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Effect of machining processes on the residual stress distribution
heterogeneities and their consequences on the stress corrosion
cracking resistance of AlSI 316L SS in chloride medium

Amir Ben Rhouma' - N. Sidhom" - K. Makhlouf? « H. Sidhom' - C. Braham3 - G. Gonzalez*

Abstract

The effects of machining such as grinding and turning on the microstructural and mechanical changes of the machined surfaces of
AISI 316L stainless steel (SS) have been studied. Surface aspects and surface defects have been examined by scanning electron
microscopy (SEM). Machining-induced nanocrystallization has been investigated by transmission electron microscopy (TEM).
Surface and subsurface residual stress distribution and plastic deformation induced by the machining processes have been
assessed by X-ray diffraction (XRD) and micro-hardness measurements, respectively. The susceptibility to stress corrosion
cracking (SCC) has been assessed by SEM examination of micro-crack networks which are characteristics of a machined surface
immersed in boiling (140 +2 °C) solution of MgCl, (40%) during a 48 h-period. The machined surface properties have been
correlated to severe plastic deformation (SPD) resulting from specific cutting state of each process. High cutting temperature and
plastic rate are considered to be at the origin of near-surface austenitic grain refinement that leads to equiaxed nanograins with a
size ranging from 50 to 200 nm. Ground surface residual stress distribution heterogeneities at the micrometric scale are attributed
to the random distribution of the density and the geometry of abrasive grains that represent micro-cutting tools in the grinding
process. The relationship between residual stress distribution and susceptibility of the AISI 316L SS to SCC has been demon-
strated, and an experimental criterion for crack initiation has been established.

Keywords Stainless steel - Machining - Residual stress - Nanostructure - Chloride medium - Crack network - Stress corrosion
cracking threshold

1 Introduction surface could be affected through roughness, hardness, nano-
structure, machining defect changes, and residual stress distri-
bution. These factors, depending on the material behavior un-
der severe plastic deformation imposed by the cutting condi-

tions, control the mechanical performance of the

It is well established that machining processes induce surface
modifications of the upper layers of the surface as a result of
the tool-material interactions. The integrity of the generated
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manufactured parts [1-4]. In fact, it has been shown that the
greater the surface roughness, the lower the fatigue and the
stress corrosion cracking (SCC) resistance of the
manufactured part [5S—9]. Crack growth rates have been report-
ed to increase significantly when the surface hardness in cyclic
loading conditions and in corrosive environment (e.g., that of
the primary water conditions of pressurized water reactors)
increases [10, 11]. Residual stress has been considered the
most influential factor in fatigue and SCC resistance [1, 2,
5-9, 12]. It has been demonstrated that the fatigue life of
austenitic stainless steel is lowered by a tensile residual stress
distribution [7]. Moreover, their susceptibility to SCC in-
creases significantly by the synergetic effect of machining
tensile residual stresses and chloride ions [5, 6]. However,
the compressive residual stress improves the fatigue life [7]
as well as the SCC resistance of austenitic stainless steels [5,
6]. Thus, residual stress has been recognized to play a major
role in the nucleation and growth of fatigue and stress corro-
sion cracks. Indeed, a threshold value of the applied stress
required to initiate SCC established by static tensile tests in
corrosive media has been controversial due to some discrep-
ancies related to the residual stress levels resulting from the
sample preparation modes [13, 14]. Beavers et al. [15] pre-
sented an empirical correlation between residual stress level
and stress corrosion cracking colonies in pipeline steel.
However, this correlation does not seem to be obvious for
the stress corrosion micro-crack distribution and density in
austenitic stainless steel which results from machining-
induced surface residual stress. This suggests the possible cor-
relation of the scale of the stress corrosion cracking colonies
with that of the machining-induced tensile residual stress lev-
el. Nevertheless, some controversial results related to the ef-
fect of the scale and the gradient of machining-induced resid-
ual stress on the fatigue and the stress corrosion crack nucle-
ation at the surface of manufactured parts have not still been
resolved in the published literature. Residual stress gradient
and the scale of plastic deformation heterogeneities induced
by machining processes could be at the origin of the misinter-
pretation of the stress corrosion crack network characteristics.

