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Influences of up-milling and down-milling on surface integrity
and fatigue strength of X160CrMoV12 steel

Adnen Laamouri'? - Farhat Ghanem? - Chedly Braham* - Habib Sidhom?

Abstract

This paper aims to compare the influences of the two peripheral milling modes, up-milling and down-milling, on surface integrity
and fatigue strength of X160CrMoV12 high-alloy steel. The experimental investigations showed an important difference be-
tween integrity of both milled surfaces. The down-milled surface is lowly work-hardened and well finished (lower roughness),
but subjected to tensile residual stresses and severely damaged by folds of metal and short micro-cracks. The up-milled surface is
highly work-hardened and subjected to compressive residual stresses, but poorly finished (higher roughness) and damaged by a
density of micro-cavities due to carbide extraction. The results of 3-point bending fatigue tests revealed that the fatigue limit at
2 x 10° cycles of the up-milled state is largely higher of about 26% in comparison with the down-milled state. The effects of
surface integrity induced by each milling mode on fatigue strength were evaluated using a HCF behaviour predictive approach
based on Dang Van’s multiaxial criterion. The predictive results estimated that the pre-existing micro-cracks play a dominant role
in the fatigue strength degradation of the down-milled surface while the other surface effects seem to be lower. On the contrary,
the fatigue strength of the up-milled surface is less affected by the pre-existing micro-cavities. The detrimental roughness effect
(stress concentration effect) is significantly reduced by the beneficial effects of superficial hardening and compressive residual
stresses. So, this study revealed that up-milling is the more appropriate mode for a better surface integrity towards fatigue strength
of X160CrtMoV 12 steel than the down-milling mode.
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1 Introduction

Milling is the machining process that removes material from a
workpiece by combining the rotation of a multiple cutter tool
and the advancing (or feeding) of the workpiece in a direction
at an angle with the axis of the tool [1]. This process presents
two distinct ways to cut materials namely, conventional (or
up) milling and climb (or down) milling. The difference be-
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tween these two techniques is the relationship of the rotation
of the cutter to the direction of feed. In up-milling, the cutter
rotates against the direction of the feed, while during down-
milling, the cutter rotates with the feed (Fig. 1).

It is well established that the cutting forces and thermal
gradients generated by the up-milling and down-milling
modes during the contact tool-material are not identical [2,
3]. Consequently, the machined surface integrity (including
surface roughness, micro-structural changes, residual stresses
and sometimes damaging defects) is certainly different [4—6]
as well as the tool wear rate [7-9] and also the dynamic sta-
bility of milling process [10].
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Fig. 1 Thetwo peripheral milling modes: up-milling (a) and down-milling (b)

The temperature effect, favoured in down-cut milling, in-
duces tensile residual stresses, while the work-hardening,
favoured in up-milling, induces compressive residual stresses.
Scholtes [5] showed, for a recrystallized 0.45% steel, that the
residual stress distribution in longitudinal and transverse di-
rections to the grooves after up-milling is compressive, while
it is tensile after down-milling. The up-milling stresses are
higher in the transverse direction, but the down-milling stress-
es are higher in the longitudinal direction. If the workpiece is
made of hardenable steel, martensite may form due to the
rapid heating and cooling, causing compressive residual
stresses.

Surface roughness is generally higher for the down-milled
surfaces in comparison with the up-milled ones. A recent
work [11] deals with thin-walled components from steel C45
machined by the two milling processes revealing that the
values of the surface roughness (Rz) for the up-milled surface
are almost two times higher and present more fluctuations
than for the down-milled surface. This difference was ex-
plained by several factors such as rigidity of ribs, type of
machining and forces corresponding to the type of milling.

It is well known that the machining surface integrity influ-
ences strongly the fatigue lifetime of materials, since fatigue
micro-cracks initiate always at the surface [12—17]. For this rea-
son, several studies have been dedicated to the effects of milling
on fatigue behaviour of many materials, particularly aluminium
and titanium alloys, and superalloys widely used to manufacture
structural parts for aviation and aerospace industries [18-25]. It
was proved that residual stresses and surface roughness, particu-
larly, could affect considerably the performance of the milled
materials under high cyclic fatigue (HCF) load.

Residual stress can play a crucial factor towards fatigue
performance of milled parts. Compressive residual stress is
usually advantageous to the fatigue life of machined parts,
while residual tensile stress is the opposite. The tensile residual
stress promotes the nucleation and extension of fatigue micro-
cracks. When the crack increases to a certain extent, it will
cause workpiece failure [26]. So, it is necessary to ovoid tensile
residual stresses occurring during the machining process.
However, when the cyclic loading produces plastic deforma-
tion, the effect of residual stress will be reduced or disappeared
[15, 27]. In view of the high-speed milling process of Ti-10V-
2Fe-3Al, Yao et al. [28] found that the fatigue life of the work-
piece is more sensitive to residual stress than to surface rough-
ness. The influence of the milling process on the fatigue life of
Ti6-Al-4V was investigated by Moussaoui et al. [29]. They
found that residual stress has a more preponderant influence
on fatigue life than the geometric and metallurgical parameters.
Huang et al. [30] studied the effect of different tool paths on the
fatigue life of AISI H13 high-speed milling process. The results
show that the different tool paths lead to the difference in ef-
fective residual stress, which results in different fatigue perfor-
mance of the workpiece. Meanwhile, it is found that the influ-
ence of effective residual stress on the fatigue life of the work-
piece is greater than that of the orientational surface topogra-
phy. Yang et al. [31] studied the effect of residual stress on the
fatigue life of workpieces during milling of Ti-6Al-4V. The
results show that increasing the compressive residual stress
can effectively improve the fatigue performance of the
workpiece.

