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Abstract. A combined experimental and numerical approach was apphietevelop a basic understanding of the fatigue damage gsoce
taking place at edges exposed to cyclic mechanical loads.

A recently developed cyclic edge-loading test was used dieroto simulate the fatigue loading of the edges of manufangjutools and
to study the microscopic damage mechanisms. Accompanyiitg element calculations were performed to provide a betteerstanding
of the loading conditions at edges subjected to cyclic maichhloads. A comparison of the numerical simulation witle experimental
results revealed good accordance.

Main results of the investigations are the distribution lafsgic strains and their evolution with increasing numtesygles, the distribution
of the residual stresses, the localisation and the evolutfodamage at the microscale (microcracks and voids), aadatalisation and
growth of fatigue cracks.

Micro-damage develops in the entire plastically deformegion. Fatigue crack nucleation was mainly found in defdgiomabands and
fatigue crack growth was only observed near the transitagion between the extensively and the slightly plasticd#jormed zone not at
the loaded area but at the side area. The reason for that pleeoa is the formation of tensile residual stresses in #mgon which is
favouring fatigue crack growth.

Key words: fatigue damage, crack nucleation, plastic strains, resisness.

1. Introduction a process that starts with the very rst softening of the mate
Fail f ed due t i hanical loadi | rial at the micro- or nanometer scale and that proceeds with
allure of-edges due to cyclic mechanical loading piays ajgq cleation of microcracks that subsequently grow tmfor

important lifetime-controlling role in various technoiogl larger cracks and to cause nally the failure of the compo-

elds. Examples range from tools with a wide range of Shaper?ent [10]. Mechanical engineers consider damage as a meso-

and sizes used in various manufacturing processes to edgggle e ect where material separation is detected at a eoars

of structural components or rail heads [1{4]. ) scale, e.g. by radiography or ultrasonics techniques.ismté-
Edges may be exposed to very complex loading condi:

i ) X ! ; er, the fatigue damage process of edges is considered from
tions in .wh|ch no.t only thg Ioaq amplitude varies but als he materials scientists' point of view.
the loading direction. Despite this fact many cyclicalladb
ed edges show a characteristic failure appearance. Coackin  Damage normally starts with pre-steps which do not di-
mainly does not occur at that surface, at which the main loagctly form microcracks but have a signi cant in uence on
is applied, but at the other surface [5, 6]. E.g. in punchinghe formation of such microcracks. The development of strai
tools, the crack initiation and crack growth often does ot o localisations and residual stresses are among the most-impo
cur at the end face but at the side area. Crack initiation anant damage relevant pre-steps in the fatigue process f11, 1
crack growth mainly takes place in a specic distance fronThese fatigue relevant pre-steps are experimentally sitdes
the loaded edge [5]. In a later stage of the damage processly with highly sophisticated techniques such as eleatyen
these fatigue cracks may cause breaking away of chips frafgal or synchrotron radiation based di raction technigyé,
the cutting edge, causing the end of the tool life. Similawcki 13]. Microcracks with a typical size in the micrometer oreve
of damage may be observed also in rail heads subjected dab-micrometer range are normally formed by decohesion of
local overloads caused by rolling contact fatigue [7]. MaTh interfaces or by failure of hard and brittle particles [1Bhese
ical loading of edges causes very speci ¢ and inhomogeneotsicrocracks may act as starters for subsequent fatigué crac
stress and strain elds with high gradients [8]. In the regio growth. Growth of such small cracks di ers signi cantly fno
where the main fatigue damage occurs, fatigue loading takésat of the classical long cracks [15]. Di erences can be ex-
place with high compressive mean stresses [5, 9]. pected mainly due to reduced crack closure e ects, caused
Damage is a term that is often used but not consistertty the small crack size but also due to growth of cracks in
ly de ned. Materials scientists often understand damage @asmaterial which is subjected to plastic strain cycles.
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At cyclically loaded edges the fatigue process takes plackegradation of the split specimen made strain analysessmpo
with high compressive mean stresses. It is well known frorsible.
literature that a compressive mean stress reduces mickocra
nucleation and growth [16] but fatigue failure is frequgntl a)

observed in highly loaded edges. It is argued that the fatigu P e
process of cyclically loaded edges is strongly related sidre g N
ual stresses that are formed if local plastic deformation oc F

curs in inhomogeneous stress elds [17]. This e ect is well
known from other elds, 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 resistan
to fatigue failure of edges, it is of great relevance to under
stand the damage mechanisms and the damage evolution from
the very rst 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.