The aim of this study is to explore the correlation between
machining processes and surface residual stress heterogeneity
scale and their consequences on the stress corrosion micro-
crack distribution in the near machined surface of the AISI
316L austenitic stainless steel in chloride medium. The turned
and ground surfaces before and after SCC tests in boiling
MgCl, solution were subjected to scanning electron micros-
copy (SEM) examination in order to establish the correlation
between the scale of the machining-induced residual stress

level and the stress corrosion micro-crack distributions.
Machining-induced residual stress and their relaxation by
stress corrosion crack initiation and growth were assessed by
X-ray diffraction (XRD) measurements. The correlation with
crack network leads to the determination of a threshold resid-
ual stress corrosion cracking (RSCC) value for AISI 316L
stainless steel (SS) in boiling chloride medium MgCl, (40%)
at 140 °C. This critical value of residual stress evaluates the
susceptibility of the machined surface to stress corrosion (SC)
micro-crack initiation regardless the material scale.

2 Material and experimental methods

The most used material for manufacturing nuclear power
plants components is the austenitic stainless steel AISI 316L,
which is used in this study. The chemical composition and the
mechanical properties of this material are reported in Tables 1
and 2, respectively. The microstructure of the steel is fully
austenitic with an average grain size of 60 um resulting from
asolution annealing at 1050 °C for 2 h followed by air cooling.
Two machining processes such as grinding and turning are
applied as surface preparation modes for the AISI 316L SS.
Samples used in this study are 20 x 20 x 5 mm plates for the
grinding process and 50-mm diameter and 20-mm-long rings
for the turning process. The applied cutting conditions and the
used tool characteristics are reported in Table 3. The studied
zones have been randomly selected and numbered on the ma-
chined surface in order to investigate the heterogeneity scale of
the surface integrity characteristics before and after the SCC
tests (Fig. 1a, b). The surface aspects of each zone are identified
by SEM examinations and correlated with the specific tool—
material interactions under different machining conditions
(Table 3). The machining-induced surface residual stress for
each investigated zone was measured by using XRD method
with the selected experimental conditions as reported in
Table 4. The electropolishing method is used to investigate
the in-depth residual stress distribution. The directionality and
the gradient of machining-induced residual stresses are deter-
mined by using profiles obtained by measurements in both the
cutting and the perpendicular directions. By combining the
KoMn and the KCu radiations, the gradient of residual stress-
es, including 2-um-deep values, was also obtained by XRD
method. Measurements are carried out before and after SCC
tests in order to evaluate the stress relaxation related to crack
network characteristics. The machining-induced microstruc-
ture changes were investigated using TEM type JEOL
120EX. Thin foils are taken from a plane perpendicular to the

Table 1 Chemical composition

of AISI 316L SS (wt%) C Si Mn P

S Cr Ni Mo N Cu A% Fe

002 056 1.67 0.041

0.041 1724 1114 196 0.066 035 0.055 Balance




Table2 Mechanical characteristics of AISI 316L SS in annealing state

Yield stress Ultimate tensile A (%) Micro-hardness
(MPa) stress (MPa) (HVo.05)
200 535 70 190

turned surface using the focused ion beam equipment (model
FIB JEOL JEM-9320). The plastic deformation resulting from
cutting processes is quantified using micro-hardness measure-
ments conducted on the machined surface cross-section.

The stress corrosion cracking tests are carried out by an
accelerated immersion of machined samples in boiling (140
+2 °C) solution of MgCl, (40%) for a period of 48 h. The
residual stress—induced crack network related to the different
numbered zones was identified by optical and SEM examina-
tions of SCC-tested surfaces. The effect of the temperature
and the medium on the relaxation of the machining-induced
residual stress has been assessed by XRD measurements con-
ducted on the ground surface before and after holding the
sample for 48 h at a temperature of 140 °C in air medium.