Surface roughness, considered one of the main properties
of machined surface integrity, can strongly reduce fatigue per-
formance of a mechanical workpiece [14]. Generally, it is
expected to encourage fatigue crack initiation due to micro-
scopic stress concentration induced by pits and grooves, par-
ticularly, for hard materials. Many researchers investigated the
effect of milling surface roughness on fatigue life of materials.
The semi-empirical model of the stress concentration factor
(K;), proposed by Arola et al. [32, 33] and based on standard
roughness parameters (Ra, Ry and Rz), was used. Wang et al.
[34] found that high surface roughness leads to a high-stress
concentration coefficient, which reduces the fatigue life of the
workpiece. Yao et al. [35] presented the effects of high-speed
down-milling parameters on the surface topography and



fatigue behaviour of a titanium alloy. The results have shown
that predicting the fatigue life of specimens based on the sur-
face stress concentration factor, proposed by Arola et al., is
more accurate than that based on the Ra surface roughness
parameter. Novovic et al. [36] investigated the effect of sur-
face and subsurface condition on the fatigue life of Ti alloy
workpiece. Their research results indicated that the surface
topography, in particular texture direction, has a strong corre-
lation with the fatigue life of workpiece. Huang et al. [30]
studied the effect of different tool paths on the fatigue life of
AISI H13 high-speed milling process. It was noted that differ-
ent tool paths lead a the difference in microscopic stress con-
centration caused by the orientation morphology, which af-
fects the fatigue performance of the workpiece. Liu et al.
[37] showed that modified fatigue life of Incoloy A286 alloy
(iron-based superalloy) under different face milling parame-
ters was mainly determined by the roughness and mechanical
properties, including the yield strength and fracture toughness,
rather than the residual stresses, because of a severe stress
relaxation. Yang et al. [38] investigated the effect of surface
topography induced by peripheral down-milling on low cycle
fatigue performance of titanium alloy Ti-6AL-4V. They
showed that the fatigue life model based on surface stress
concentration factor that calculated using three-dimensional
surface roughness parameters is more accurate than that using
two-dimensional ones.

This review of the literature revealed the existence of some
works which deal with the comparison of up- and down-
milling configurations in terms of residual stress and surface
roughness. Generally, these two effects were found contradic-
tory for up-milling (compressive stresses and higher rough-
ness) and present respectively opposite effects (tensile stresses
and lower roughness) for down-milling. However, there is no
works related to the different effects on surface integrity, in-
cluding mechanical, micro-structural, micro-geometrical and
damaging effects. In addition, their respective contributions
on HCF behaviour of material are not well known. The lack
of some works in this context represents a great difficulty to
control and optimize the parameters of milling process for a
better performance of materials.

This work presents an experimental and predictive study to
compare both up-milling and down-milling modes in terms of
surface integrity (stabilized residual stresses, work-hardening,
roughness and damaging defects) and fatigue behaviour of an
annealed EN X160CrMoV12 steel. The respective fatigue
limits were determined at 2 x 10° cycles under 3-point bend-
ing tests (R, = 0.1). Initial and stabilized residual stresses were
analysed by the X-ray diffraction method. The role of surface
integrity on nucleation and growth of fatigue micro-cracks
was analysed by SEM observations. The evaluation of surface
integrity effects on fatigue strength was carried out using a
predictive approach [39] based on Dang Van’s multiaxial fa-
tigue criterion [40].

2 Material and experimental procedure
2.1 Material

The material used in this study is an EN X160CrMoV 12 high-
alloy steel, essentially used in the manufacturing of tools and
moulds by using the milling process. The micro-structure of
this steel at the annealed state is composed of ferritic matrix
with a dense distribution of spheroidal and elongated carbide
grains, essentially of chrome, with different sizes which do not
exceed 30 um (Fig. 2). Its chemical composition is recapitu-
lated in Table 1, and its principal mechanical characteristics,
given in Table 2, were determined by tensile test on normal-
ized specimens, carried out using a tensile test machine type
MTS.

2.2 Machining conditions

The influence of up-milling and down-milling, respectively,
on surface integrity and fatigue behaviour of X160CrMoV12
steel was studied by application of each milling mode (Fig. 3)
to two sets of V-notched fatigue specimens (Kt = 1.6) using a
CNC milling centre. The table of this machine was equipped
with a device type Kistler composed of three dynamometers
for measuring cutting forces. The machining conditions used
in this study are reported in Table 3.

2.3 Surface characterization

The superficial hardening due to each milling operation was
characterized by Vickers micro-hardness filiation under a load
of 0.05 Kg, in-depth of the specimen notch root. The in-depth
residual stress distributions were analysed by the X-ray dif-
fraction (XRD) technique using a diffractometer with the con-
ditions indicated in Table 4. The two-dimensional roughness
profiles of both up-milled and down-milled surfaces were
measured by a stylus instrument and characterized by two
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Fig. 2 Micro-structure of an annealed EN X160CrMoV12 steel



Table 1 Chemical composition of the EN X160CtMoV12 steel

C Si Mn P S Cr Mo V W Fe

1.58 026 032 0.01 0.01 12.03 0.16 04 0.01 Balance

standard parameters according to the standard ISO of geomet-
rical product specifications (GPS) [41]: the arithmetical aver-
age roughness (Ra) and the maximum roughness depth
(Rmax)- The surface defects have been examined and charac-
terized by SEM observations at the notch root of specimens.

