cutting direction) determined for material
U machined with the KC850 tool (V=300 m/min,
f=0.1 mm/rev.). The results show that the residual stress
level is not constant all round the workpiece surface, but
varies from 800 to 1000 MPa. The evolution of the residual
stress profile is found to be strongly correlated to the
circularity profile shown in Fig. 2. Consequently, the criter-

ITooI retraction zoneJ

/ 90°

End of the
representative
zone

Beginning of the|
representative
zone

Workpiece
270° Rotation

10.9 pmsdiv -

Fig. 2. Example of the circularity profile on the workpiece.
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Fig. 3. Surface residual stress evolution around the workpiece surface
(Material U; KC850 tool; V. =300 m/min, f=0.1 mm/rev).

ion chosen consisted of analyzing the zone of the workpiece
located at 180° angle from the tool retraction zone.

3.2. Typical residual stress and half-breadth profiles

A wide range of cutting conditions was investigated.
Tensile residual stresses were found on the machined surface
in each case. The circumferential stresses were generally
greater than axial stresses, with values sometimes reaching
around 1000 MPa. The level of stresses decreased continu-
ously with depth down to a minimum compressive stress
value and then increased and stabilized at a level corre-
sponding to the state of the material before machining, this
being true for both the circumferential and the axial residual
stresses. In this work it is chosen to present and discuss only
circumferential stresses in the following parts of this study.
Fig. 4 represents a typical residual stress distribution
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obtained when machining material U with a coated tool
KC950 with a rake angle of 0°, for a cutting speed of 100 m/
min and a feed rate of 0.1 mm/rev. The different parameters
are: OcireumM ax: maximal circumferential stress value;
OcircumNin: minimal circumferential stress value; and ¢:
thickness of the tensile layer on the workpiece.

Fig. 4 also shows the in-depth evolution of the peak half-
width value for the same cutting conditions. The different
characteristic values associated with this profile are LC,;.x:
the maximal peak half-width value which gives information
on the work-hardening state of the surface, the peak half-
width value determined on the workpiece surface showing a
significant surface work-hardening, when compared to the
undeformed core material value; and f#c: the cutting-
affected depth, which was taken as the value for which
LC reached 1.2 times the nominal value of the undeformed
material,” this cutting-affected depth varying from 70 to 350
pm.

3.3. Typical temperature distribution around the tool tip

Fig. 5 shows the thermal maps obtained with the CCD
infrared camera, for machining tests performed with
uncoated and coated cemented carbide tools. [18]. In these
examples, the hottest points are on the flank face (the tool/
workpiece interface), at 900°C and 780°C. This kind of
analysis was done throughout the investigation for all cutting
parameters, and has allowed discussion about the thermo—
mechanical loading effects on the near surface residual
stress level.

3.4. Influence of machining parameters on residual
stresses

3.4.1. Influence of cutting speed
The influence of cutting speed variation was investigated
for a given feed rate of 0.1 mm/rev and for the material/tool

+ Lcmax
5 b e

Material state before machining

450 600 750 900

Depth [microns]

300

Fig. 4. Typical shape of residual stress and peak breadth profile (Material U; KC 950 (0°) tool; V. = 100 m/min, f= 0.1 mm/rev).
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Fig. 5. Temperature distribution in the cutting zone for an uncoated and coated tool (Material A; V. =150 m/min; f= 0.1 mm/rev).
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Fig. 6. Surface residual stresses and tensile layer depth as functions of cutting speed (Material U; KC950 (0°) tool).

couple KC950(0°)/U. Results show an increase of 140 MPa
in the surface residual stress when the cutting speed
increased from 100 to 200 m/min (Table 4 and Fig. 6).
However, the thickness of the tensile layer decreased with
the cutting speed. If these results are linked to cutting forces,
analysis shows that both the cutting force and feed force tend

to diminish as the cutting speed increases (Fig. 7). The sub-
surface stress values also tended to be less compressive with
increase in the cutting speed and their minimal values were
reached deeper into the workpiece surface. As for the peak
half-width values, it can be seen from Table 4 that LC
increases with increase in the cutting speed.