<
\
I

2.1. Physical simulation of edge loading.A speci c cyclic
edge-loading test was developed recently in order to iRvesh)
gate the microscopic damage phenomena at the loaded edges PN
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 S
were precisely xed in a well de ned distance to each other. e
The prisms made of the investigated tool steel had a thicknes ?
of 5 mm, a height of 10 mm, and a length of 15 mm.

One of the rectangular prisms was made of two parts i
(split-specimen), similar to the procedure applied in [ZTje [
cut surface of the split-specimen was ground and mechanical I'
ly polished with procedures similar to metallographic sémp
preparation. This preparation is required for determirias-
tic strain distributions near the loaded edges by comparing
scanning electron microscopy (SEM) micrographs from this L [H i
region before and after loading or after di erent loading cy Fig. 1. a) Test set up; b) Exploded view
cles [21{24].

In order to study the e ect of cyclic loading, the spec- Cyclic mechanical testing was performed on a servo hy-
imens were mounted in a sti loading device. The distanceraulic testing machine at frequencies up to about 1 Hz. The
between the prisms was xed by means of a distance platmaximum compressive loads were chosen in the range of 5
Clamping was performed by means of screws endz direc- and 90 kN. Two types of cyclic tests were performed: In test
tion positioned at the lower part of the prisms. The clampingype 1 the loads were varied between the maximum compres-
forces need to be high enough to constrain the prisms-in sive load (Fin) and 0 kN (F:max ). in test type 2 the loads
andz-direction. were varied between the maximum compressive logg (F

A high precision clamping device was used in order t@nd 10% of this maximum load §fax )-
guarantee that test specimens can be removed and remountedlrhe specimens were alternately subjected to a prede ned
several times in order to study the e ect of fatigue loadifig a number of load cycles and afterwards inspected with redpect
ter di erent numbers of cycles. Investigating the strailde shape changes, strain distribution, micro-damage andsrac
was limited roughly to about 150 cycles because the intefhe following information was determined from the speci-
action (friction) between the surfaces and the relatedaserf mens outlined in Fig. 1:
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Shape changes of specimens after loading were charac- The mechanical behaviour of the tool steel as determined
terised at the end face and the side area by means of cdoy-means of uniaxial compression tests is summarised in Ta-
focal laser scanning microscopy. ble 2. Details of the stress-strain behaviour of the highedpe
Strain distribution near the edge was determined at the spéteel in case of compressive loading can be taken from Fig. 3.
plane by comparing SEM images from this region befor&xceeding the elastic limit, which is about 2000 MPa, the ma-
and after loading. terial shows strong strain hardening up to a strain of ab&yt 2
Surface roughness was determined at the side area Wihereas the material shows almost ideal plastic behaviour a
means of 3D surface analysis based on stereographic SEMains higher than 2%.

images and from atomic force measurements.

Microscopic damage and crack growth were determined Table 2

from metallographic sections taken from tqu/ plane. Mechanical properties of the investigated PM high speeel 8890
MICROCLEAN as determined from compression tests

2.2. Material. The specimens for the edge-loading test were Rpo:os [MPa]  Rpo:2 [MPa] Ry [MPa]  E [MPa]
made of the powder metallurgy high speed tool steel S390 2.140 2.950 3.140 219.000
MICROCLEAN from Behler Edelstahl GmbH & Co KG; the Maximum stress achieved in the compression test
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

JoUY

using high pressure nitrogen gas quenching, (3) multipte te mni ,//_/t
pering to achieve a hardness of 62 HRC, (4) grinding, (5) pol- 5 / S
ishing. ] /- "

2000 - A

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

.