2.4 Fatigue tests

The influences of up-milling and down-milling on HCF be-
haviour have been evaluated by 3-point plane bending fatigue
tests on the two sets of V-notched specimens machined by the
two milling modes (Fig. 4). These tests have been performed
using a MTS machine with a stress ratio Ry = 0min/0max = 0.1
and a frequency of 15 Hz. The staircase method has been used
to determine the corresponding fatigue limits at 2 x 10° cycles
and 50% failure probability. The influence of surface integrity
on stages of nucleation and growth of fatigue micro-cracks has
been studied by SEM observations at the notch root of frac-
tured specimens. The stabilized residual stress profiles near
fatigue limit of each milled state were measured in no-
fractured specimens and compared with the initial profiles.

3 Results
3.1 Surface properties

The parameters of surface integrity for both milling modes and
their effects on fatigue limit of the EN-X160CrMoV 12 steel are
summarized in Table 5. These parameters seem to be depend-
ing on thermic fields and cutting forces for each milling mode.
The cutting forces in longitudinal and transverse directions (F
and F,) appear obviously greater in the case of up-milling ow-
ing to the important friction effect of teeth of the cutting tool on
the machined surface (Fig. 5). For both milling modes, the

Table 2 Tensile properties of the EN X160CrMoV 12 steel

Young modulus, £ (MPa) 207,000
Poisson’s ratio, v 0.3
0.2% offset yield stress, o, (MPa) 595
Ultimate stress, o, (MPa) 733
Fracture stress, o, (MPa) 681
Elongation, A (%) 20
Material constant of the Hollomon relationship, K (MPa) 968
Strain-hardening coefficient, n 0.119
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Fig. 3 Application of the two milling modes for machining of the notch
of fatigue specimens: up-milling (a) and down-milling (b)

cutting force in the vertical direction (£}) is nearly insignificant,
but the more important forces were recorded into the principal
penetration direction of the cutting tool in the material (¥ for
the up-milling and £, for the down-milling). The temperature
fields have not been recorded, but the metallographic observa-
tions of the cross-sections of the machined samples by up-
milling (Fig. 6a) and down-milling (Fig. 6b) revealed the ab-
sence of any metallurgical transformations at the near-surface
layers. These observations confirm that the temperatures
reached at these layers are still lower than the metallurgical
transformation temperature of the studied steel (< 700 °C).

3.1.1 Surface roughness

Figure 7 a and b depict, respectively, the roughness profiles of
up-milled and down-milled surfaces recorded along 5 mm.
They reveal that the up-milling operation involves a greater
micro-geometrical state of machined surface than the down-
milling operation. In fact, Ra value is two times higher for the
up-milled surface, and furthermore, the R, parameter is
more significant for this surface, and three times greater
(Table 5).

Table 3 Machining parameters

Milling mode Up-milling/down-milling
Feed rate, f, (mm/tr.tooth) 0.1

Cutting speed, v (m/min) 20

Cutting depth, a,, (mm) 0.2

Lubrication Soluble oil

Cutting tool Material (HSS), @ =6 mm, Z=4




Table 4 XRD conditions

Target Cr
Wavelength Ko, A 2.2897

Filter A%
Diffraction plane hkl 211

Bragg angle (°) 156.3
Current (mA) 5

Voltage (kV) 20
Goniometer tilt Psi

Beam section & (mm) 1.5

Young’s modulus for steel, £ (GPa) 210
Poisson’s ratio, v/ 0.33
Number of ¢ angles 13, from —36.3° to +39.2°
Number of ¢ angles 2, 0° and 90°

3.1.2 Damage defects

In the case of up-milling, an excessive crashing of matter with
a density of micro-cavities most likely associated with the
extraction of chrome-carbides was revealed (Fig. 8a, b). In
the case of down-milling, the SEM observations of machined
surface (Fig. 9a, b) reveal an important density of defects
(micro-cracks and matter folds).

3.1.3 Superficial work-hardening

The micro-hardness profiles (HV) measured in-depth of
up-milled and down-milled surfaces are given in Fig. 10.
The up-milled surface is characterized by an important
superficial hardening with a surface maximum value
HV/HV) =175% and a hardened layer of 300-um thick-
ness. On the contrary, the superficial hardening is lower
(HVJ/HV, =145%) and limited to 50 pm in the case of
down-milled surface.

F
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N

Fig. 4 The 3-point plane bending fatigue test applied to a V-notch
specimen (K7 = 1.6)

3.1.4 Initial residual stresses

For the up-milled surface, the in-depth residual stress profiles
in both longitudinal and transversal directions of sample
(Fig. 11) are compressive until a depth of approximately
300 wm and remain low in the bulk (=— 50 MPa). The max-
imum values are reached at the surface with the following
values: oz, =300 MPa and o,,, = — 180 MPa, in the longi-
tudinal and transversal directions, respectively.

For the down-milled surface, the initial residual stresses are
lower, with surface tensile value in the longitudinal direction
and compressive value in the transversal direction. These
stresses are maximal at the surface (oz,, =— 50 MPa;
ORryy =+ 100 MPa) and decrease rapidly to remain tensile
stresses of =+ 50 MPa at a depth nearly equals to 100 pm.

3.2 HCF behaviour

The results of fatigue tests, reported on the SN diagram
(Fig. 12), show that for the same loading level, the fatigue life
is higher for the up-milled state. The application of the stair-
case method for the experimental results gives a fatigue limit
at 2 x 10° cycles of the up-milled surface significantly higher
than that of the down-milling (Table 5). This improvement of
HCEF behaviour, of about 26%, in comparison with the down-
milled state can be explained by the influence of surface in-
tegrity which appears beneficial for fatigue strength of the up-
milled sample.

