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Abstract. A combined experimental and numerical approach was applied to develop a basic understanding of the fatigue damage process

taking place at edges exposed to cyclic mechanical loads.

A recently developed cyclic edge-loading test was used in order to simulate the fatigue loading of the edges of manufacturing tools and
to study the microscopic damage mechanisms. Accompanying finite element calculations were performed to provide a better understanding
of the loading conditions at edges subjected to cyclic mechanical loads. A comparison of the numerical simulation with the experimental

results revealed good accordance.

Main results of the investigations are the distribution of plastic strains and their evolution with increasing number of cycles, the distribution
of the residual stresses, the localisation and the evolution of damage at the microscale (microcracks and voids), and the localisation and

growth of fatigue cracks.

Micro-damage develops in the entire plastically deformed region. Fatigue crack nucleation was mainly found in deformation bands and
fatigue crack growth was only observed near the transition region between the extensively and the slightly plastically deformed zone not at
the loaded area but at the side area. The reason for that phenomenon is the formation of tensile residual stresses in this region which is

favouring fatigue crack growth.

Key words: fatigue damage, crack nucleation, plastic strains, residual stress.

1. Introduction

Failure of edges due to cyclic mechanical loading plays an
important lifetime-controlling role in various technological
fields. Examples range from tools with a wide range of shapes
and sizes used in various manufacturing processes to edges
of structural components or rail heads [1-4].

Edges may be exposed to very complex loading condi-
tions in which not only the load amplitude varies but also
the loading direction. Despite this fact many cyclically load-
ed edges show a characteristic failure appearance. Cracking
mainly does not occur at that surface, at which the main load
is applied, but at the other surface [5, 6]. E.g. in punching
tools, the crack initiation and crack growth often does not oc-
cur at the end face but at the side area. Crack initiation and
crack growth mainly takes place in a specific distance from
the loaded edge [5]. In a later stage of the damage process
these fatigue cracks may cause breaking away of chips from
the cutting edge, causing the end of the tool life. Similar kind
of damage may be observed also in rail heads subjected to
local overloads caused by rolling contact fatigue [7]. Mechan-
ical loading of edges causes very specific and inhomogeneous
stress and strain fields with high gradients [8]. In the region,
where the main fatigue damage occurs, fatigue loading takes
place with high compressive mean stresses [5, 9].

Damage is a term that is often used but not consistent-
ly defined. Materials scientists often understand damage as
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a process that starts with the very first softening of the mate-
rial at the micro- or nanometer scale and that proceeds with
the nucleation of microcracks that subsequently grow to form
larger cracks and to cause finally the failure of the compo-
nent [10]. Mechanical engineers consider damage as a meso-
scale effect where material separation is detected at a coarser
scale, e.g. by radiography or ultrasonics techniques. In this pa-
per, the fatigue damage process of edges is considered from
the materials scientists’ point of view.

Damage normally starts with pre-steps which do not di-
rectly form microcracks but have a significant influence on
the formation of such microcracks. The development of strain
localisations and residual stresses are among the most impor-
tant damage relevant pre-steps in the fatigue process [11, 12].
These fatigue relevant pre-steps are experimentally accessible
only with highly sophisticated techniques such as electron op-
tical or synchrotron radiation based diffraction techniques [6,
13]. Microcracks with a typical size in the micrometer or even
sub-micrometer range are normally formed by decohesion of
interfaces or by failure of hard and brittle particles [14]. These
microcracks may act as starters for subsequent fatigue crack
growth. Growth of such small cracks differs significantly from
that of the classical long cracks [15]. Differences can be ex-
pected mainly due to reduced crack closure effects, caused
by the small crack size but also due to growth of cracks in
a material which is subjected to plastic strain cycles.
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At cyclically loaded edges the fatigue process takes place
with high compressive mean stresses. It is well known from
literature that a compressive mean stress reduces microcrack
nucleation and growth [16] but fatigue failure is frequently
observed in highly loaded edges. It is argued that the fatigue
process of cyclically loaded edges is strongly related to resid-
ual stresses that are formed if local plastic deformation oc-
curs in inhomogeneous stress fields [17]. This effect is well
known from other fields, e.g. from thermally cycled surfaces
in pressure die casting moulds [18] or from fatigue loading
of notched specimens [19].

In order to avoid fatigue damage at cyclically loaded edges
and for the development of materials with improved resistance
to fatigue failure of edges, it is of great relevance to under-
stand the damage mechanisms and the damage evolution from
the very first beginning till the end of life.

