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ABSTRACT

Some parts of electrical machines are built from stacks of thin steel sheets, for
which the coarse grain microstructure allows for minimizing magnetic losses.
The fabrication process of these parts usually involves punching operations
that generate important defects on the edges. Since these alterations may
result in a degradation of the fatigue strength, this study aims at elaborating
on a fatigue design strategy for such punched parts. To reach this objective,
high cycle fatigue tests are performed on different specimens with either
punched or polished edges. The results show a significant decrease of the
fatigue strength for punched specimens. Scanning electron microscope
observations of specimen facture surfaces reveal that defects on punched
edges are at the origin of the fatigue cracks. The influence of temperature is
also investigated. Fatigue tests are performed at ambient temperature (20°C)
and at 180°C. According to the experimental results, no significant influence on
the median fatigue strength is observed. Since crack initiation always occur on
the edges, additional investigations are performed to characterize how edges
are altered by punching operations. Residual stresses are determined on
punched edges using x-ray diffraction techniques. As a consequence of
punching, important tensile residual stresses exist along the loading direction.
In association with the stress concentration caused by geometrical defects,
residual stresses promote crack initiation and fast crack propagation. For a
better understanding of crack initiation, edge geometries are scanned with a




3D optical profilometer, allowing us to identify the critical defect. It is found
that the typical defect size is comparable to the grain size.
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Introduction

The development of high speed electric motors is submitted to stringent conditions:
high efficiency levels over a wide speed range, weight reduction to optimize the
motor volume, excellent reliability, and low production costs. In order to satisfy
these conditions, new electrical steel grades, with improved magnetic properties, are
used to build these motors. For these steel grades, the iron losses are reduced by
adjusting the chemical composition (mostly the Si content), decreasing the thickness
below 0.5mm and increasing the grain size. Rotors of electrical machines, which
include stacks of such thin sheets, are mass-produced using a punching process.
Since rotors are subjected to cyclic loadings, safely designing electrical machines
against fatigue failure requires the understanding of the influence of punching oper-
ations on the fatigue behavior of Fe-Si thin sheets. As shown in different studies
[1-5], important geometrical defects resulting from punching operations are
observed on edges. Such defects, because they can be considered as potential fatigue
crack initiation sites, are partly responsible for a degradation of the fatigue strength.
Also, in addition to geometrical defects, the punching process locally induces both
hardening and residual stresses on the edge [3,4,6-8]. These phenomena are
observed on either thick (15mm) or thin (0.23 mm) sheets and contribute to an
important degradation of the fatigue resistance [1,2].

The main objective of this work is to study the effect of the punching process on
the high cycle fatigue resistance of thin sheets. More specifically, the roles of geomet-
rical defects, hardening and residual stresses induced by this process are studied.
Micro-hardness measurements are performed to evaluate the important hardness
gradient near punched edges. X-ray diffraction techniques are used to analyze the re-
sidual stresses resulting from punching operations. The punched edges are investi-
gated using microscopy and 3D surface topography in order to identify the critical
defect and to obtain its geometry. Finally, the capability of the Murakami and Cross-
land fatigue criteria to account for the influence of the alterations caused by punch-
ing operations on the high cycle fatigue behavior of thin electrical steel sheets is

evaluated.

Material and Testing Conditions

The investigated material is a non-oriented fully-processed sheet of Fe-Si electrical
steel graded as M330-35A according to the EN10106 standard. It is delivered in the
form of rolled sheets with a 0.35 mm nominal thickness. Its chemical composition is
given (in mass percentage range) as follows: [2 % — 3.5 %] of Si, [0.2 % - 0.6 %] of
Mn, [0.4 % - 1.2 %] of Al, and [95 % — 98 %] of Fe. Metallographic observations




FIG.1

Pole figures obtained by EBSD analysis on the studied material.