3 Results
3.1 Machined surface properties
3.1.1 Machining-induced plastic deformation

SEM examination of machined surfaces reveals a specific tex-
ture corresponding to the tool-material interaction mode, de-
pending on the process type and the local geometry of the tool
as shown in Fig. 2a, b for ground and turned surfaces, respec-
tively. The machined surface texture recounts the markings of
the tool penetration under the engaged cutting force as a result
of the sample material plastic flow. Therefore, the extent of
plastically deformed zone is compared with the tool-material
contact area that depends on the tool geometry, specifically on
the nose radius and the cutting edge angles and on the engaged
cutting force. Indeed, the scale of the deformed zone by the
grinding process is around 200 pm corresponding to the dimen-
sion of the penetration depth of the abrasive grain size. The

adjacent abrasive grain with different cutting edges could in-
duce a deformed zone with higher or lower plastic deformation
level and consequently different penetration depth as shown in
SEM micrographs (zones 1 and 2 in Fig. 2a). However, the
plastically deformed zone induced by turning is lower than
0.5 mm and corresponds to the cutting tool-sample material
contact area (Fig. 2b). Therefore, the scale of plastic deforma-
tion heterogeneity on the machined surface is in the same order
of magnitude as the area corresponding to the contact tool—
sample material under the engaged cutting force. This force
depends on the cutting conditions and could affect the ma-
chined surface residual stress distribution. Finally, based on
the machined surface aspect, it can be expected that the scale
of the grinding-induced plastic deformation is some orders of
magnitude lower than that of the turning one.

Furthermore, the work hardening induced by machining
processes is assessed experimentally by cross-section micro-
hardness measurements, showing increased values up to
480 HV o5 for the turned surface and to 280 HV o5 for the
ground surface compared with 180 HV|, o5 for the bulk mate-
rial. The high level of the micro-hardness is associated with
plastic deformation revealed by optical microscope examina-
tion of the cross-section showing slip bands near the machined
surface (Fig. 3). Moreover, the micro-hardness profiles show
larger plastically deformed layers by the turning process
(0.5 mm) compared with the grinding process (0.2 mm).

3.1.2 Machining-induced nanostructure

Transmission electron microscopy (TEM) micrographs show
that machining operation induced a severe plastic deformation
(SPD) generating a progressive refinement of the grains over a
region of few microns below the surface (Fig. 4). The
nanometric grained structure is observed within the near-
surface layer of 1 to 3 wm in thickness. This nanostructure,
composed of randomly distributed equiaxed grains with sizes
varying from 50 to 200 nm, is encountered by deformed grains
characterized by high dislocation densities (Fig. 4a). The elec-
tron diffraction patterns show almost continuous diffraction
rings coming from the nanostructured layer formed by ran-
domly oriented grains (Fig. 4b). The characteristics of the
nanostructure, such as the size of the nanograins and the extent
of the nanostructured layer, depend on the cutting conditions

Table 3  Cutting conditions

Grinding Turning

Grinding wheel Feed rate Grinding depth Radius of the tool Feed rate f;, Cutting speed Depth of cut
V. (m/min) a (um) nose Re (mm) (mm/rev) V. (m/min) a, (mm)

99A46H7VNE 4 10 0.8 0.4 150 2




Fig. 1 Investigated zones of the

surface; (b) turned surface

machined surface: (a) ground D 2’/
1

20

()

(b)

controlling the temperature, the plastic strain rate, and the
plastic velocity.

3.1.3 Machining-induced residual stress

The near-surface distribution of the machining-induced resid-
ual stress is evaluated by XRD method. The measurements
assess the arithmetic average stress in the volume of irradiated
zone defined by the X-ray beam diameter which is set at 2 mm
and a penetration depth into austenitic stainless steel ranging
from 5 to 10 um. Surface residual stress values corresponding
to measurements in parallel and perpendicular directions to
machining striations for various marked areas (shown in Fig.
la, b) are reported in Table 5 where errors in measurements are
also listed. Results show an important heterogeneity of resid-
ual stress distribution on the ground surface which exceeds
experimental measurement scattering that could be related to
plastic deformation heterogeneity. The measured stress varies
from + 141 to + 473 MPa in the grinding direction and from —
157 to + 254 MPa in the transverse direction depending on the
marked zone as shown in Fig. 1a. However, turning-induced
residual stress appears to be similar for the four different
marked zones (Fig. 1b). This indicates a homogeneous distri-
bution for this process, as expected from the scale of plastic
deformation homogeneity. It is important to notice that resid-
ual stresses in the machining direction (parallel to machining