2. Methodological approach

A combined experimental and numerical approach was ap-
plied to develop a basic understanding of the fatigue damage
process taking place at edges exposed to mainly compressive
cyclic mechanical loads.

2.1. Physical simulation of edge loading. A specific cyclic
edge-loading test was developed recently in order to investi-
gate the microscopic damage phenomena at the loaded edges
of tools and to study the nucleation and growth of cracks. The
principle of the edge-loading test is shown in Fig. 1.

Loading was performed by means of a cylinder with
12 mm diameter made of hard metal. This cylinder was cycli-
cally pressed onto the edges of two rectangular prisms which
were precisely fixed in a well defined distance to each other.
The prisms made of the investigated tool steel had a thickness
of 5 mm, a height of 10 mm, and a length of 15 mm.

One of the rectangular prisms was made of two parts
(split-specimen), similar to the procedure applied in [20]. The
cut surface of the split-specimen was ground and mechanical-
ly polished with procedures similar to metallographic sample
preparation. This preparation is required for determining plas-
tic strain distributions near the loaded edges by comparing
scanning electron microscopy (SEM) micrographs from this
region before and after loading or after different loading cy-
cles [21-24].

In order to study the effect of cyclic loading, the spec-
imens were mounted in a stiff loading device. The distance
between the prisms was fixed by means of a distance plate.
Clamping was performed by means of screws in z and z direc-
tion positioned at the lower part of the prisms. The clamping
forces need to be high enough to constrain the prisms in x-
and z-direction.

A high precision clamping device was used in order to
guarantee that test specimens can be removed and remounted
several times in order to study the effect of fatigue loading af-
ter different numbers of cycles. Investigating the strain fields
was limited roughly to about 150 cycles because the inter-
action (friction) between the surfaces and the related surface
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degradation of the split specimen made strain analyses impos-
sible.

a)

b)

Fig. 1. a) Test set up; b) Exploded view

Cyclic mechanical testing was performed on a servo hy-
draulic testing machine at frequencies up to about 1 Hz. The
maximum compressive loads were chosen in the range of 5
and 90 kN. Two types of cyclic tests were performed: In test
type 1 the loads were varied between the maximum compres-
sive load (Fmin) and 0 kN (Fq max), in test type 2 the loads
were varied between the maximum compressive load (Fpin)
and 10% of this maximum load (Fa2 max).

The specimens were alternately subjected to a predefined
number of load cycles and afterwards inspected with respect to
shape changes, strain distribution, micro-damage and cracks.
The following information was determined from the speci-
mens outlined in Fig. 1:
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e Shape changes of specimens after loading were charac-
terised at the end face and the side area by means of con-
focal laser scanning microscopy.

e Strain distribution near the edge was determined at the split
plane by comparing SEM images from this region before
and after loading.

e Surface roughness was determined at the side area by
means of 3D surface analysis based on stereographic SEM
images and from atomic force measurements.

e Microscopic damage and crack growth were determined
from metallographic sections taken from the z-y plane.

2.2. Material. The specimens for the edge-loading test were
made of the powder metallurgy high speed tool steel S390
MICROCLEAN from Bohler Edelstahl GmbH & Co KG; the
chemical composition of the steel is summarised in Table 1.
Manufacturing of the specimens comprised of the following
steps: (1) Pre-machining, (2) hardening in vacuum furnace
using high pressure nitrogen gas quenching, (3) multiple tem-
pering to achieve a hardness of 62 HRC, (4) grinding, (5) pol-
ishing.

Table 1
Chemical composition of the high speed tool steel S390 MICROCLEAN in
weight percent

Steel grade C Ct Mo V w Co Balance
Bohler S390
MICROCLEAN 1.64 4.80 2.00 4.80 10.40 8.00 Fe

Figure 2 shows a SEM micrograph of the microstructure.
Two types of primary carbides are visible, white MgC and
grey MC carbides, both have an average size of roughly 1 pm.

X o \ s ﬁ
Fig. 2. Microstructure of the PM-tool steel grade S390 MICRO-
CLEAN

The microstructure of the heat treated material consists of
primary carbides embedded in a metallic matrix consisting of
tempered martensite hardened by means of secondary harden-
ing carbides. The volume fraction of the primary carbides is
about 13%, that of the secondary hardening carbides is about
9% (estimated by means of Thermocalc ®)).

Bull. Pol. Ac.: Tech. 58(2) 2010

The mechanical behaviour of the tool steel as determined
by means of uniaxial compression tests is summarised in Ta-
ble 2. Details of the stress-strain behaviour of the high speed
steel in case of compressive loading can be taken from Fig. 3.
Exceeding the elastic limit, which is about 2000 MPa, the ma-
terial shows strong strain hardening up to a strain of about 2%,
whereas the material shows almost ideal plastic behaviour at
strains higher than 2%.