110

TABLE1

reveal an equiaxed microstructure. The average grain size is about 100 um. Texture
analyses (by EBSD) show a slight rolling texture induced by the rolling process
(Fig. 1). The quasi-static properties have been determined for three uniaxial loading
directions (0°, 45°, and 90° with respect to rolling direction). The material has a
yield strength ¢, in the range of 380-460 MPa and a tensile strength R,, in the range
[500-580 MPa]. The Young’s modulus along the rolling direction is about 180 GPa
and the Poisson’s ratio v is 0.3. When comparing the different loading directions,
the maximum difference is about 6.5 % in terms of yield strength and 4.5 % for the
maximum strength.

Lankford coefficients [9] were measured for various tensile directions (0°, 45°,
and 90° with respect to the rolling direction, see Table 1). For the rolling and 45°
directions, no evidence of plastic anisotropy is observed since the r values are close
to one. In the transverse direction, though the r value is slightly higher, the influence
of plastic anisotropy remains not significant.

The specimens used for fatigue tests were punched from sheets, the loading axis
being parallel to the rolling direction. Punching operations were done using the
same industrial conditions in order to be representative of electric motor parts. A
special punching tool was designed and made for the fatigue specimens. It was
mounted on the same machine as for industrial parts.

The shearing process induces a typical morphology on punched edges, with the
four different zones described in Fig. 2: the roll-over, the sheared zone, the fracture
zone and the burr. The same morphology has already been observed by several
authors on thicker steel sheets after punching, e.g., on 15mm and 0.5mm thick
sheets [2,3]. To evaluate the influence of punching operations, some fatigue tests
were performed on specimens with polished edges. Polishing was done using silicon

Lankford coefficient values for the M330-35A sheet.

Coefficient Values
o 1.034
T4s5 1.039
9o 1.599
Tmean 1.17
Ar 0.27




FIG. 2 Different zones observed on the punched edges.
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carbide emery papers (from grade P1200 to grade P4000). A 200 um deep layer of
material was removed. As a consequence of polishing operations, initial local hard-
ening and residual stresses induced by punching are modified. Compressive residual
stresses are found on polished surfaces [10].

High cycle fatigue tests were performed in air under uniaxial tension loading
and load control at a loading frequency of 65 Hz using a resonant fatigue
testing machine (Vibrophore type). Tests were carried out on both punched and
polished specimens at room temperature (~20°C) using two load ratios of
R=0min/0max =0.1 and R=0.5. To assess the effect of temperature on the fatigue
behavior, some tests were also performed on punched specimens at 180°C with a
load ratio of R=0.1. Temperature was controlled with an environmental chamber
with a =1 % temperature range during the test. For the different loading conditions,
a parallel edge specimen geometry allowing a homogeneous stress distribution along
the reduced section zone was used for fatigue tests (see Fig. 3). This geometry allows
cut edge defects to be critical whatever their position along the 20 mm gauge length.
The effect of punching defects induced locally on the edges can then be studied.

Results and Discussion

FATIGUE TEST RESULTS

Comparison Between Punched and Polished Specimens

The S-N curves relative to punched and polished specimens are presented in Fig. 4.
For confidentiality reasons, stress amplitudes are normalized by the median fatigue
strength at 5 x 10° cycles for punched specimens. For R = 0.1, when compared to

FIG. 3

Specimen geometry used for
the fatigue tests (thickness:
0.35mm).
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FIG. 4 S-N curves for punched and polished specimens (a) R=0.1and (b) R=0.5 (Stromeyer fit [11]).
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polished specimens, the median fatigue strength at 5 x 10° cycles shows a drop of
about 30 % in the case of punched specimens [Fig. 4(a)]. As shown later, at such low
stress levels, the defects introduced by the cutting process cause fatigue crack initia-
tion. At higher stress levels, the difference between punched and polished specimens
reduces, as fatigue crack initiation is more and more governed by macroscopic plas-
ticity. Results relative to R=0.5 in Fig. 4(b) show that the fatigue strength drop is
reduced to approximately 17 % only with regard to polished specimens. Indeed,
since the maximum stresses are higher for R = 0.5, the role of macroscopic plasticity
is more important than for R=0.1.