©n

=]

(=]
L

stress [MPa]

Steel grade C Cr Mo V W Co Balance 1000 - /
Behler S390 ]
MICROCLEAN 164 480 200 480 1040 800  Fe oo /
Figure 2 shows a SEM micrograph of the microstructure. 0 S —
Two types of primary carbides are visible, whiteg® and 8o 22 o4 0 BR B 2 e 1f 18 20 22
grey MC carbides, both have an average size of roughisnl strain %]
Fig. 3. Stress-strain behaviour of the high speed steel $BaRO-
CLEAN

Total strain-controlled cyclic experiments were perfodme
in order to determine the cyclic stress-strain behaviohe T
cyclic stress-strain curve was determined from comprassio
tension tests taking the stress and strain amplitudes found
the stable hysteresis loop at 50% of the number of cycles
to failure (N /2). The cyclic stress-strain curve is shown in
Fig. 3 together with the stress-strain curve determinedan s
tic tests. It is evident from Fig. 3 that the steel shows reugh
ly 10% cyclic softening, but it has to be pointed out that
this cyclic softening is signi cantly a ected by the tensio
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 determineah fr
a compression-tension test with a strain ratio R1. The
Fig. 2. Microstructure of the PM-tool steel grade S390 MIGROStress and strain values of the cyclic stress-strain cuere w
CLEAN determined from the stress range and the total strain range b
dividing these experimentally determined values by a facto
The microstructure of the heat treated material consists of two.
primary carbides embedded in a metallic matrix consistiing o
tempered martensite hardened by means of secondary hard2i3- Residual stress measuremenResidual stress measure-
ing carbides. The volume fraction of the primary carbides iments were performed by means of a commercial X-ray dif-
about 13%, that of the secondary hardening carbides is abdtaction system, Fig. 4. The residual stresses were detexdni
9% (estimated by means of Thermocag. from the lattice strains based on the widely used ghé
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method [25]. The measurements were performed witl Cr  and unloading of the S390 specimen is described by the stress
radiation with a beam diameter of approximately 80@. In  strain curve determined from a compression test by a simple
order to get a rough estimation of the residual stress Histri form of a Chaboche-type model including two nonlinear kine-
tion near the loaded edge, residual stress measuremerds waatic hardening terms [27, 28]. In order to model the cyclic
performed along the side area in steps of 100 starting at softening of the material in subsequent loading-unloadinrg
deformed edge after loading. Due to the residual stress gices the material parameters are modi ed to match the cyclic
dient near the plastically deformed edge it can be assumstiess strain curve of cycle 5 and 25 of a uniaxial comprassio
that the measured residual stresses are weighted mean vahsion tests. The equations describing the material ieivav
ues from the residual stress distribution within the aredys are summarized in Fig. 6a and the stress strain behaviour for

circular surface. cycle 1, 5 and 25 is depicted in Fig. 6b.
—— a)
r‘;- Yield function: "r J(c

Nomenclature: £ _yield surface

-....Von-Mises norm

SOT

DU Kinematic hardening: X = z: X L with _back siress tensor
—1
2 s 0ty
X =-(&-1Xg"
'_)' - & <ee...parameters
Fig. 4. X-ray based determination of residual stressesaaleld edges G
b)
2.4. Numerical simulation. A goal of the nite element sim- <500
ulations was the prediction of the stress and strain evmwiuti 1 /
3000

in the edge-loading test near the loaded edge during stadic a

cyclic loading. oo ] }//'/-/
A nite element simulation model was developed based i

on the commercial software package ABAQUS [26] to per- = ..
form these calculations. Due to symmetry reasons only hal ]
of the experimental setup is modelled in a 2D model assum-g 4sgo /-

[MPa]

ing plane strain conditions in-direction. The load is applied %
onto a rigid punch which is in frictionless contact with the  100e
top of the hard metal roll. The boundary conditions are cho- : /
sen as indicated in Fig. 5. The bottom plane is constrained in 500

y-direction and the vertical plane is constrained idirection. 1

N 1 N 1 N 1 ' 1 N 1 N 1 N 1 N 1 ' 1 N 1 N 1 N 1
02 00 02 04 06 08 10 12 14 16 18 20 22

strain [%]

Fig. 6. Summary of the material model: a) model equationsoh)-
parison of uniaxial stress strain behaviour of experinedasa 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 thi¢ lim
of the loading level of uniaxial tests, but assuming almdset i
al plastic material behaviour for plastic strains highent2%
seems to be an appropriate assumption for the high loading
regime.