Table 2
Mechanical properties of the investigated PM high speed steel S390
MICROCLEAN as determined from compression tests

Rpo.05 [MPa] Rpo.2 [MPa] R}, [MPa]
2.140 2.950 3.140

* Maximum stress achieved in the compression test
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Fig. 3. Stress-strain behaviour of the high speed steel S390 MICRO-
CLEAN

Total strain-controlled cyclic experiments were performed
in order to determine the cyclic stress-strain behaviour. The
cyclic stress-strain curve was determined from compression-
tension tests taking the stress and strain amplitudes found in
the stable hysteresis loop at 50% of the number of cycles
to failure (Ny/2). The cyclic stress-strain curve is shown in
Fig. 3 together with the stress-strain curve determined in sta-
tic tests. It is evident from Fig. 3 that the steel shows rough-
ly 10% cyclic softening, but it has to be pointed out that
this cyclic softening is significantly affected by the tension-
compression asymmetry of the tool steel. The static stress
strain curve in Fig. 3 was determined from a compres-
sion test, the cyclic stress-strain curve was determined from
a compression-tension test with a strain ratio R, = 1. The
stress and strain values of the cyclic stress-strain curve were
determined from the stress range and the total strain range by
dividing these experimentally determined values by a factor
of two.

2.3. Residual stress measurement. Residual stress measure-
ments were performed by means of a commercial X-ray dif-
fraction system, Fig. 4. The residual stresses were determined
from the lattice strains based on the widely used the sin® 1)
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method [25]. The measurements were performed with Cr K,
radiation with a beam diameter of approximately 800 pm. In
order to get a rough estimation of the residual stress distribu-
tion near the loaded edge, residual stress measurements were
performed along the side area in steps of 100 pum starting at
deformed edge after loading. Due to the residual stress gra-
dient near the plastically deformed edge it can be assumed
that the measured residual stresses are weighted mean val-
ues from the residual stress distribution within the analysed
circular surface.

Direction of
experimentally
determined
residual stress

Fig. 4. X-ray based determination of residual stresses at loaded edges

2.4. Numerical simulation. A goal of the finite element sim-
ulations was the prediction of the stress and strain evolution
in the edge-loading test near the loaded edge during static and
cyclic loading.

A finite element simulation model was developed based
on the commercial software package ABAQUS [26] to per-
form these calculations. Due to symmetry reasons only half
of the experimental setup is modelled in a 2D model assum-
ing plane strain conditions in z-direction. The load is applied
onto a rigid punch which is in frictionless contact with the
top of the hard metal roll. The boundary conditions are cho-
sen as indicated in Fig. 5. The bottom plane is constrained in
y-direction and the vertical plane is constrained in z-direction.

F

punch — >

hard end face

metal roll

eale apls

specimen iﬁ
§

rK Eaf

Fig. 5. Finite element model of the edge loading test

The contact between the hard metal cylinder and the speci-
men is modelled using a friction coefficient of 0.1. The mater-
ial behaviour of the hard metal cylinder is assumed to be elas-
tic. The elastic-plastic material behaviour for the first loading
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and unloading of the S390 specimen is described by the stress-
strain curve determined from a compression test by a simple
form of a Chaboche-type model including two nonlinear kine-
matic hardening terms [27, 28]. In order to model the cyclic
softening of the material in subsequent loading-unloading cy-
cles the material parameters are modified to match the cyclic
stress strain curve of cycle 5 and 25 of a uniaxial compression-
tension tests. The equations describing the material behaviour
are summarized in Fig. 6a and the stress strain behaviour for
cycle 1, 5 and 25 is depicted in Fig. 6b.

a)
Yield function: r_ v _....yleld surface

Von-Mises norm

Kinematic hardening: ¥ - ¥V Y
2
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b)
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experiment
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cycle5 simulation
cycle 25 experiment
cycle 25 simulation

500

$390 MICROCLEAN

Fig. 6. Summary of the material model: a) model equations, b) com-
parison of uniaxial stress strain behaviour of experimental data and
numerical results

The local loading near the edge of a sample tested in the
edge-loading test reaches a level which is far beyond the limit
of the loading level of uniaxial tests, but assuming almost ide-
al plastic material behaviour for plastic strains higher than 2%
seems to be an appropriate assumption for the high loading
regime.