Influence of the Temperature

Fig. 5 shows the S-N curves for the punched specimens tested at room temperature
and at 180°C under R = 0.1. No difference of the median fatigue strength at 5 x 10°
cycles was observed for the two tested temperatures (20°C and 180°C) conditions.

FIG.5

S-N curves for punched and
polished specimens tested at
room temperature and at 180°C
(Stromeyer fit [11]).
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FIG. 6 Crack length measurements during a fatigue test (N¢=187595 cycles).
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However, at higher stress levels, when macroscopic plasticity governs crack initia-
tion, the temperature effect is visible. For a given stress level, specimens tested at
180°C fail sooner than specimens tested at ambient temperature. Scanning electron
microscope (SEM) observations of the fracture surfaces relative to specimens tested

at 180°C show the same crack initiation mechanisms as for room temperature.

Fatigue Crack Propagation

Some specimens were observed with a high resolution CCD camera to record both
the crack initiation and propagation. For specimens tested at room temperature
under R=0.1, the smallest detected crack is 0.174 mm long. During fatigue tests, a
fast crack propagation was observed. Figs. 6(a) and 6(b) show that the number of
cycles for propagation represents only about 1 % of the total number of cycles to fail-
ure. As a consequence, S-N curves are given for the initiation of a technical crack

since crack initiation dominates the fatigue life in our testing conditions.

FRACTOGRAPHIC OBSERVATIONS

In order to investigate the causes of the fatigue strength drop and to identify the
crack initiation mechanisms, the fracture surfaces have been observed after failure
for both punched and polished specimens. For punched specimens, SEM observa-
tions show that cracks always initiate on edges, and in almost all cases, on a punch-
ing defect located in the fracture zone, as illustrated by Figs. 7¢a) and 6(b). For
polished specimens, short crack propagation seems more crystallographic, as shown
in Fig. 7¢c). No influence of the temperature on the fatigue crack initiation mecha-
nisms was observed. Three different zones are visible on the fracture surfaces of
punched and polished specimens: (i) an initiation zone (with a length between 0.5
and 1.5mm) where the river lines converge to a punching defect located on the
edge. Transgranular crack propagation is observed in this zone. (ii) A crystallo-
graphic zone which corresponds to the stable fatigue crack propagation. The mode
change can be observed on Fig. 7¢d). (iii) Finally, a ductile zone relative to the final
specimen breaking. The transition between the two modes is also observed by
Schayes et al. [12]. According to these authors, the crack propagation mode depends




FIG.7 SEM observations of the fracture surface of punched specimen (a), (d) R=0.1, (b) R=0.5, and polished edge specimen

(©OR=01

on the applied strain amplitude. It changes from transgranular to intergranular
when the strain amplitude exceeds 0.7 %. Since in our case the tests are conducted
under load control, it is difficult to compare with these results.

Fracture surface observations reveal an important role of the punching defects
on fatigue crack initiation. However, hardening and residual stresses have an impor-
tant contribution on the fatigue strength drop. The effect of hardening and residual
stresses in addition to punching defect will be investigated in the following.

MICRO-HARDNESS AND RESIDUAL STRESSES

Micro-hardness measurements (HV 0.1) were carried out in the middle of the
sheet thickness, starting from the punched edge. The first indentation was 50 um
far from the punched edge, and then indentations were spaced with 75um in
order to avoid any measurement interferences. The results show that micro-
hardness increases when approaching the punched edge (Fig. 8). From a mean
value of 233 HV, it rises up to a value of 317 HV, at a distance of 50 um from
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FIG. 8
Micro-hardness measurements
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the punched edge. It can be concluded that the depth of the zone affected by
punching is about 200 um.