3. Results

3.1. Shape changesLoading the edge with the hard metal
Fig. 5. Finite element model of the edge loading test cylinder causes typical shape changes of the edge, Fig.f7. Du
ing compression loading the hard metal cylinder is pressed i
The contact between the hard metal cylinder and the spetd-the end face and material moves out from the side area due
men is modelled using a friction coe cient of 0.1. The mater-to plastic deformation. The shape changes were determined a
ial behaviour of the hard metal cylinder is assumed to be elaspecimens after 5 loading-unloading cycles. This prooedur
tic. The elastic-plastic material behaviour for the rsafting was chosen to avoid in uences from friction which is ex-

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



Fatigue damage mechanisms and damage evolution nearallyclmaded edges

pected to be most likely in the rst cycle because the largesinentally found and the simulated values of the sizg af
relative movement between the hard metal cylinder and thbe extensively deformed zone | if 2% plastic strain is taken

specimen mainly takes place in this cycle.

as boundary of the extensively deformed region in the nite
element simulations.

a) . . . .
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Fig. 8. Experimentally determined and numerically simedhsize
Lp of the extensively plastically deformed zone | at the sideaar
after 5 load cycles as a function of the maximum compressiad |
(plastic strain criterion for the boundary of the extenkiyaastically
deformed zone predicted in the nite element simulation:)2%

Figure 9 shows for selected points the experimentally de-
termined displacement vector eld for an edge exposed to
a compression load of 5 kN. The displacement vector eld re-
veals that the material ow at the edge primarily takes pliace
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 8n at the edge and the sizg L
of the extensively plastically deformed zone with pronceohc

Fig. 7. Shape change due to the local edge loading after 5nigad shape changes is about 6.

unloading cycles (view onto they plane de ned in Fig. 1): a) Edge

pro le after loading to 10 kN, b) Edge pro le after loading & kN ' ‘ ;4‘—\‘\_‘,J\‘
1 VT

After unloading the shape changes were characterised by N AR N\ \‘T"\}
means of confocal laser scanning microscopy which was used NN TN [7
to determine surface pro les and by means of metallographic AV
sections. Figures 7a and 7b show the typical edge shape o k RN \\~ Ny {
a specimen after loading to 10 and 60 kN respectively. There ) PN \ ‘\:‘ \:'
are two zones: Zone | is located directly at and below the ] Py N i
loaded edge and is characterised by high plastic strains and . : : t t |
a signi cant shape change. The extension of zone | is marked R Il
by the length |y at the side area. Zone Il is located at the side | LRRYER |
area below zone | and is characterised by only small shape : : :: "
changes but this zone 1l is still plastically deformed. i vy | L

The extension of the extensively deformed zone | with sig- I‘
ni cant shape change J. is about 100 m in case of 10 kN 1 J 1 1 1 L 1 1 1 1

loading and about 600m in case of 60 kN loading. De- Fig. 9. Displacement vector eld in the-y plane after compression
tailed analyses of the relationship between the compnessio loading of the edge up to 5 kN visualised for selected points

load F and the size of the extensively deformed zone | at the
side area |y revealed an almost linear relationship, Fig. 8.

The complete displacement vector eld can only be de-

Figure 8 also indicates a good accordance between the expgermined for lower loads up to about 10 kN. At higher loads

Bull. Pol. Ac.: Tech. 58(2) 2010
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the displacements and the strains are too large for theepplion the split plane before and after loading via digital image

measurement technique leading especially near the edgeattalysis [22]. Again, the entire plastically deformed zcae

areas that cannot be analysed quantitatively. be characterised only for loads up to about 10 kN. The strains
prevalent in case of edges exposed to higher loads exceed the

3.2. Strain elds. The strain eld was determined from the maximum detectable strain.

split plane by comparing SEM micrographs of the edge region

a) o b) o
. - |- )= 7_’X |-
3 L Hy L
N B
] B N B
] B N B
] i N B
)
c) d)
S — -
i "ﬂ L . L
e = -3 L
e)