Table 4  Experimental conditions of X-ray diffraction (XRD)

Parameter Set parameter

Radiation AMnKox x A=0.2102 mm
Voltage 20 KV

Current 5 mA

XRD planes (311)20=152°
Beam diameter 2 mm
@ angles (°) 0 and 90

1) oscillation +3°
1 angles (°) —4295 —38.81 —-3454 -30.00 —25.00
-19.11 -10.89 0.00 15.50 2221

27.58 3231 36.70 40.89 45.00

striations) are all tensile (positive values) and vary from + 797
to + 892 MPa whereas in the perpendicular direction, stresses
are at lower values varying from + 205 to + 337 MPa. The in-
depth measurements of residual stress, using the KaMn radia-
tion, reveal a gradient of tensile stress from 670 MPa near the
surface to 250 MPa at a depth of 200 pm as highlighted by the
profile reported in Fig. 5a. Moreover, the measurements using
the KaxCu radiation reveal an important gradient of residual
stress in the extent of the first 2 um from the surface where a
value of stress in the grinding direction of 1206 + 80 MPa at
1.5 um from the surface is measured (Fig. 5b).

3.2 Susceptibility to stress corrosion cracking
3.2.1 Morphology of micro-crack network

The SEM examinations of machined sample surfaces after
immersion in boiling (140+2 °C) MgCl, (40%) solution for
48 h reveal a stress corrosion micro-crack network indicating
a susceptibility to SCC of AISI 316L SS. The distribution and
morphologies of micro-cracks could be correlated to the
machining-induced residual stress distribution as indicated
by SEM observation results summarized in Table 5 and cor-
responding to different market zones after SCC tests. It has
been established that stress corrosion crack networks charac-
terized by short and long micro-cracks in the uniaxial and
biaxial configurations depend on the surface distribution of
the machining-induced residual stresses. Indeed, it has been
clearly shown that the micro-crack density increases signifi-
cantly with increasing the tensile level of the residual stress for
both ground and turned surfaces (Fig. 6). Moreover, the long
cracks are usually oriented perpendicular to the high value of
tensile residual stress while the shorter ones, where they exist,
are perpendicular to the low tensile residual stress, thus ensur-
ing a continuous biaxial crack network (Fig. 6a, b). The uni-
directional micro-crack distribution is observed when one
component of the residual stress field is compressive or has
a low tensile value (Fig. 6c, d). However, the marked zones on
the turned surface reveal a continuous biaxial micro-crack
network related to the high level of surface tensile stresses.
Indeed, nucleation and growth of micro-cracks are observed in
both directions corresponding to stress levels higher than



Fig. 2 Aspect of machined
surface resulting from tool—
material interactions under
different cutting processes: (a)
ground surface; (b) turned surface
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800 MPa in the circumferential direction and higher than
300 MPa in the longitudinal one (Fig. 6e, f). In addition, the
depth of stress corrosion micro-cracks varies from 0.4 to
1.5 mm (Fig. 7) which is considered to be higher than the
width of the tensile residual stress profile which varies from
0.2 to 0.4 mm.

3.2.2 Residual stress corrosion cracking threshold

The analysis of XRD measurements and SEM examination
results, as reported in Table 5, reveals a relationship between
residual stress distribution and susceptibility to SCC. Indeed,
the marked zones G17, G18, and G19 of ground surfaces are
free from cracks, which coincides with relatively low values
of tensile residual stresses ((o1; =188 MPa; 05, =—