3. Results

3.1. Shape changes. Loading the edge with the hard metal
cylinder causes typical shape changes of the edge, Fig. 7. Dur-
ing compression loading the hard metal cylinder is pressed in-
to the end face and material moves out from the side area due
to plastic deformation. The shape changes were determined at
specimens after 5 loading-unloading cycles. This procedure
was chosen to avoid influences from friction which is ex-

Bull. Pol. Ac.: Tech. 58(2) 2010
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pected to be most likely in the first cycle because the largest
relative movement between the hard metal cylinder and the
specimen mainly takes place in this cycle.

a)
E‘ | : ' :
3 | | | |
-1
SS00
-600 | | | |
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X [um]
Fig. 7. Shape change due to the local edge loading after 5 loading-

unloading cycles (view onto the -y plane defined in Fig. 1): a) Edge
profile after loading to 10 kN, b) Edge profile after loading to 60 kN

After unloading the shape changes were characterised by
means of confocal laser scanning microscopy which was used
to determine surface profiles and by means of metallographic
sections. Figures 7a and 7b show the typical edge shape of
a specimen after loading to 10 and 60 kN respectively. There
are two zones: Zone I is located directly at and below the
loaded edge and is characterised by high plastic strains and
a significant shape change. The extension of zone I is marked
by the length L, at the side area. Zone Il is located at the side
area below zone I and is characterised by only small shape
changes but this zone II is still plastically deformed.

The extension of the extensively deformed zone I with sig-
nificant shape change L,; is about 100 ym in case of 10 kN
loading and about 600 um in case of 60 kN loading. De-
tailed analyses of the relationship between the compression
load F and the size of the extensively deformed zone I at the
side area L,; revealed an almost linear relationship, Fig. 8.
Figure 8 also indicates a good accordance between the exper-

Bull. Pol. Ac.: Tech. 58(2) 2010

imentally found and the simulated values of the size L,; of
the extensively deformed zone I if 2% plastic strain is taken
as boundary of the extensively deformed region in the finite
element simulations.
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Fig. 8. Experimentally determined and numerically simulated size
L, of the extensively plastically deformed zone I at the side area
after 5 load cycles as a function of the maximum compressive load
(plastic strain criterion for the boundary of the extensively plastically
deformed zone predicted in the finite element simulation: 2%)

Figure 9 shows for selected points the experimentally de-
termined displacement vector field for an edge exposed to
a compression load of 5 kN. The displacement vector field re-
veals that the material flow at the edge primarily takes place in
the loading direction (top to bottom) and out of the side area
(left to right). The maximum displacement occurs at the edge
and is in the range of about 8 ;sm at the edge and the size L,
of the extensively plastically deformed zone with pronounced
shape changes is about 60 pm.
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Fig. 9. Displacement vector field in the x-y plane after compression
loading of the edge up to 5 kN visualised for selected points

The complete displacement vector field can only be de-
termined for lower loads up to about 10 kN. At higher loads
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the displacements and the strains are too large for the applied
measurement technique leading especially near the edge to
areas that cannot be analysed quantitatively.

3.2. Strain fields. The strain field was determined from the
split plane by comparing SEM micrographs of the edge region

a)

c)

on the split plane before and after loading via digital image
analysis [22]. Again, the entire plastically deformed zone can
be characterised only for loads up to about 10 kN. The strains
prevalent in case of edges exposed to higher loads exceed the
maximum detectable strain.

b)

Fig. 10. Plastic strain determined from SEM micrographs of the edge region of the split specimen after one load cycle to 5 kN: a) positive
strain in z-direction, b) negative strain in z-direction, c) negative strain in y-direction, d) positive strain y-direction, ) equivalent strain
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Figure 10 shows details about the plastic strain distrib-
ution in the split plane (z-y plane) after one load cycle to
5 kN. The strains in z-direction are positive directly below
the hard metal cylinder with maximum values up to about
6%, Fig. 10a, and negative in the neighbouring region with
maximum values of about 2%, Fig. 10b. Figure 10a indicates
that there exists a deformation band oriented about 45° to the
loading direction with maximum strain values directly at the
edge. The strains in y-direction are negative directly below
the hard metal cylinder again with maximum values up to
about 6%, Fig. 10c, and positive in the neighbouring region
with maximum values of about 2%, Fig. 10d. The deforma-
tion band with strain values up to about 6% is also visible in
Fig. 10c. In Fig. 10e the distribution of the equivalent strain
is shown. Figure 10e indicates two regions with higher plastic
strains. One of these regions is the deformation band which
originates at the edge and penetrates the material at an angle
of about 45° inclined to the loading direction; the second re-
gion has the shape of a quadrant with its centre at the edge.
This second high-strain zone is formed at the transition region
of the extensively plastically deformed contact area between
the hard metal cylinder and the tool steel sample and pen-
etrates the entire edge region from the end face to the side
area.