Table 4

Influence of the cutting speed on the characteristic parameters of the stress analysis for material U KC950 (0°) tool and f= 0.1 mm/rev

V.(m/min) Residual stresses Peak breadth LC (°) Cutting-affected depth
Ocircum, max Oaxial, max Ocircum, min Oaxial, min I (Hm) I (Hm) i¥e) (}ll’l’l)
(MPa) (MPa) (MPa) (MPa)

100 820 800 -90 —140 4.53 150 400 100

125 850 700 =70 —120 4.70 100 200 150

150 830 710 —80 —180 4.80 75 200 180

200 960 820 —40 —180

4.80 70 100 90
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Fig. 7. Cutting forces as functions of cutting speed (Material U; KC950
(0°) tool; f=0.1 mm/rev).

3.4.2. Influence of feed rate

Depth profiles of residual stresses were obtained for
different values of feed rate. As an example, Fig. 8 repre-
sents the stress gradient for a feed rate variation of 0.1-
0.25 mm/rev. The cutting speed was fixed at 125 m/min, and
the material/tool pairing was KC950(0°)/U. The minimal
stress values were more compressive and were located
deeper in the workpiece as the feed rate increased, although
the surface residual stresses barely varied with feed rate. An
obvious increase in the thickness of the tensile layer can be
observed (Fig. 9). These results can be explained consider-
ing that an increasing value of feed rate leads to an aug-
mentation of the cutting and feed forces (Fig. 9). Thus, the
tool compressive effect on the workpiece gains importance,
and this results in a thicker and more severely work-har-
dened layer.

1000 —

—¢—f=0,1 mmirev
--@--f=0,2 mmirev
—A— f=0,25 mm/rev

800

600

400

Residual Stresses (MPa)
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3.4.3. Influence of tool nature and geometry

The influence of tool geometry (rake angle variation) has
been also investigated for both of the machined materials (A
and U) in the case of the uncoated cemented carbide tool
(K313) in order to avoid problems encountered with coated
tools (the roundness of the tool nose region, which could
affect the results). The depth—stress profiles obtained for
material A, show that an increase in the rake angle from 0° to
5°led to a slight decrease in the surface residual stress values
(40 MPa). The thickness of the tensile layer (Table 5) was
slightly increased and the minimum compressive stress
values were smaller, but were reached deeper in the work-
piece. No clear variation of the depth of the cutting-affected
layer with rake angle variation was noted.

As for the case of material U, a more important decrease
of the surface stresses was observed as rake angle increased.
However, the thickness of the tensile layer decreased per-
ceptibly.

As a conclusion, no obvious connection could be found
between the rake angle and the thickness of the tensile layer,
whereas the rake angle value seemed to play an important
role in the surface residual stresses and the sub-surface
minimum compressive stresses: this decreases with the rake
angle. This result could be related to the evolution of cutting
and feed forces, which diminished as the rake angle passed
from 0° to 5° (Fig. 10).

The influence of the tool coating on the residual stresses
was studied for the three cutting tools (K313, KC850 and
KC950). The main comparison was done between K313 and
KC950, for which the “stable” cutting conditions corre-
sponding to low cutting forces and good chip formation were
close (V. = 150 m/min and f= 0.1 mm/rev). For the KC850
tool the stable cutting condition was located around 300 m/
min and 0.1 mm/rev., which made direct comparison diffi-
cult. The results are summed up in Table 6, and show that the
surface residual stresses were a little smaller for the KC950
tool, but the cutting-affected depth appeared to increase. For

6 T T ™ T T T T T

—+—f=0,1 mm/rev
==G--f=0,2 mm/rev |---—
—A— f=0,25 mmirev

Peak Half With (°)