105 MPa), (07;=316 MPa; g, =—55 MPa), (o, =
141 MPa; 05, =— 157 MPa)). However, the remaining zones
seem to be sensitized to SCC. This suggests that a threshold
stress corrosion cracking value that takes into account the
level and the directionality of machining-induced residual
stress should be considered. The SEM observations (crack-
ing/no cracking) of tested SCC samples in the biaxial residual
stress diagram oy;-0,, prove the existence of two domains
with a straight line separating micro-crack existing zone and
crack-free zone (Fig. 8). This diagram correlates the residual
stress distribution with the susceptibility to SCC for the AISI
316L SS in chloride medium at 140 °C. Therefore, an exper-
imental criterion to SCC susceptibility taking into account the
level and the directionality of residual stresses can be
expressed as follows:

RSCC - -
ot 4 0% < (Ofmatold) MeCta0%:140°c With @ threshold value of residual stress

RSCC

(Uthreshold)Mgc12;40%;14ooc = 270 MPa

3.2.3 Residual stress relaxation

To evaluate the effects of SCC test temperature (140 °C) and
medium on the relaxation of machining-induced residual stress-
es, measurements are carried out on the ground surface samples
which are tested with and without corrosive medium and com-
pared with the previous tests. Results reported in Table 6 show
that the temperature of the medium (140 °C) could provoke a
slight relaxation of residual stresses evaluated at 20 to 50 MPa
which are insignificant taking into account measurement uncer-
tainty as shown in column 5 of Table 6. However, nucleation
and growth of micro-cracks result in an important decrease of
residual stress with a rate reaching 80% in the cutting direction
and 270% in the perpendicular direction, as indicated in column
3 of Table 6. This relaxation can influence the in-depth propa-
gation of stress corrosion micro-cracks.

4 Discussion

4.1 Correlation between machining processes
and properties of affected layers

The analyses of AISI 316L SS machined surface results from
microstructural and mechanical investigations carried out on
ground and turned samples demonstrate that the involved cut-
ting force and the dissipated thermal energy induced by material
sample and tool interactions lead to significant surface modifi-
cations. These modifications include roughness, nanostructure,
plastic deformation, and residual stress distribution. It has also
been established that surface changes take place in the near-
surface layers reaching 200 um for the ground surfaces and
400 um for the turned surfaces depending on the cutting con-
ditions. These results are in good agreement with those of pre-
vious research work conducted on the AISI 316L SS [5, 6].



Fig. 3 Surface hardening
resulting from machining-
induced plastic deformation
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The results of this study confirm the heterogeneities of the
microstructure, the residual stress, and the plastic deformation
of the surface and underneath the surface of the sample, as
reported in experimental and numerical machined surface in-
vestigations found in the literature [16, 17].

4.1.1 In-depth heterogeneity

The experimental profiles of micro-hardness (Fig. 3) and
residual stress (Fig. 5) established in this study indicate
that a gradient of machining-affected layer properties
could be correlated to the microstructure gradient that is
revealed by micro-scale (Fig. 3) and nanoscale (Fig. 4)

investigations. Indeed, the hardness gradient is due to sur-
face nanostructured layers generated at the near surface
(Fig. 4) and to the highly deformed under layers (Fig.
3). The shallow depth of nanocrystalline structure was
considered to be the result of the severe near-surface plas-
tic deformation (SPD) induced by machining processes
[18, 19]. The in-depth slip bands and elongated grains
are related to conventional plastically deformed material
under machining conditions [1, 20]. The relationship be-
tween microstructure and hardness gradient resulting from
machining has also been reported in other studies on aus-
tenitic stainless steels types 304 and 316, showing a de-
crease in micro-hardness with increasing the depth. These

Fig. 4 Grain refinement resulting
from severe plastic deformation
(SPD) induced by the turning
process: (a) nano-grains (50 nm to
200 nm); (b) diffraction patterns
showing continuous rings related
to nanostructure

(b)




Table 5 Correlation between

induced-residual stress and Sample condition  Investigated zone  Induced residual stresses ~ Susceptibility to SCC ~ Morphology of

susceptibility to SCC of AISI crack network

316L SS in MgCl, (40% - o1 (MPa) 02, (MPa)