The SEM exams of the notched root of fractured and non-
fractured samples by fatigue permitted to clarify the role of
specific defects for each milling mode on nucleation and prop-
agation of fatigue micro-cracks. For the down-milled surface, it
seems difficult to define the nucleation stage since these sur-
faces present already a distribution of short micro-cracks (of 2
to 10 pum) linked to folds and associated with matter removing
mode (Fig. 9). Under the effect of cyclic loadings, these micro-
cracks and especially of overlays, grow at the surface (Fig. 13)
and subsurface, and then they coalesce into forming a network
of long cracks which are responsible for fatigue fracture. The
exams of the machined surface by up-milling reveal fatigue
micro-crack nucleation associated with multiple carbide/ferrite
detachments and carbides extraction (Fig. 14). These micro-
cracks are linked after growth under cyclic loading and become
long cracks which are responsible for final fracture by fatigue.

For both up-milled and down-milled surfaces, initial residual
stresses relax under fatigue loading and reach a stabilized state
after 2 x 10° cycles at fatigue limit (Fig. 15). Initial residual
stresses, principally tensile stresses, acting in the down-milled
surface, were transformed into compressive stresses in the su-
perficial layers (Fig. 15a). Their stabilized values at the surface
are compressive, particularly in the transversal direction (0,

=—150 MPa; U;W =—30 MPa). On the other hand, the



Table 5

Influence of milling mode on cutting forces, surface integrity and HCF behaviour of EN X160CrMoV12 steel

Milling mode Cutting Surface integrity HCF behaviour
forces
(daN) Roughness Residual Surface defects Work-hardening Endurance limit at Difference
(um) stresses HV/HV, (%) 2x10° cycles, o, (MPa)* (%)**
(MPa)
F, Fy F. R Rupax  Opu ORyy
Up-milling 70 0 45 11 87 —300 —180 Crashing of matter, 175 430 £ 12 26%
micro-cavities
Down-milling 25 0 40 5 28 —50 +100 Folds, micro-cracks 145 340 £ 15 -

Sty

ORxx

*g, is expressed in terms of maximal stress

*#*The endurance limit of the down-milled sate is taken as reference

compressive residual stresses acting in the up-milled surface
relax partially (Fig. 15b) and remain compressive stresses at

the surface (0, =— 150 MPa;(T;W =—75 MPa).

4 Predictive evaluation

4.1 Dang Van'’s criterion

The effects of both up-milling and down-milling on fatigue
strength were evaluated using the HCF behaviour predictive
approach developed in previous work [39]. This approach is
based on Dang Van’s multiaxial criterion [40] in which the
surface integrity parameters including residual stresses, work-
hardening, surface roughness and damage defects are taken
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______ Eks
220 4
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Fig.5 Evolution of cutting forces with time under the two milling modes

into account. For the sake of simplicity, Dang Van’s criterion
has been applied at milled surfaces of the sample notch root
where the fatigue cracks occurred. This criterion is expressed,

iy, . «
AccV Spot Magn Det WD Exp F—— 20m
200kv 50 1000x SE 168 0

- vy

Det WD Bxp F—— 20pm

AccV Spot Magn
200kv 66 1000x SE

-

163 0

(b)

Fig. 6 Cross-section SEM micrographs of the up-milled sample (a) and

the down-milled sample (b)
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Fig. 7 Roughness profiles: up-milled surface (a) and down-milled
surface (b)

in the case of proportional loadings, by the limitation of equiv-
alent stress (0°Y) given by a linear relationship of two param-
eters (7 and P™™) of the cyclic stress tensor (Eq. 1).

o“=1" + 0. PP, (1)

where 7 and P are, respectively, Tresca’s stress amplitude
and the maximum hydrostatic pressure.

The ay and [, constants define the multiaxial fatigue
threshold of the base material. They were identified by using
two uniaxial fatigue tests: a fully reversed torsion limit (z_;)
and a fully reversed bending limit (f~;) on smooth specimens,
according to empirical relationships for steels [42].
Consequently, the base material constants «y and 3, are equal
to 0.3 and 201 MPa, respectively.

4.2 Prediction of the roughness effect

The value of maximum roughness depth of the up-milled sur-
face (Rmax = 87 pm) and that of the down-milled one (R, =
28 pm) indicates that the surface roughness can have an im-
portant influence on fatigue strength of both milled states [14,
43]. The two-dimensional roughness profiles (Fig. 7) depict
that both milled surfaces are characterized by irregular micro-

Micro-cavities
distribution

il el ;
L gAccV  Spot Magn Det WD Exp
B 300kvV 44 2000x SE

13 0

Micro-cavity

Det WD Exp ] ¢
128 0

L AccV >p0t an
W30 0KV 36 4000x SE

(b)

Fig. 8 SEM micrographs showing a micro-cavity distribution at the up-
milled surface: magnificationx 2000 (a) and magnification x 4000 (b)

asperities in the form of blunt micro-notches. For this reason,
the milling roughness effect can be considered as a stress
concentration effect induced by the deepest and sharpest
grooves, and not as a micro-crack effect [43]. The milling
roughness effect can then be described through the fatigue
stress concentration factor (k f). This factor is defined as the
ratio between the fatigue limit of an un-notched (smooth)
specimen and the fatigue limit of a notched (rough) specimen,
and it can be related to the stress concentration factor (k t)

[43]. As et al. [44, 45] proposed to calculate K, from FE
simulations of the surface topography. The application of this
method to a 6082.52-T6 aluminium alloy prepared with emery
paper provided more accurate fatigue life prediction than the
semi-empirical model proposed by Arola et al. [32, 33], since
the stress concentration estimation is based upon local mea-
surements rather than averaged geometrical parameters.



cciV Spot Meigns DE{V WD Exp I
0.0kV 40 2000x SE 128 0

Machining
micro-cracks

De WD Exp i 5 un'm

V Spot Magn

30.0kv 35 4000x SE 128 0
o~ i =

(b)
Fig. 9 SEM micrographs showing a distribution of folds and micro-

cracks in the down-milled surface: magnificationx 2000 (a) and
magnification x 4000 (b)

In this work, the potential site of fatigue failure (with the
highest stress concentration effect due to a micro-geometrical
defect) is identified by the R, roughness parameter (Fig. 7).
For the sake of simplicity, this potential site is modelled by
using a critical micro-notch in semi-circular shape localized at
the sample notch root and characterized by a height % (equals
to Rinax) and a width w (equals to the distance between the two
peaks of the critical defect). For both milled surfaces, w is
approximately equal to 700 pm.