0 200 400 600 800 1000
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Fig. 8. Residual tangential stress and peak breadth profiles as functions of feed rate (Material U; KC950 (0°) tool; V. = 125 m/min).
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Table 5
Influence of the rake angle on the characteristic parameters of the stress analysis for V., = 150 m/min and f= 0.1 mm/rev
Rake angle (°) Residual stresses Peak breadth LC (°) Cutting-affected depth
Ocircum. max Uaxial, max Ucircum,, min o’axial‘ min tl (mm) tc (mm) tLC (mm)
(MPa) (MPa) (MPa) (MPa)
A/K313 0° 920 780 —190 —170 4.62 100 160 230
A/K313 5° 880 740 —120 —200 4.66 115 260 230
U/K313 0° 870 660 —160 —275 4.50 110 300 120
U/K313 5° 670 600 —80 —160 4.61 60 200 150
Table 6
Influence of tool nature on the characteristic parameters of the stress for material U and f= 0.1 mm/rev
Tool (cutting speed) Residual stresses Peak breadth LC (°)  Cutting affected depth
Ucircum., max Ucircum., min lt (Hm) tc (um) tLC (Hm)
(MPa) (MPa)
K313 (0°) (V. = 150 m/min) 870 —160 4.50 100 300 150
KC950 (0°) (V. = 150 m/min) 830 —80 4.80 80 200 180
KC850 (0°) (V. =300 m/min) 1100 -50 4.78 150 200 200
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the KC850 tool, the surface stresses and cutting-affected
depth were perceptibly greater than for the K313 and KC
950 tools. This is explained mainly by the significant
increase in the cutting speed [7,9].

A thermal analysis was also done during the cutting
experiments, the results showing that the level of tempera-
ture reached at the tool/chip and tool/workpiece interface
was greater for the uncoated tool, being close to 900°C.
Regarding the coated tool, the maximum temperature
reached in the same zone was less than 780°C (Fig. 5).

It can be said from this analysis of the tool coating
influence that, for comparable stable cutting conditions,
the use of a coating leads to a reduction in the surface
stresses, but tends to increase the thickness of the work-
hardened zone.

3.4.4. Influence of chemical treatment on the workpiece
(materials A and U)

In agreement with the above, the resulfurized treatment
had an influence on workpiece integrity as far as surface
residual stresses are concerned. As can be seen in Table 5, in
the case of material U, the residual stresses were slightly
lower than for the material A. Other tests show that this
difference was more significant when using the HI3A tool
[19].

4. Discussion

It was difficult for this work to propose a quantitative
interpretation of the thermal and mechanical effects on the
generation of residual stresses on the workpiece surface
because these effects are interdependent. Nevertheless, it is
possible to point out the qualitative evolution of the residual
stresses with tool nature and cutting parameters.

4.1. Influence of tool nature

For both uncoated and coated tools, high temperature
levels are reached in the cutting zone. This is responsible for
a much of the high level of tensile residual stresses found in
the machined parts. The low friction coefficient of the coated
tool [20,21] limits temperature elevation and could explain
the slight decrease in surface stresses, and the decrease in the
thickness of the tensile layer.

However, this did not explain the effect of increased work-
hardening observed on the workpiece. In fact, the coating
operation tends to round the tool nose region and increases
the tool radius [22]. This could result in more interaction
between the tool nose region and the workpiece, which may
induce a deeper shearing effect below the cutting edge and
affect the peak half-width values and the cutting-affected
depth.

From these observations, it can be concluded that thermal
effects due to friction make a major contribution on the
surface region of the workpiece, whereas the mechanical

effect is enhanced because of the increased tool roundness,
due to the coating. This is responsible for the work-hard-
ening below the sub-surface.