Residual normal stresses o, induced by the punching process on the specimen
edges were analyzed by using x-ray diffraction techniques (see Fig. 3 for the coordi-
nate system). When focusing on the edge of a single sheet, the number of grains in
the irradiated volume is too small to reliably determine the residual stress state. This
is due to the small sheet thickness and to the coarse grain microstructure. Analyses
have then been performed on a stack of ten sheets. Each stress value is estimated on
an irradiated zone which approximately corresponds to a 2mm diameter disk.
Residual stress values have been determined first on the punched edge surface, then
on surfaces obtained after successive layer removal using electrochemical polishing
technique, up to a 180 um depth. The residual stress g, corresponds to the normal

component of the residual stress tensor parallel to the rolling direction. Fig. 9
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FIG. 10 Different types of defect in the punched edge.
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presents the evolution of g,, along the depth (X-axis). Very high tensile residual
stress values are found on the edge.

The profile presents a maximum located at 50 um below the surface, the longitu-
dinal residual stress then decreases when increasing depth. The affected zone is
about 200 um deep. This depth value is consistent with the depth of the hardened
layer determined by micro-hardness measurements (Fig. 8). In depth, XRD measure-
ment uncertainties related to the large grain size increase up to being the same mag-
nitude as the stress values.

MICROSCOPIC OBSERVATIONS AND 3D SURFACE PROFILOMETRY OF THE
EDGES: CRITICAL DEFECTS IDENTIFICATION
To better understand the fatigue strength drop in the case of punched specimens,
punched edges were analyzed through both microscopic observations and three
dimensional surface topography. Four types of defects were identified from micro-
scopic observations (Fig. 10): (i) vertical stripes from the top to the bottom of the
edge, (ii) depressions in the top surface (roll-over defects), (iii) defects in the sheared
zone, and (iv) defects in the fracture zone, with typical dimensions close to those of
a grain.

The three dimensional surface topography zone is 30 mm long, and then con-
tains the entire reduced section and a part of the specimen radius. The resolution
used for edge surface sampling is 0.89 um along Y and Z axes, and the measurement

FIG. 11 Identification of the fatigue crack initiation defect (a) surface profilometry and (b) optical pictures of the broken
specimen after the fatigue test.
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resolution along the X axis was 10 nm (see coordinate system Fig. 3). Results show
an irregular edge surface with the four types of defects identified by microscopic
observations in the different zones of the edge (roll over, shear, and fracture), as
illustrated in Fig. 11¢a). After specimen failure, the defect on which fatigue crack
initiation occurred is identified by comparing scans performed before testing and
optical microscopy observations of the same specimen after fatigue failure (Fig. 11).
These results confirm the SEM observations relative to punched specimens: critical
defects are located in the fracture zone.

Optical profilometry scans provide the 3D geometry of defects. Typical defects
are about 40 um deep and 150 um high. The intersection surface between typical
defects and the (X, Z) plane (perpendicular to the tension axis, i.e., depth of defect)
was measured to quantify the Murakami’s parameter (y/area).

Fatigue Strength Criterion

Based on the 3D surface profilometry results, Murakami fatigue criterion was used
to plot the Kitagawa diagram of the studied electrical steel. The square root area
parameter (y/area) is defined by Murakami [13] as the flaw size. It was obtained
from scan data and its value is comprised between 50 and 80 um. The relation
between the fatigue limit in term of stress amplitude and the flaw size of typical
defects is given by Eq (1)

A(HV + 120) (1 - R)“
= X (1

Op =
Jarea'/® 2
where o} is the median fatigue strength at 5 x 10° cycles, R is the loading ratio,
A =143 for surface flaws, HV is the material hardness, \/area is the square root of

the projected area of a flaw on the plane experiencing the maximum normal stress,
and o is a mean stress sensitivity factor defined by Eq (2)

o =0226+HV x 104 @

FIG. 12
Kitagawa diagram of punched
and polished specimens.
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FIG. 13

Finite element model used for
simulation with ideal defect
geometry.