The stress micro-concentration effect due to the presence of
this critical micro-notch in the notch root of milled samples
was evaluated by using the finite element (FE) method. For
each case (non-milled sample, up-milled sample and down-
milled sample), a 3D elastic FE model was developed using
the commercial FE software ABAQUS/standard [46]. Due to
symmetry conditions, only one-quarter of the 3-point bending
test was modelled (Fig. 16). The following boundary condi-
tions were applied to the FE models: (i) An X-symmetry
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Fig. 10 In-depth micro-hardness profiles

condition (Ux=URy=URz=0) is applied to the cross-
section at the half-length; (ii) a Y-symmetry condition (Uy =
URx =URz=0) is applied to the surface at the half-thickness;
(iii) a fixed roller, considered as an analytical rigid part, is
placed in perfect contact near the extremity of the quarter
sample and (iv) a mobile roller is placed in perfect contact
with the sample at the central plane and on the opposite side
to the notch (Fig. 16a). This roller is mobile in Z-direction and
subjected to a concentrated force (F/4) corresponding to the
fatigue limit of the up-milled or down-milled sample.

A local partition of the notched zone (2 x 2.5 x2 mm) was
created and meshed using FE elements of type 8-node linear
brick with reduced integration (C3D8R) with a highly refined
size around the micro-notch of =~0.05 x 0.05 % 0.05 mm
(Fig. 16b, c). The zone outside notch was meshed using FE
elements of type 4-node linear tetrahedron (C3D4) with progres-
sively greater sizes far from the notch zone until a size of 1.5 x
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Fig. 11 Distribution of initial residual stresses in up-milled and down-
milled surfaces



1.5 x 1.5 mm (Fig. 16a). The material behaviour, assigned to the
sample geometry, is assumed isotropic and linear elastic with
Young’s modulus of 207 GPa and a Poisson’s ratio of 0.3.

The results of FE simulation, presented in Figs. 17 and 18,
permits to compare the distributions of normal stresses
(0xx0y, and o0,) in the notch root of the non-milled surface
(without micro-notch effect) and the up-milled surface (with
micro-notch effect), respectively. Figure 17 shows, for the
non-milled surface, a concentration of o, and o,, stresses
induced in a large zone of the sample notch root. The vertical
stress o, (normal to the notch root surface) is nearly equal to
zero like the different shear stresses. The higher concentration
zone is situated at the centre of the notch root where the lon-
gitudinal and transverse stresses are maximal (o}, =
670 MPa; o, = 135 MPa). Figure 18 shows, for the up-
milled surface, a very localized stress concentration zone in
the micro-notch root. This stress concentration is maximal
(65 =927 MPa; bly‘;ax = 172 MPa) at the centre of the notch
root like the non-milled surface case. The concentration effect
due to the critical micro-notch is more important for the prin-
cipal stress (0,,) acting in the longitudinal direction than that
for the secondary stress (o,,) acting in the transverse direction.
The same observations were made for the down-milled sur-
face but the stress concentration effect due to the correspond-
ing micro-notch is lower as explained below.

Figure 19 a and b show the calculated principal stress pro-
files (o,,) obtained with and without the micro-notch effect for
both up-milled and down-milled states, respectively. The corre-
sponding stress concentration factor (fo ) was determined. It is
equal to 1.39 for the case of up-milling and 1.16 for the case of
down-milling. The affected layer is respectively equal to
300 wm and 200 pm. By using Peterson’s model [47] (Eq. 2),

the fatigue stress concentration factork;x was estimated to 1.31
and 1.14 for up-milled and down-milled surfaces, respectively.
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The notch sensitivity (¢) depends on the material and as-
perities geometry. It can be defined in terms of the effective
profile valley radius of the critical defect of surface texture (p).

q=1/(1+v/p) 3)

where «y (in mm) is a material constant related to the ultimate
strength (o,,) of steels [48].

v = 0.0254(2070/5,)"*, (0,>550 MPa) (4)

Therefore, the micro-geometrical cyclic stress tensor 6 ()
taking into account the critical micro-notch effect (roughness
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Fig. 14 Fatigue micro-crack nucleation associated with multiple carbide/
ferrite detachments and carbide extraction at the up-milled surface
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effect) is biaxial (Eq. 5). The corresponding equivalent stress
is deduced and given by Eq. 6:

A Ke}x (o%.sin(wr) + ol) 0 0
a(t)= 0 oy sin(wt) + oy, 0
0 0 0

(5)

5 =7 + P (6)

Where 7 = (k’;.og)/z and P™ = ( <Y oM 4 o) /3,

The effect of roughness on fatigue strength is estimated by
the indicator /;,ugn expressed by the difference between o},
and 6°7 with respect to base material constant (3, (Eq. 7). It is
traduced in Dang Van’s diagram (Fig. 20a) by a displacement
of the applied loading representative point towards the