Apart from the meso-scale pattern described above, the
strain distribution images further reveal that at the microscop-
ic scale the strain is inhomogeneously distributed within the
material. Such an inhomogeneous deformation pattern at the
microscopic scale was also reported in [24] for metal matrix
composites and for the pure matrix material. Local strain max-
ima can be found in all plastically deformed regions. In the
low strain regions the strain maxima are in the range of about
2% whereas the surrounding strain minima are not detectable
and thus perhaps zero. In the higher strain areas strain maxima
of about 6% can be found embedded in areas with strain min-
ima of about 2%. The spacing of the strain maxima/minima
is about 6 pm which is almost equal to the spacing of the
primary carbides.

The equivalent plastic strain map in Fig. 10e indicates
that plastic strains higher than 2% are detectable up to a dis-
tance of about 50 um from the edge in z-direction and up to
about 60 um in y-direction. It can be further concluded from
Fig. 10e that the total plastically deformed region is much
larger and in the range of about 150 um.

Figure 11a shows the experimentally determined equiva-
lent strain accumulated between the end of the first and the
end of the 5*" load cycle and Fig. 11b between the end of the
5t" and the end of the 25" load cycle. These results indicate
extensive plastic straining in the first cycles which strongly
decay with increasing number of cycles.

During cycles 2 and 5 plastic straining concentrates in
the high strain regions which were already present after the
first loading-unloading cycle. Highest strains in the range up
to about 6% occur in the quadrant-shaped plastic zone that
encompasses the higher strain region from the lower strain
region and in the deformation band formed at the edge. Dur-
ing cycles 6 and 25 further plastic straining is observed but it

Bull. Pol. Ac.: Tech. 58(2) 2010

takes place localised in very narrow zones. In these hot spots
plastic strains exceed a level of about 1%. Detailed studies up
to about 150 cycles revealed that plastic straining slows down
with increasing numbers of cycles indicating that elastic shake
down occurs.

a)

Fig. 11. Equivalent plastic strain determined from SEM micrographs

of the edge region after loading with 5 kN: a) plastic strain accumu-

lated during load cycle 2 and 5; b) plastic strain accumulated during
load cycle 5 and 25

Cyclic plastic straining of materials causes microstructural
changes which are connected with an alteration of the mechan-
ical properties. The investigated tool steel S390 shows cyclic
softening similar to many metallic materials with a high hard-
ness. In order to study the effect of cyclic softening on the
strain distribution finite element calculations were performed.
For simplification, only three load cycles were simulated but
assuming that the flow curve is the cyclic stress strain curve
at the cycles 1, 5 and 25, Fig. 6b. Figure 12a shows the calcu-
lated plastic strain accumulated during the second simulated
load cycle, which can according to the cyclic softening as-
sumptions be compared with the plastic strain accumulated
during cycles 2 to 5 in the experiment in Fig. 11a. In the
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simulation and in the experiment two regions of high strain-
ing occur. One region is a deformation band originating at
the edge and reaching under an angle of 45° about 50 pum
into the specimen. The location of this deformation band is
similar in simulation and experiment, but in the simulation
the lateral extension of the highly strained region is smaller.
The second region of high strain is located near the 2% strain
iso-line of the first cycle. Again the location of this region is
similar in simulation and experiment, but near the end face
in the simulation the deformation band appears to be almost
linear under an angle of 45° which is in contrast to the curved
shape in the experiment.

a)
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Fig. 12. Equivalent plastic strain distribution after loading with 10 kN

determined by means of finite element calculations: a) distribution

of equivalent plastic strain accumulated during load cycles 2 and 5;

b) distribution of equivalent plastic strain accumulated during load
cycles 6 and 25

Compared to the experiment the simulation gives too high
strains and a too small deformation band width. The reason
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for these discrepancies lies in the fact that in the simulation
model all the cyclic softening taking place during cycles 2
and 5 concentrates in one simulation cycle. Therefore the
strain distribution determined in the experiment is a sum of
the deformation bands of each cycle which forms in each cy-
cle at a different position. This explains both the fact that the
band width is too small in the simulation and the fact that the
calculated strain within this band is too high. In Fig. 12b the
simulated plastic strain accumulated between load cycles 6
and 25 is depicted. The overall picture is similar as exper-
imentally observed, Fig. 11b, but again the strain is for the
same reason as described above too much concentrated in the
simulation.