4.2. Influence of rake angle

No clear connection between this parameter and the
thickness of the tensile layer and the cutting-affected depth
was observed. However, the cutting forces decrease when
the cutting angles increase and this leads to fewer compres-
sive stresses. This means that the compressive mechanical
effects are less important when a cutting tool with a positive
rake angle is employed.

4.3. Influence of the cutting speed

Increasing the cutting speed leads to an augmentation of
the surface residual stresses and a diminution of the thick-
ness of the tensile layer. These results are in agreement with
those obtained by Wiesner [13] in the orthogonal machining
of AISI 304 steels. The influence of cutting speed is
explained by the chip speed flow in the cutting zone tending
to increase with cutting speed, leading to a greater heat
evacuation. Moreover, the low thermal diffusivity of auste-
nitic steel implies that only a small amount of heat passes in
to the workpiece and the tool, as can be seen on thermal
maps of such conditions, the major part being carried away
with the chip. This causes a small increase in the cutting
energy in this zone, which is only sufficient to affect the
workpiece surface region, by increasing the surface stresses.
Therefore, it leads to a decrease in the thickness of the
tensile layer. This is in agreement with experimental thermal
analysis observations which, in the case of the KC850 tool
for example, were a large increase in chip temperature but a
small increase in the tool/workpiece interface [22]. This
highlighted the greater heat evacuation in the chip, leading
to a decrease in the heat-affected zone of the workpiece.

4.4. Influence of feed rate

The influence of feed rate on the generated surface
residual stresses is relatively small. It is seen however, that
increasing values of feed rate tend to increase the compres-
sive stress values in the sub-surface, and the thickness of the
tensile layer. This can be explained largely by a mechanical
effect causing the augmentation of the compressive zone in
the region of the workpiece situated below the cutting edge,
leading to greater elastic relaxation after machining [13].
The augmentation of the compressive stress value may be
related to stress redistribution in this zone, balancing the
increasing tensile layer.

It can be a state from this analysis that mechanical effects
seem to play a role not only in the surface tensile stresses
but also in the sub-surface, within 800 um. The thermal
effects are more localized in the surface region of the
workpiece.
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5. Conclusions

Residual stresses induced by orthogonal cutting of stan-
dard and resulfurized AISI 316L steels were investigated by
X-ray diffraction for a wide range of cutting conditions,
different tool geometries and tool coatings. Moreover, dur-
ing the tests, an experimental analysis of the temperature
field in the cutting zone in association with cutting force
measurement enabled discussion of the physical mechan-
isms involved in residual stress generation.

For all material/tool pairing, high tensile residual stress
values of around 800 MPa, associated with strong work-
hardening, are found in the workpiece surface. These tensile
stresses are attributed to local thermal effects arising from
heat generation during cutting, leading to high temperatures
in the tool/workpiece contact zone (close to 900°C) in the
tool nose region, in particular at greater cutting speeds. The
thickness of the tensile layer was found to decrease with
cutting speed, but increase for high feed rate values. When
the material was treated for machinability enhancement, the
temperatures were lower (about 700°C), and the residual
stress level consequently decreased.

In addition, mechanical effects appeared to play a sig-
nificant role as far as the tool coating was concerned: even if
a TiN coated tool seemed to reduce friction and thus the
temperature level (lower than 800°C) of the workpiece, it
still affected the residual stress distribution by increasing the
depth of the severely strained region (20% increase). This
was associated with the chip formation mechanism and
modification of the tool nose region.

Feed rate had a strong influence on the shape of the
residual stress profile (the depth of the compressive point;
the cutting affected zone). As it increased, this parameter
increased the temperature levels and also positively con-
trolled the chip formation. Mechanical and thermal effects
were fully interdependent in this case.

In addition to thermo—mechanical interdependent expla-
nations (through cutting zone temperature and cutting force
analyses), structural elements can be used: the chip shape
and strain localization must not be forgotten [23]. Since the
chip flow mode was homogeneous (serrated chips), these
parameters were not significant in this present study.
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