Fixed roller

Z-symmetry

X-symmetry

Mobile roller in
the Z-direction

(a)
(b)
©

Fig. 16 a—c 3D elastic FE model of the 3-point test with refined meshing
around the critical micro-notch at the sample notch root

failure zone. So, this detrimental effect is significantly higher
for the up-milled surface (/iough = —20%), but enough low for

the down-milled one (iougn = — 6%).
o —5%
I rough = R (7)
Bo



Fig. 17 Distribution of normal
stresses in the sample notch root
(without the presence of a micro-
notch): in the x-direction (o) (a),
in the y-direction (c,,) (b) and in
the z-direction (0,) (¢)
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Fig. 18 Distribution of normal
stresses in the sample notch root
(with the presence of a micro-
notch): (a) in the x-direction (0yy),
(b) in the y-direction (oyy), (c) in
the z-direction (0,,)
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4.3 Prediction of the residual stress effect

The surface residual stresses generated by the two milling
conditions change and reach stabilized states under cyclic

loadings corresponding to fatigue limits (Eq. 8). These stress-
es are compressive and beneficial for fatigue strength. So, the
effective cyclic stresses acting at the potential crack nucleation
site (notch root) should be evaluated by taking into account



Fig. 19 The calculated 0,.(z)
stress profiles with and without
micro-notch effect. a Case of up-
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the effect of residual stresses and their evolution under cyclic
loading. At endurance limit, the cyclic response at the sample
notch root is always characterized by an elastic shakedown
behaviour. In this case, the stabilized residual stresses (Eq.
8) can be then superposed to the applied cyclic stresses.
Therefore, the total cyclic stress tensor o,(¢) and the total
equivalent stress o7 are given by Egs. 9 and 10, respectively.

Ope 0 0
g, = 0 og, O (8)
0 0

oy sin(wt) + o) + op, 8

of sin(wt) + 0™ + oy 0 0
0
0 0

01" = Ty + a0 (P + Py (10)

where the hydrostatic pressure due to the stabilized residual
stresses is expressed by: P, = (UM + J;yy) /3.
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Fig.20 Dang Van’s diagrams showing the surface integrity effects induced by up-milling and down-milling on fatigue strength of X160CrMoV 12 steel.
a Surface roughness effect. b Stabilized residual stress effect. ¢ Superficial work-hardening effect. d Damage effect

The effect of stabilized compressive residual stresses on
fatigue strength is estimated by the indicator /rg which is
expressed by the difference between the two equivalent stress-
es ogp, and o;? with respect to the (3, constant (Eq. 11). Dang
Van’s diagram (Fig. 20b) shows that this beneficial effect is
traduced by a displacement of the applied loading representa-
tive point towards the negative pressures. This effect appears
enough significant for the up-milled state (Ilrg ~+ 14%) and
lower for the down-milled state (Ixg =+ 7%).

0% —gf!

Ips = —20——
Bo

(11)

4.4 Prediction of the superficial work-hardening
effect

Deperrois [49] proposes to introduce the superficial work-
hardening effect in Dang Van’s criterion through only the

correction of the 3, base material constant. The «, constant
is supposed unchanged after surface treatment. In this case, G,
becomes a variable (3..q) Which changes with the local sur-
face density of dislocations. Since the FWHM is linked qual-
itatively to the density of dislocations, then the variable (,.q
was expressed by a power law of the surface variable
FWHMg. A similar relationship was proposed by [50] using
the surface micro-hardness HVs.

ﬂhard = K(HVS)n (12)

where K and n are two material coefficients. K is identified
using the base material characteristics 3, and HV,. The constant
n is supposed equals to the monotonic hardening coefficient
(n=0.119). This allows to express the (p.q constant of the
up-milled and down-milled surfaces with the HV parameter.

s = 0 (110

(13)



So, the hardened material constant 3,4, Whether for up-
milled or down-milled surface, is slightly higher than the base
material constant (3, =201 MPa) and equals to 215 MPa and
211 MPa, respectively. This beneficial effect of superficial
work-hardening is traduced in Dang Van’s criterion by a little
increase of the base material resistance domain (Fig. 20c).
This effect is estimated by the indicator I;,,,q expressed by
the relative difference between the (y,.q and (3, constants
(Eq. 14), and consequently, it appears more significant for
the up-milled surface (/,,,q =+ 9%) than for the down-milled
one ([hard ~+5%).

]h i= ﬂhard_ﬂo
ad = —————
Bo

(14)

4.5 Prediction of the damage effect

The shape and the size of the superficial damaging defects
induced by up-milling and down-milling operations were
characterized by SEM exams at the notch root of speci-
mens. The observed defects such as folds, scales, micro-
cracks and micro-cavities are localized at the near-surface
layer. These defects can be considered as discontinuities of
material at the first affected layer. In the predictive ap-
proach of fatigue strength, the damage variable D(n), pro-
posed by Lemaitre and Chaboche [51], is used to take into
account the effect of damage defects. We assume that the
first layer representative volume element is damaged
homogenously. The superficial damage variable, denoted
Dy, is supposed isotropic (independent of direction). The
effective cyclic stress tensor taking into account of damage
effect is then given by the following relationship:

1
()= 757 °)

(15)

ISE

So, the effect of superficial damage results in a reduction of
0o parameter of Dang Van’s criterion by the factor (1 — Dg).
The Bgamage constant of the damaged surface expresses the
unfavourable effect of superficial damage on the HCF perfor-
mance.

5da.mage :ﬂO(l_DS) (16)

In this study, the Dy variable is identified by calibration of
Dang Van’s criterion. The effective equivalent stress Ji% is
calculated from the effective cyclic stress tensor (o (7)) in-
cluding the effects of residual stresses and surface roughness
and considered equal to the (3, constant corrected by the work-
hardening and damage effects (Eqs. 17 and 18).