The results clearly indicate strain localisations in the defor-
mation band at the edge and in the quadrant-shaped zone that
encompasses the higher strain region from the lower strain re-
gion. Calculations with a more sophisticated constitutive ma-
terial model that considers combined isotropic and kinematic
hardening revealed also inhomogeneous deformation in defor-
mation bands, but the results are very sensitive to the material
parameters and to the finite element mesh used and requires
further investigations. Although final conclusions cannot be
drawn at this point it can be assumed to be very likely that
the strain localisations found between cycle 2 and 5 are mainly
caused by cyclic softening of the tool steel.

3.3. Damage evolution. The evolution of damage near the
cyclically loaded edge is summarised in Fig. 13a. Cracks and
their orientation are marked with small bars and voids are
marked with circles. Areas with similar damage pattern are
encircled by drawn curves.

The experimental results reveal that different micro-
damage processes take place at different positions after dif-
ferent numbers of cycles. After the first load cycle micro-
damage occurs predominantly at position A at the side area
near the transition to the elastically deformed region, Fig. 13b.
Micro-damage takes place in form of microcracking of pri-
mary carbides which mainly occurs perpendicular to the load
direction (y-direction). After five load cycles, remarkable ad-
ditional microcracking of primary carbides is found at posi-
tion B, Fig. 13c, and a few broken carbide clusters can be
also found in the entire region with plastic strains higher than
about 2%. The microcracks at position B are mainly oriented
perpendicular to the load direction whereas cracking of car-
bide clusters in the rest of the plastically deformed zone seems
to be statistically oriented. After 25 cycles increased micro-
cracking of primary carbides parallel to the load direction is
observed below the contact area between the steel sample and
the hard metal cylinder. After 1,000 load cycles the number of
microcracks and voids has significantly increased in a roughly
10 pm thick zone at the side area, Fig. 13d.

Up to 10,000 cycles no fatigue cracks were found in the
entire plastically deformed region which have started growing
from microcracks except one fatigue crack which is found at
position A, Fig. 13a.

Bull. Pol. Ac.: Tech. 58(2) 2010
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B

after 25 cycles

after 1,000 cycles

after 5 cycles

after 10,000 cycles —

after 1 cycle /

Fig. 13. Damage evolution at the cyclically loaded edge: a) schematic

overview; b) carbide cracking after one cycle at position A; c¢) car-

bide cracking after five cycles at position B; d) carbide cracking and
decohesion after 1,000 cycles at position C
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Figure 14 shows a front view onto the side area. The upper
part of Fig. 14a shows the contact area of the specimen and the
hard metal cylinder, the mid part shows the extensively plasti-
cally deformed zone followed by the low plastically deformed
zone and at the bottom the originally polished surface is seen.
Fatigue crack nucleation and fatigue crack growth takes place
at the side area in the plastically deformed zone near the tran-
sition to the elastically deformed region. Figure 14b shows
this transition region with a higher magnification. The rough
surface structure of the area above the crack clearly indicates
a high number of deformation bands, the surface appearance
below the crack is much smoother but there are still signs of
plastic deformation. From the experimental investigations it
can be concluded that the transition from the extensively de-
formed to the low deformed zone takes place at roughly 2%
plastic strain.

a)

xtensively plastically
deformed zone

Low plastically
deformed zone

Polished
surface

Fig. 14. Front view onto the side area in a specimen after loading to
60 kN after 10,000 cycles: a) overview; b) detail from a)

SEM and atomic force microscopy (AFM) investigations
of the surface topography reveal a rough surface in the exten-
sively plastically deformed zone.

Figure 15a shows a SEM micrograph of the side area after
125 load cycles to 10 kN. The surface which originally was
polished now shows severe roughening comprising larger (L)
and smaller (S) steps. Steps up to a few tenths of a micron
were formed at the surface as indicated by the AFM profile
shown in Fig. 15b. The spacing of the steps (appr. 6 pm)
correlates well with the spacing of the local strain maxima in
Fig. 9. It can thus be concluded that the deformation bands
play a major role in the damage process, especially in crack
nucleation.
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Fig. 15. Surface topography in the extensively plastically deformed
zone: a) SEM micrograph after 125 load cycles; b) surface profile
determined by means of atomic force microscopy
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Fig. 16. Fatigue crack nucleation and propagation at position A after