The Kitagawa diagram is presented in Fig. 12. Murakami criterion predicts that
defects with a flaw size lower than 50 um should not affect the fatigue strength, but
the fatigue strength drop observed for punched specimens with typical flaw sizes
ranging from 50 to 80 um questions this assumption. This can be explained by the
fact that the material around the defect is also altered by the punching process. Mur-
akami criterion was elaborated for small defects compared to the component dimen-
sions and without any effect of the process. In our case, the sheet thickness and the
flaw size are comparable. Moreover, punching process induces a material property
gradient, which is due to local hardening, and a stress gradient, which is strongly
influenced by the residual stress field. Given these effects, Murakami criterion does
not provide correct assessment of the fatigue limit in this case. Furthermore, since
flaw sizes are close to the transition of the criterion, linear elastic fracture mechanics
might not be suitable here, and elastic-plastic fracture mechanics should be applied
instead.

Finite Element Analysis and Defects

Since the Murakami parameter,/area, does not provide correct results, a local high
cycle fatigue strength criterion has been evaluated to try accounting for the local

FIG. 14

Crossland fatigue criterion for
Fe-Si steel sheets applied with
FEA results computed with
local stress using elastic and
elastic-plastic constitutive
models.
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stress state around defects. The Crossland criterion has been chosen because it gives
good results under proportional loadings. Finite element analyses have been per-
formed on idealized defects as illustrated in Fig. 13. The material is supposed to be
homogeneous and isotropic with linear elastic and elastic-plastic constitutive mod-
els. The boundary conditions are presented in Fig. 13. The applied load direction is
taken parallel to the Y-axis. The idealized defect geometry is 40 um deep and 150 um
long, which is about the half of the sheet thickness. The mesh is obtained using par-
allelipipedic elements with quadratic displacement interpolation and it is refined
around the defect.

The theoretical stress concentration factor (Kt) due to the defect is calculated as
K =ap™ / Onet» Where g™

»
is the normal stress on the Y =0 cross-section. Its value is around 2.5.

is the maximum stress in the loading direction and o

According to the obtained results, Crossland local approach [14] with both
elastic and elastic-plastic material behavior does not lead to safe fatigue strength
assessment in the case of material with punching defects (Fig. 14). For further
analyses, a non-local high cycle fatigue strength criterion will be evaluated to con-
sider the stress strain gradient effect [15,16]. Also, real defect geometries together
with elastic-plastic calculations will be used to better estimate the local stress and
strain fields.

Conclusion and Prospects

In this paper, the high cycle fatigue strength of specimens punched out in electrical
thin steel sheets was investigated. It was shown that there is a significant decrease in
the fatigue strength for punched specimens compared to specimens with polished
edges. This can be primarily explained by the geometrical defects induced on the
edges by the punching operation. Indeed, SEM observations show that cracks always
initiate on punching defects. Four types of defects were identified: (i) vertical stripes
from top to bottom of the edge, (ii) depressions in the top surface, (iii) defects in the
sheared zone, and (iv) defects in the fracture zone. Results of SEM observations and
three dimensional surface topography shows that initiation always occurs on a defect
localized in the fracture zone. No effect of the temperature on the median fatigue
strength at 5 x 10° cycles was observed. However, a small influence of temperature
is visible for high stress levels where crack initiation is governed by macroscopic
plasticity. According to the Murakami parameter \/area, geometrical defects do not
solely explain the fatigue strength drop for punched specimens. Indeed, fatigue crack
initiation is also promoted by the large tension residual stresses and probably the
hardening induced on the edge by the punching operation. Micro-hardness and
XRD measurements near cut edges exhibit the same 200 um depth for the mechani-
cally affected zone.

Improving the fatigue strength of punched parts requires a better understand-
ing of the punching operation, and its effect on edge surfaces, residual stresses
and hardening. Safely designing electric motor parts against high cycle fatigue
failure requires an adapted fatigue criterion. Since Murakami and Crossland crite-
ria do not provide a reliable estimation of the fatigue strength, non-local HCF

criteria will be investigated using elastic-plastic simulations on idealized and real




defects. Since the mean grain size is close to the defect size, which is about half

the thickness, the effect of the microstructure cannot be neglected and polycrys-

talline plasticity is a promising way to better predict fatigue crack initiation in

that case.
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