*

()=5()+a, (17)

9>

a
=eff

HVyg
HV

0% =r +a0.<ﬁm“+1>;) = ﬂo< > (1-Ds)  (18)

Consequently, the damage variable corresponding to the
down-milled surface (Dg~0.50) appears higher than that for
the up-milled surface (Ds~ 0.28). The superficial damage ef-
fect is traduced in Dang Van’s diagram (Fig. 20d) by a reduc-
ing of resistance domains of down-milled and up-milled sur-
faces, characterized by Buumaeee €quals to 101 MPa and
145 MPa, respectively. The indicator of damage effects
(Igamage)» €xpressed by the relative difference between the
Bdamage and [y constants, was introduced (Eq. 19). This indi-
cator seems to be very higher for the down-milled surface
(lgamage = — 50%) than for the up-milled one (Jgamage = — 28%).

ﬁdamge_ﬁ()
Idamage =5
Bo

(19)

5 Discussion
5.1 Surface integrity
(i) Down-milled surface integrity

In the case of down-milling, the tool teeth attack the surface
to be machined at its largest chip thickness, which decreases
progressively with the advance of the cutter to cancel at the
end of the machining pass. This avoids the burnishing effect
and reduces the superficial work-hardening, accordingly. For
the thermal effect, the temperature in the contact area between
tool and workpiece increases to the maximum while the heat
source approaches the machined surface. The transient tem-
perature of the machined surface is relatively high which gives
rise to thermal stress [52]. This configuration is generally the
best way to machine parts today since it reduces the load from
the cutting edge, leaves a better surface finish (chips are re-
moved behind the cutter) and also improves tool life [7].

However, in the case of X160CrMoV 12 annealed steel, the
superheated scales and chips and not cleared out of the cutting
zone are taken up by the ridge of the milling cutter, which
deforms them more and presses them against the generated
surface to give brittle folds and multiple micro-cracks. These
latter are considered as sources of contribution of the addition-
al heat that may explain the distribution of tensile residual
stresses associated with this milling mode characterized by
relatively lower cutting forces as shown by experimental mea-
surements. The residual stresses induced by down-milling
present slight levels which do not exceed 100 MPa in the
two surface directions. The induced tensile stresses show that
the thermal effect between cutting tool and the workpiece is
more important than the mechanical work-hardening effect.
The tensile residual stresses are generally generated by the



majority of machining processes such as turning, milling,
grinding and drilling due to the presence of the thermal effect
in the cutting process [53—57]. The thermal residual stress
mechanism can be explained by two successive steps [58]:
(i) the heat of cutting process expands the surface layer and
produces, in the first step, compressive stresses; (ii) in the
second step, the workpiece is then cooled and contractions
in the surface layer produce finally tensile residual stresses.

(i) Up-milled surface integrity

In up-milling, the chip thickness starts at zero and increases
towards the end of the cut. The cutting edge has to be forced
into the cut, creating higher friction, and consequently, a great-
er work-hardened surface and tool life decrease (faster tool
wear). For the thermal effect, the cooled tool edge indents into
the workpiece with the heat source moving away from the
machined surface and the transient temperature rising gradu-
ally to the maximum. As a result, the thermal effect is minor in
the residual stress formation [52]. These thermal and mechan-
ical phenomena are responsible for the poor micro-
geometrical state of the machined surface, the strong surface
matting and the scratching of hard carbides. These results
demonstrate that the friction is characterized by high adhesion
between the cutting tool (hard metal) and the machined mate-
rial (soft material with ferritic matrix at annealed state). The
pressure at the surface, created by the intense friction, explains
the greater work-hardening on the surface and sub-layers af-
fected by up-milling and their compressive residual stresses.
Furthermore, the shear stress resulting from the cutting force
induces hard carbide extraction when the tool attacks material.

The creation of compressive residual stresses by the up-
milling process can be explained by the predominant mechan-
ical effect in comparison with the thermal effect. Indeed, the
contact between teeth of the tool and the workpiece exercises a
high pressure on the workpiece and causes plastic stretching
of'the top layers of the machined surface. Upon unloading, the
elastically stressed subsurface layers tend to recover their orig-
inal dimensions, but the continuity of the material in both
zones (the elastic and the plastic) does not allow this to occur.
Consequently, a compressive residual stress field (at surface
layer) followed by tensile stresses (in sub-layers) is trapped in
the treated component. The same mechanism is used by the
mechanical surface treatments such as shot-peening, burnish-
ing and rolling that allow to introduce beneficial compressive
residual stresses for fatigue strength [59].

5.2 Fatigue behaviour

The fatigue results associated with both up-milling and down-
milling modes confirm the important relationship between
surface integrity and fatigue strength of machined materials
[12-38], expressed by the fatigue limit (o,) or the fatigue life

(Njie)- Generally, the surface roughness [14], the damaging
superficial defects and the residual stresses [12—15] are the
main factors influencing fatigue strength of machined compo-
nents. Also, the increase of work-hardening tends to improve
the resistance to crack initiation on the surface [12]. As ex-
plained in the previous section, all these surface integrity pa-
rameters are different between the up-milled surface and the
down-milled surface. Then, this study attempted to evaluate
the surface integrity effects in order to elucidate and discuss
the significant degradation of fatigue limit (—21%) of the
down-milled surface in comparison with that of the up-
milled one. The respective influence of each surface parame-
ter, shown in Fig. 21, was evaluated by using the HCF behav-
iour predictive approach, based on the multiaxial fatigue
criteria. The performance of this approach was validated in
the case of shot-peened surfaces [39, 50].

(i) Fatigue behaviour of down-milled surface

For the finished surface by down-milling, the distribution
of folds and micro-cracks appears the main surface effect (= —
50%) that explains the premature damage under cyclic loading
in comparison with the surface finished by up-milling.
However, the roughness, residual stresses and work-
hardening (not exceeding = 9%) seem to have less effects on
fatigue strength.