Fig. 10. Plastic strain determined from SEM micrographshef ¢dge region of the split specimen after one load cycle th:5al positive
strain inx-direction, b) negative strain ir-direction, c) negative strain ip-direction, d) positive straiy-direction, €) equivalent strain
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Figure 10 shows details about the plastic strain distrittakes place localised in very narrow zones. In these hosspot
ution in the split planeX-y plane) after one load cycle to plastic strains exceed a level of about 1%. Detailed stugies
5 kN. The strains inx-direction are positive directly below to about 150 cycles revealed that plastic straining slowendo
the hard metal cylinder with maximum values up to abouwith increasing numbers of cycles indicating that eladtizke
6%, Fig. 10a, and negative in the neighbouring region witdown occurs.
maximum values of about 2%, Fig. 10b. Figure 10a indicates
that there exists a deformation band oriented abouttd3he a)
loading direction with maximum strain values directly a¢th —_— - T
edge. The strains iy-direction are negative directly below T
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 istra \
is shown. Figure 10e indicates two regions with higher plast |
strains. One of these regions is the deformation band which | ‘
originates at the edge and penetrates the material at aa ang|
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 transitioloreg | L
of the extensively plastically deformed contact area betwe
the hard metal cylinder and the tool steel sample and peii-
etrates the entire edge region from the end face to the side
area. b)

Apart from the meso-scale pattern described above, the | ————x T
strain distribution images further reveal that at the nscop- i -
ic scale the strain is inhomogeneously distributed withia t
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 straima
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 straimmaaxi
of about 6% can be found embedded in areas with strain mi:- - -
ima of about 2%. The spacing of the strain maxima/minima
is about 6 m which is almost equal to the spacing of the 1 -
primary carbides.

The equivalent plastic strain map in Fig. 10e indicates

that plastic strains higher than 2% are detectable up to-a disg. 11, Equivalent plastic strain determined from SEM migaphs
tance of about 50 m from the edge inx-direction and up to  of the edge region after loading with 5 kN: a) plastic straiouanu-
about 60 m in y-direction. It can be further concluded from |ated during load cycle 2 and 5; b) plastic strain accumdlahering
Fig. 10e that the total plastically deformed region is much load cycle 5 and 25

larger and in the range of about 15@n.

Figure 11a shows the experimentally determined equiva- Cyclic plastic straining of materials causes microstrratu
lent strain accumulated between the end of the rst and thehanges which are connected with an alteration of the mechan
end of the & load cycle and Fig. 11b between the end of thécal properties. The investigated tool steel S390 showkacyc
5t and the end of the 25 load cycle. These results indicatesoftening similar to many metallic materials with a highdar
extensive plastic straining in the rst cycles which strng ness. In order to study the e ect of cyclic softening on the
decay with increasing number of cycles. strain distribution nite element calculations were perfeed.

During cycles 2 and 5 plastic straining concentrates ifror simpli cation, only three load cycles were simulated bu
the high strain regions which were already present after tlesssuming that the ow curve is the cyclic stress strain curve
rst loading-unloading cycle. Highest strains in the range at the cycles 1, 5 and 25, Fig. 6b. Figure 12a shows the calcu-
to about 6% occur in the quadrant-shaped plastic zone tHated plastic strain accumulated during the second sirdilat
encompasses the higher strain region from the lower straimad cycle, which can according to the cyclic softening as-
region and in the deformation band formed at the edge. Dusumptions be compared with the plastic strain accumulated
ing cycles 6 and 25 further plastic straining is observeditut 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 strainfor these discrepancies lies in the fact that in the simutati
ing occur. One region is a deformation band originating anodel all the cyclic softening taking place during cycles 2
the edge and reaching under an angle of 4bout 50 m and 5 concentrates in one simulation cycle. Therefore the
into the specimen. The location of this deformation band istrain distribution determined in the experiment is a sum of
similar in simulation and experiment, but in the simulatiorthe deformation bands of each cycle which forms in each cy-
the lateral extension of the highly strained region is semall cle at a di erent position. This explains both the fact thia t
The second region of high strain is located near the 2% stralrand width is too small in the simulation and the fact that the
iso-line of the rst cycle. Again the location of this regios calculated strain within this band is too high. In Fig. 12b th
similar in simulation and experiment, but near the end facemulated plastic strain accumulated between load cycles 6
in the simulation the deformation band appears to be almoshd 25 is depicted. The overall picture is similar as exper-
linear under an angle of 45vhich is in contrast to the curved imentally observed, Fig. 11b, but again the strain is for the