loading to 60 kN (different specimens): a) after 100 cycles; b) after
10,000 cycles
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In order to study fatigue crack nucleation and fatigue crack
growth metallographic sections were prepared from the tran-
sition region between the extensively and the low plastically
strained zone, Fig. 16. Crack nucleation seems to occur very
rapidly in deformation bands. A small crack with a depth of
about 1 pum is visible in a deformation band already after 100
load cycles. The orientation of this crack nucleus directly at
the surface is about 45 degrees inclined to the load direction,
Fig. 16a. This leads to the conclusion, that such cracks are
nucleated in shear bands. Such a shear band is also visible
in Fig. 16b which was taken from a different specimen after
10,000 cycles. It is assumed that the microcracks formed in
the carbides, as shown in Fig. 13b, may also act as fatigue
crack nuclei. This leads to the conclusion that microcracking
of carbides and microcrack formation in deformation bands
are two competitive mechanisms that may form fatigue crack
nuclei.

By comparing Fig. 14 and Fig. 16 it can be concluded
that crack growth is much faster at the side area in z- and
z-direction than into the depth (z-direction), e.g., the exten-
sion of the crack at the side area may be as large as several
millimetres whereas the depth of the crack is still less than
about 0.06 mm.

During crack growth into the depth, the orientation of the
crack changes from the 45° orientation to a direction which
is more perpendicular to the load direction, Fig. 16a and 16b.
By comparing Fig. 16a and 16b the average crack growth rate
can be estimated to be in the range of 5.107% mm/LW.

3.4. Conditions for crack growth. Finite element simula-
tions were performed in order to study the local loading con-
ditions.

Figure 17 shows the calculated distribution of the normal
stress in y-direction o, along the side area at different load-
ing stages as a function of the distance from the edge. Curve 1
shows the stress distribution at maximum compression load,
curve 2 after reduction of the load to 10% of the maximum
compression load, and curve 3 after complete unloading.

The more or less constant maximum stress of about
3000 MPa at the maximum load (curve 1) is due to the as-
sumption of an ideal plastic material behaviour for strains
higher than 2%. In case of unloading to 10% of the maximum
load (curve 2), the stresses remain compressive at any posi-
tion of the side area. Tensile stresses at the side area can thus
only be observed in case of an almost complete unloading.
These findings are in agreement with the fact that no fatigue
cracks were found in specimens which were unloaded only to
10% of the maximum load. The stress profile after complete
unloading (curve 3) shows the residual stresses remaining in
the specimen after the loading-unloading cycle.

It can be concluded from Fig. 17 that the maximum stress
range is about 3200 MPa and that the maximum occurs at
the transition region from the extensively to the low plasti-
cally deformed zone (region A in Fig. 13). Furthermore, the
residual stress also reaches a maximum at this position. Both
factors together promote fatigue crack growth and are sus-
pected to be responsible for the existence of the fatigue crack
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in this region. In all investigated specimens only very few
cracks or even only a single fatigue crack could be observed.
This phenomenon is expected to be caused by a shielding ef-
fect connected with a stress reduction in the areas near the
crack.
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Fig. 17. Stress in y-direction along the side area as a function of
the distance from the edge for an applied maximum load of 60 kN
(curve 1), after unloading to 10% subsequent to applying the maxi-
mum load of 60 kN (curve 2), and after complete unloading subse-
quent to applying the maximum load of 60 kN (curve 3)

A rough estimation of the stress intensity factor range AK
for the very small crack in the deformation band of about 1 ym
length gives a value of about 3.5 MPa,/m. Similar values can
be estimated for the stress intensity factor ranges at the mi-
crocracks at broken carbides taking the typical size and the
circular shape of these microcracks into account.

Due to the very small crack size and the fact, that the
crack is growing in a cyclically plastic deformed material it
can be assumed that there are almost no crack closure ef-
fects present and that the tip of the growing crack is thus
fully exposed to the applied stress intensity factor range. Tak-
ing the threshold value for the effective intensity factor range
AK,yy in steels 2.5 MPa,/m [11] it can be concluded that the
crack tip loading of the 1 pum long crack shown in Fig. 14a
is high enough to cause fatigue crack growth. The same con-
clusion can be drawn for microcracks in carbides shown in
Fig. 13b.

Figure 18a and 18b show the calculated distribution of the
residual stresses in y-direction o, 7° after compression loading
to 10 and to 60 kN respectively followed by complete unload-
ing. The residual stress in the y-direction o,;° is considered
because fatigue crack growth takes place perpendicular to this
direction. Comparing Fig. 18a and 18b indicates that the stress
patterns for loading to 10 kN and to 60 kN are very similar,
only the size changes.