140 °C) medium

Surface ground G.11 35517 110+9 Cracks Biaxial
G.12 473+ 11 156+15 Cracks Biaxial
G.13 372+15 85+ 15 Cracks Uniaxial
G.14 395+13 254+9 Cracks Biaxial
G.15 394+15 173+£12 Cracks Biaxial
G.16 252+11 24+9 Cracks Uniaxial
G.17 188 +25 —105+18  No cracks -
G.18 316+£29 —-55+12 No cracks -
G.19 141+ 14 —157+1 No cracks -
Surface turned T.1 832+34 216+35 Cracks Biaxial

T.2 882+37 337+29 Cracks Biaxial
T3 892+34 218+33 Cracks Biaxial
T4 797 +29 205+35 Cracks Biaxial

Fig. 5 Grinding-induced residual 700
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Fig. 6 Effect of tensile residual
stress directionality on the
morphology of stress corrosion
micro-crack networks

hardness values vary from 350 HV, s on the surface to
220 HVj s in depth for the AISI 304 SS [7] and from
380 HVq. 5 to 180 HV o5 for the AISI 316L SS [6]. On

Fig. 7 In-depth propagation of
stress corrosion micro-cracks: (a)
ground surface; (b) turned surface
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the other hand, residual stress gradient generated by both
grinding and turning processes is characterized by high
levels of tensile residual stresses and plastic deformation
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(Figs. 4 and 5) on the upper layers of the material. These
values decrease at the under layers due to significant me-
chanical and thermal gradients resulting from the machin-
ing operations. Furthermore, in the turning process, the
value of tensile residual stress has a higher value in the
cutting direction than in the perpendicular one. However,
in the grinding process, tensile residual stresses are usual-
ly observed parallel to the cutting direction. In perpendic-
ular direction, these residual stresses become less tensile
or even compressive. Moreover, it has been clearly
established that the residual stress gradient is strongly
pronounced at a depth less than 2 pm from the ground
surface (Fig. 5b). For the turned surface, the same phe-
nomenon is expected to exist in the near surface but it is

difficult to investigate by using grazing incidence XRD
method due to the high roughness of the surface compared
with the ground one. The grain refinement and the high
dislocation density identified by TEM examination (Fig.
4a) are considered to be responsible for the pronounced
residual stress gradient in the near-surface zone [18, 19].
Similar results are reported by several researchers who
attributed the profiles of machining-induced residual
stresses to the effect of thermal and mechanical interac-
tions between tool and sample material even if the relative
significance varies from one process to another [12,
21-23]. In most types of machining, heat is generated
on the surface of the sample and subsequent cooling
produces contraction of the surface layers, which is

Table 6  Effects of SCC and test temperature (140 °C; 48 h) on the residual stress relaxation on the ground surface

Specimen immersed in an aggressive medium: MgCl,

Specimen placed in a neutral medium: air

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6
Investigated Induced residual Effect of SCC test Relaxation  Investigated Induced residual Effect of test Relaxation
zone stresses rate zone stresses temperature rate

a11 022 11 022 o11 022 011 022 11 022 o11 022

(MPa)  (MPa) (MPa)  (MPa) (%) (%) (MPa)  (MPa) (MPa)  (MPa) (%) (%)
G.11 355+17 110+£9 267+6 T1+12 25 35 G.21 220+48 —173+42 186+50 —167+38 15 35
G.12 473+11 156+15 101+10 —117+12 78 175 G.22 691+34 306+24 668+39 239+40 35 22
G.13 372+15 85+15 93+22 -91=+£17 75 207 G.23 112+55 —246+36 95+56 —234+35 15
G.14 395+13 25449 346+7 138+39 12 45 G.24 717+41 534+35 675+£50 501+34 6
G.15 394+15 173+12 21149 —-63+£9 46 136 G.25 675+48 354+41 645+43 312+39 45 12
G.16 252+11 24+9 167+40 —41+33 34 270  G.26 489+44 210+£28 475+44 171+33 3 19
G.17 188+25 —105+18 169+31 —165+25 10 57 G.27 851+£51 483+44 815+47 483+34 4 0
G.18 316+29 —55+12 298+24 —69+18 37 25 G.28 294+25 —205+35 234+34 —198+48 20 35
G.19 141+14 —157+1 106+25 —199+9 25 21 G.29 339+39 21+35 325435 1+34 4 5