The tensile residual stresses become compressive stresses
after cyclic relaxation and stabilization at fatigue limit (2 %
10° cycles), and accordingly, play a beneficial effect quite sig-
nificantly (= + 9%). This relaxation is due to the accumulation
of cyclic plastic strains in the sample notch root of fatigue
specimens under cyclic loading [59]. The main residual stress
relaxation normally takes place in the first cycle, followed by
further gradual relaxation during the life time [60]. The relaxa-
tion during the first cycle (quasi-static loading) occurs when the
superposition of the applied and residual stresses exceeds the
monotonic yield strength of the material in tension and com-
pression, while the relaxation during successive cycles is relat-
ed to the cyclic yield strength [60, 61]. The latter is the most
difficult and has attracted the attention of several researchers by
using experimental and numerical approaches [15, 59-64]. In
previous work [15], the relaxation of tensile residual stresses
has been simulated by a FE model in the case of 316L steel
notched specimens finished by grinding and subjected to 3-
point bending (R, = 0.1). It was found that the cyclic behaviour
of the notch root is characterized by a gradual plastic shake-
down with hysteresis loops. During the shakedown process,
both cyclic ratcheting and mean stress relaxation occur simul-
taneously with decrease rate. This process tends after a great
number of cycles to an elastic-shakedown response with closed
loop (i.e., no further plastic deformation). Therefore, the grind-
ing residual stresses reach a stabilized state.
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The surface roughness is characterized by a significant level
of the maximum roughness depth (R,.x =28 um), but its det-
rimental effect in fatigue limit seems to be relatively low (=—
6%). This prediction is in good agreement with the experimen-
tal results developed by Taylor and Clancy [43]. They revealed
in the case of stress relieved AISI 4140 steel that a coarse
milling operation (Ra =1.1-1.8 um and R,,x = 2634 pum) re-
duces the fatigue limit of ~—5% in comparison with the
polishing operation (Ra =0.1-0.3 um and R, = 3-5 um).

The work-hardening is relatively low (HV/HV,~ 145%)
and affects a very superficial layer of ~50 um. This effect
appears relatively slight beneficial for fatigue strength (=+
5%). This is in good agreement with many works showing
that the work-hardening effect is generally lower than the
residual stress effect [13, 14, 39].

(ii) Fatigue behaviour of up-milled surface

The up-milled surface is characterized by a density of mi-
cro-cavities, and according to predictive calculation, these de-
fects seem to be less detrimental (= — 28%) than the damaging
defects (folds and micro-cracks) induced by down-milling (—
50%). This justifies the better fatigue strength of up-milled
surface in comparison with the down-milled one, in spite of
its poor micro-geometric quality [16, 18]. Indeed, the rough-
ness effect induced by up-milling (=—20%) appears largely
higher in comparison with that in the down-milled surface (=
—6%), because the levels of micro-geometrical (Ra =11 pum;
Rinax = 87 um) are enough significant in fatigue strength [12].
Nerveless, this detrimental micro-geometrical effect is nearly
compensated by the combined beneficial effects of work-

Irough effect IRS lhard

hardening (= + 7%) and stabilized compressive residual stress-
es (=+ 14%).

The compressive residual stresses induced by up-milling
are produced by mechanic plastic stretching of the near-
surface layers when the tooth of the tool attacks tangentially
the material. These stresses are beneficial for fatigue strength
like those induced by the mechanical surface treatments such
as shot-peening, burnishing and rolling [59]. However, their
effect is reduced by relaxation at fatigue limit. The relaxation
of compressive residual stresses in notched specimens under
two bending tests (R, =0 and R, =) has been studied by
Peiffer [59] using the XRD method [60]. The author observed
that, with R, = 0, significant relaxation during the first cycles
was followed by stabilization. This observation proves with
the partial relaxation of residual stresses in the up-milled sur-
face layer. In contract, with R, = oo, it was noted significant but
progressive relaxation.

The work-hardening is higher (HV/HV;~175%) in the
up-milled surface and affects an important superficial layer
of =300 um. However, this micro-structural effect is estimat-
ed slightly increases (= + 7%) in comparison with the down-
milling mode (= + 5%). This proves that the superficial work-
hardening does not affect significantly the fatigue strength for
the annealed X160CrMoV 12 steel.

6 Conclusion

The influences of both up-milling and down-milling on sur-
face integrity and fatigue strength of X160CrMoV12 steel
have been investigated experimentally and evaluated by using
a predictive approach based on Dang Van’s multiaxial fatigue



criterion. The principal findings of this study are summarized
as follows:

(@)

(i)

(i)

The down-milling operation induces a poor surface integ-
rity characterized by a severe damage defects (metal folds
and micro-cracks) and slightly affected by residual tensile
stresses, roughness and surface hardening. The fatigue
limit of this down-milled surface is lower of about —
21% in comparison with that of the up-milled surface.
This degradation is explained by the damage effect,
which is estimated to affect greatly the fatigue limit of
the base material by about — 50%, while the other effects
are relatively lower.
The up-milling operation induces a surface integrity
which appears to be better than the down-milled surface
integrity towards fatigue performance. This machined
surface is highly work-hardened and subjected to com-
pressive residual stresses, but it includes a density of
micro-cavities and characterized by higher surface
roughness. The damaging defects of this surface are less
detrimental to fatigue limit of the base material (=—
28%) than those induced by down-milling. The detri-
mental roughness effect seems to be relatively higher
(=—20%), but it is greatly reduced by the beneficial
effects of work-hardening (= + 7%) and compressive re-
sidual stresses (= + 14%).
The experimental and predictive evaluations show ob-
viously the advantage of up-milling that allows a better
control of surface damaging defect and, consequently,
improves the fatigue strength of the X160CrMoV12 in
comparison with the down-milling configuration.
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