shape in the experiment. same reason as described above too much concentrated in the
simulation.
a) The results clearly indicate strain localisations in thiode

mation band at the edge and in the quadrant-shaped zone that
encompasses the higher strain region from the lower steain r
gion. Calculations with a more sophisticated constitutie-
terial model that considers combined isotropic and kin@nat
hardening revealed also inhomogeneous deformation ir-defo
mation bands, but the results are very sensitive to the mater
parameters and to the nite element mesh used and requires
further investigations. Although nal conclusions canris
drawn at this point it can be assumed to be very likely that
the strain localisations found between cycle 2 and 5 arelgnain
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
b) encircled by drawn curves.

The experimental results reveal that dierent micro-
damage processes take place at di erent positions after dif
ferent numbers of cycles. After the rst load cycle micro-
damage occurs predominantly at position A at the side area
near the transition to the elastically deformed region, E&b.
Micro-damage takes place in form of microcracking of pri-
mary carbides which mainly occurs perpendicular to the load
direction /-direction). After ve 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 higHert
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 zomerse
to be statistically oriented. After 25 cycles increasedroiic
cracking of primary carbides parallel to the load directisn

Fig. 12. Equivalent plastic strain distribution after loagiwith 10 kN~ OPServed below the contact area between the steel sample and
determined by means of nite element calculations: a) distion the hard metal cylinder. After 1,000 load cycles the numlber o
of equivalent plastic strain accumulated during load y@deand 5; microcracks and voids has signi cantly increased in a rdygh
b) distribution of equivalent plastic strain accumulatedidg load 10 m thick zone at the side area, Fig. 13d.
cycles 6 and 25 Up to 10,000 cycles no fatigue cracks were found in the
entire plastically deformed region which have started gngw

Compared to the experiment the simulation gives too higliom microcracks except one fatigue crack which is found at

strains and a too small deformation band width. The reasqosition A, Fig. 13a.
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a)

b)

<)

d)

Fig. 13. Damage evolution at the cyclically loaded edgechgmatic

overview; b) carbide cracking after one cycle at positioncAcar-

bide cracking after ve cycles at position B; d) carbide ddag and
decohesion after 1,000 cycles at position C

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

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 extensivelytplas
cally deformed zone followed by the low plastically defoane
zone and at the bottom the originally polished surface ia.see
Fatigue crack nucleation and fatigue crack growth takesepla
at the side area in the plastically deformed zone near the tra
sition to the elastically deformed region. Figure 14b shows
this transition region with a higher magni cation. The rdug
surface structure of the area above the crack clearly iteca
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 investigatidn
can be concluded that the transition from the extensively de
formed to the low deformed zone takes place at roughly 2%
plastic strain.

a)

b)

Fig. 14. Front view onto the side area in a specimen afterihgpit
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 pro le
shown in Fig. 15b. The spacing of the steps (appr.m)
correlates well with the spacing of the local strain maxima i
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 plasticedyormed
zone: a) SEM micrograph after 125 load cycles; b) surfacelepro
determined by means of atomic force microscopy

a)

b)

Fig. 16. Fatigue crack nucleation and propagation at mosi after
loading to 60 kN (di erent specimens): a) after 100 cycleyakter

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 pladyical
strained zone, Fig. 16. Crack nucleation seems to occur very
rapidly in deformation bands. A small crack with a depth of
about 1 mis visible in a deformation band already after 100
load cycles. The orientation of this crack nucleus direatly
the surface is about 45 degrees inclined to the load dimgctio
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 di erent 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 microcnagki
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-rand
z-direction than into the depthx{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 4%rientation 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 5.9@m/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 iny-direction yy along the side area at di erent 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 areagan th
only be observed in case of an almost complete unloading.
These ndings 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 pro le after complete
unloading (curve 3) shows the residual stresses remaining i
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 positiot. Bot
factors together promote fatigue crack growth and are sus-
pected to be responsible for the existence of the fatiguekcra
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