Fig. 9 Cutting edge image and
turned area scheme covered by
the X-ray irradiation during
residual stress measuring: (a)
cutting edge of the cutting tool
used for turning experiment; (b)
interaction tool-material zone in
the turning process compared
with X-ray irradiation zone
corresponding to X-ray
measurements of residual stress

()

® 2 mm

(b)

hampered by the bulk material leading to a tensile re-
sidual stress at the surface balanced by a compressive
residual stress in the subsurface. Therefore, the aniso-
tropic surface and subsurface configurations of the re-
sidual stress distribution shown in this study can be
attributed to the anisotropic plastic deformation of the
machined surface layer. This indicates that residual
stresses induced by mechanical effects dominate over
isotropic thermal effects, as found in this study and in
other studies for the case of AISI 304 SS ground sur-
face [24, 25].

4.1.2 On the surface heterogeneity

Previous works related to machining-induced residual
stress distribution in metallic alloys prove the significant
effects of sample material behavior and interrelated pro-
cess parameters such as cutting speed, feed rate, depth of
cut, and tool type and geometry. Moreover, it has been
established that all factors that control the cutting state at
different scales of the machined surface could affect the
residual stress distribution [6, 12, 26-29]. Indeed, the vi-
brations of the machine and the tool, which can provoke
instantaneous modification of cutting depth and speed,
influence the residual stress distribution [30]. The tool
wear resulting in tool edge geometry changes also affects
the residual stress distribution as a consequence of the
related local modification of cutting forces, temperature,
and applied stress [31-34]. Furthermore, the cooling

X-Ray

Turning groove period
fu = 0.4 mm/rev

500 pm

mode, through its efficiency to dissipate the energy con-
verted into heat on the machined surface, is considered by
other authors [2, 28, 35] as a main factor controlling the
residual stress distribution.

The measured residual stresses on the turned and ground
surfaces of AISI 316L SS confirm the established literature
results relating all factors controlling the machining-
induced residual stress. However, the heterogeneity of
measured values of residual stress on the ground surface,
exceeding the usual discrepancy phenomenon as shown in
Section 3.1.3, suggests an effect of the heterogeneity of
local cutting state at the scale of the tool-material interac-
tion area which is different for grinding and for turning.
Indeed, the resulting tool-material contact area in the turn-
ing process, with 0.8-mm radius of the cutting tool
(Fig. 9a), generates relatively homogeneous mechanical
and thermal interactions covering a large fraction of the
X-ray irradiated area of 2 mm in diameter Fig. 9b. This
explains the more regular and constant measured residual
stresses through the machined surface as illustrated in
Table 5. On the other hand, in the grinding process, the
heterogeneity of the abrasive grain density, which depends
on the wheel type, on the grain size that varies from 290 to
550 wm, and on their respective cutting edge and radius
(Fig. 10), generates a heterogeneous cutting state at the
micrometric scale. This results in the revealed heterogene-
ity of residual stress on the ground surface as illustrated in
Table 5. Therefore, for the ground surface, the cutting force
and the friction of the micro-tool flank at the abrasive grain
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Fig. 10 Heterogeneities of abrasive grain density and geometry on the
grinding wheel working surface: (a) image of the grinding wheel working
surface; (b) grinding wheel roughness profile

scale added to the distribution of abrasive grain density of the
grinding wheel could modify the induced plastic strain and the
generated heat. This results in the heterogeneous distribution
of residual stress, as expected by comparing zones 1 and 2
which correspond to the grinding wheel (Fig. 10a) and conse-
quently to the ground surface (Fig. 10b).