At the side area the residual stresses in y-direction oy ;*
are compressive near the edge and the residual stresses change
to tensile at the transition zone from the extensively to the low
plastically deformed region. Such a maximum in tensile resid-
ual stresses was found for all simulated maximum loads in the
transition region. The calculated residual tensile stresses in y-
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direction o,;° typically reach a maximum of about 200 MPa
which is almost independent of the maximum load. The ten-
sile stresses o, reach into a depth of about 15 ym and about
100 pm in case of loading to 10 kN and 60 kN respectively
and change than to compression. Fatigue crack growth studies
indicate that fatigue cracks tend to slow down when they are
approaching the depth where the residual stresses o,7* change
from tensile to compression. Fatigue cracks thus reach only
a depth of about 10 um in case of 10 kN maximum load and

about 60 pum in case of 60 kN maximum load.
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Fig. 18. Calculated distribution of residual stresses in y-direction
oy, after a complete loading-unloading cycle: a) maximum com-
pression load: 10 kN; b) maximum compression load: 60 kN

Experimental investigation of the residual stress distribu-
tion at the side area within the extensively deformed zone is
a challenging task because of the small size of this zone. The
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diameter of the used X-ray beam was about 0.8 mm which is
large compared to the size of the plastically deformed zone.
Therefore only mean values of the residual stress present in
the analysed region could be determined.

The results of the residual stress measurements at the side
area after a complete loading-unloading cycle with a maxi-
mum compression load of 60 kN are summarised in Fig. 19.
The experimental results confirm the residual stress distrib-
ution from the finite element simulation. Starting with com-
pressive residual stresses of about 400 MPa at the edge the
residual stresses change to tensile and reach a maximum of
about 200 MPa at a distance of about 0.6 mm from the edge.
At larger distances from the edge the stresses decrease and
approach a value of about —100 MPa far away from the edge.
This low compression residual stress is due to polishing of the
specimens prior testing. Taking the uncertainties in the used
X-ray based residual stress measurement technique and the
simplified cyclic material model used for the finite element
calculations into account it can be concluded that the results
from the experiments and the simulation are satisfyingly in
accordance.
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Fig. 19. Experimentally determined residual stresses in y-direction
04y at the side area as a function of the distance from the edge after
a complete loading-unloading cycle with a maximum compression

load of 60 kN

4. Summary

A combined experimental and numerical approach was ap-
plied to develop a basic understanding of the fatigue damage
process taking place at edges exposed to cyclic mechanical
loads.

For the physical simulation a recently developed cyclic
edge-loading test was used in order to simulate the fatigue
loading of the edges of manufacturing tools. This test was
specially designed to investigate the damage phenomena at
the loaded edges and to study the local strain distribution, the
formation of microcracks, and the nucleation and growth of
fatigue cracks by means of microscopic methods. The investi-
gated material was the powder metallurgically produced tool
steel S390 MICROCLEAN with a hardness of 62 HRC.
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The results indicate strain localisation in deformation
bands; one deformation band forms at the edge inclined about
45° to the loading direction and a second band forms in
a quadrant shaped zone that encompasses the higher strain
region from the lower strain region. Cyclic plastic straining
mainly occurs in the first few cycles. Overall plastic deforma-
tion stops after a few cycles but local plastic deformation is
still prevalent and causes ongoing damage at the microscale.
Damage mainly occurs by microcrack formation caused by
cracking of primary carbides or carbide clusters or by void
formation due to debonding of carbides from the metallic
matrix. Optical strain measurements revealed inhomogeneous
deformation of the tool steel leading to higher strained regions
embedded in regions with lower strains. In most cases only
one fatigue crack is formed at the transition region from the
extensively strained to the lower strained region at the side
area. The main reason for the formation of the fatigue crack
at this position is the early nucleation of cracks due to break-
ing of carbides or due to deformation bands on the one hand,
and the existence of tensile residual stresses on the other.

Finite element calculations were performed in order to
provide a better understanding of the loading conditions at
edges subjected to cyclic mechanical loads. A comparison
of the numerical simulation results with the experimental re-
sults revealed good accordance. For instance, the numerical
simulation predicts similar strain distribution pattern as they
were found in the experiments and there is also a good ac-
cordance with the experimentally determined residual stress
distribution at the side area. The simulation results indicate
that cyclic softening may be responsible for the localisation
of plastic strain in strain bands. It can be concluded that the
numerical simulation gives a valuable insight to the further
local loading conditions but it has to be taken into account
that not all phenomena can be described in detail, e.g. only
mean strains can be predicted but the inhomogeneous strain
distribution cannot be considered.
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