4.2 Correlation between machined surface properties
and stress corrosion micro-crack network

The performed RSCC tests reveal the susceptibility of the
AISI 316L SS to stress corrosion micro-cracking in the
chloride medium MgCl, (40%) at 140 +2 °C (Fig. 6). The
initiation and growth of micro-cracks depend on the ten-
sile residual stress level and distribution, which in turn
depend on the surface preparation mode and conditions,
as shown in this study by comparing the corrosion crack

networks of turned and ground surfaces. However, for
both machining processes, it has been established that a
biaxial distribution of corrosion micro-cracks is systemat-
ically related to a biaxial field of surface residual stress.
The relationship between the directionality of the tensile
residual stress and the micro-cracks has been qualitatively
demonstrated by Zhou et al. [25] in the case of AISI 304L
SS in boiling MgCl,. However, the result of this study
establishes a quantitative criterion for the susceptibility
of AISI 316L SS to SCC, taking into account the level
and the directionality of the residual stress distribution.
The criterion expressed as the trace of the residual stress
tensor, which is less than a threshold value of 270 MPa, is
required to prevent the micro-crack initiation in the chlo-
ride medium (MgCly; 40%) at 140 °C. These experimen-
tal results are confirmed after adding experimental data
from previous studies found in the literature [6], as shown
in Fig. 11. It is also consistent with literature results
reporting a threshold value of 190 MPa for AISI 304 SS
in the chloride medium (MgCl,; 40%) at 155 °C [12].
Moreover, using this criterion, the distribution of sensi-
tized areas of the AISI 316L SS ground surface could be
explained, and thus, the different configurations of micro-
crack networks will be easily commented. Indeed, the free
crack area is systematically related to the trace of the
residual stress tensor which is lower than the threshold
value. The uniaxial corrosion micro-crack network was
explained by a residual stress level in the cutting direction
higher than the threshold crack initiation value (Fig. 6d).
This directionality of the micro-cracks initiating on the
machined surface as a result of high tensile residual
stresses in the machining direction was observed earlier
by several investigators [5, 6, 12]. Therefore, the hetero-
geneity, at the micrometric scale, of residual stress distri-
bution on the ground surface is at the origin of the distri-
bution of the corrosion micro-crack network morphology
[1, 5, 6, 12, 25]. These results corroborate the commonly
accepted role of the tensile residual stress distribution act-
ing as the main driving force for micro-crack initiation on
the surface layers. The well-accepted mechanism of crack
initiation is a combination of tensile stress concentration
and a more aggressive environment in surface defects
such as machining groves. At the microscopic scale,
Karlsen et al. [36] showed that strain heterogeneity, due
to the low stacking fault energy of austenitic stainless
steels, promotes strain localization during surface me-
chanical treatment, which in turn promotes crack initia-
tion. Cracks propagate in depth, from 10 pm to 2 mm
as a result of a tensile stress field acting on brittle highly
deformed layers by machining in highly aggressive envi-
ronment. However, compressive residual stresses in depth
can slow down or stop the growth of these surface cracks.
In any cases, the stress cracking corrosion provokes a
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significant redistribution of residual stresses characterized
by an important relaxation phenomenon. This relaxation
is mainly attributed to the effect of the chloride medium
(up to 270%) than to the effect of the temperature
(140 °C) which represents a relaxation rate lower than
20%, as indicated in column 6 of Table 6.

5 Conclusion

It has been demonstrated that machining processes, such as
grinding and turning of AISI 316L austenitic stainless steel,
induce near-surface modifications resulting in surface
nanocrystallization, plastic deformation, and residual stress
distribution. The revealed heterogeneity of machined surface
properties is related to the scale of the stability of the cutting
state. The surface residual stress is shown to be stable at the
large millimeter scale for turned surface and at the very lower
micrometric scale for the ground surface, due to the specific
cutting conditions related to turning and grinding processes.
It has been established in this experimental study that the
tensile residual stress distribution influences the SCC behavior
of AISI 316L SS in MgCl, (40%) at 140 °C. The tensile
residual stress directionality and level play a major role in
the corrosion micro-crack initiation and in the resulting
micro-crack network morphology. Therefore, a susceptibility
to RSCC of AISI 316L SS in chloride medium is predicted

. ar R RSCC :
using a criterion tr(c_") < (Gthreshold)MgCIZ 40% with a thresh-

R —
)steciyione =270 MPa.

old value of residual stress(ohonor
This criterion has been validated for various stress

distributions resulting from different machining conditions.
Therefore, it should be used as a performing predictive tool
of machining-induced susceptibility to RSCC.
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