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Abstract

This work investigates the effect of natural and artificial surface defects and quenching on the
fatigue strength of a Boron Steel (22MnB5). A vast experimental campaign has been undertaken
to study the high cycle fatigue behaviour and more specifically the fatigue damage mechanisms
observed in quenched and untreated materials, under different loading conditions and with differ-
ents artificial defects sizes (from 25um to 370 um radius). In order to test the sheet metal in shear
an original test apparatus is used. The critical defect size is determined to be 100+50um. This
critical size does not appear to depend on the loading type or the microstructure of the material
(i.e. ferritic-perlitic or martensitic). However, for large defects, the quenched material is more
sensitive to the defect size than the untreated material. For a defect size range of 100um to 300um
the slope of the Kitagawa-Takahashi diagram is approximately -1/3 and -1/6 for the quenched and
untreated materials respectively. A probabilistic approach that leads naturally to a probabilistic
Kitagawa type diagram is developed. This methodology can be used to explain the relationship
between the influence of the heat treatment and the defect size on the fatigue behaviour of this

steel.
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1. Introduction

The 22MnBS5 steel, commercially referred to as Usibor 1500 by Arcelor Mittal, has been devel-
oped with the aim of reducing the mass of structural components used in the automotive industry.
This material is obtained by hot rolling.A small addition of Boron has almost no effect on the
fatigue limit of the non-heat treated material [1] but significantly increases the quenchability or
hardenability of the material.

The Hot Forming Die Quenching process (HFDQ), in which the sheet metal is austenized and
subsequently stamped in a cooled die, is an interesting from an industrial and economic point of
view because the sheet forming process and heat treatment are combined in one step [2]. However,
for the HFDQ process to be viable, a material with good quenchability or hardenability must be
used. Boron steels are an ideal candidate for this process and much research has been devoted to
the characterization of the thermo-mechanical behaviour of these steels [3, [4]].

Considerable progress has been made concerning the HFDQ process and it is now possible to
vary the final microstructure of a component by optimizing the way in which the tooling is cooled.
Some structural components, such as automotive B-pillars, may benefit from regions that have a
lower strength and greater ductility for improved crash performance [3]].

Another method of obtaining a heterogeneous microstructure is to manufacture the product by
conventional sheet metal forming processes and then to locally quench zones of the component by
induction heating. The rear axle beam used in Renault vehicles is a good example of the usefulness
of this method. As the axle beam is principally subject to combined tension-torsion loads , highly
loaded zones can be identified (see Figure [I). It is therefore, a priori, not necessary to fully heat
treat the entire component as a local heat treatment in certain zones could significantly reduce the
manufacturing time.

Even though there have been recent advances concerning the processes used to generate com-
ponents with microstructural gradients, little research has focused on fatigue criteria that are capa-
ble of explicitly incorporating the effect of the microstructure. Also, little work has been conducted
on the effect of the heat treatment on the fatigue behaviour of Boron steels. The work of Geary and

King [6]] can be noted as an exception. His work is focused on the effect of the heat treatment and
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in particular the austenitization temperature and the cooling rate on the crack propagation thresh-
old. Concerning the effect of quenching by induction, the majority of research has been focused
on massive parts or on the treated surface [7, 8, 9].

The results of an experimental campaign to characterize the fatigue behaviour of heat treated
and untreated 22MnBS5 steel containing different sized artificial defects under different cyclic stress
states are presented. This work focuses on small artificial and natural defects which are similar
to those that can be observed in real components such as surface scratches or non-metallic inclu-
sions. Hence, the long crack domain or the Kitagawa diagram is not explicitly investigated in the
experimental work. After an analysis of the damage mechanisms, a probabilistic approach to take
into account the combined effect of the defects and the heat treatment on the fatigue behaviour is

developed.

2. Material and experimental procedure

2.1. The material

The material studied in this work is a ferrite-pearlite 22MnBS5 steel commercially referred to as
Usibor 1500. Its chemical composition is given in Table|l} The material was produced in the form
of rolled sheets and contain non-metallic inclusions (A/;O3). The maximum diameter of these
inclusions, observed on the failure surface of fatigue specimens, was approximately 45um.

The material is isotropic in terms of its mechanical behaviour and its mechanical properties
are presented in Table 2] The heat treatment consists of an austenitization at 950°C for 6 min-
utes, followed by an oil quench at room temperature. Observations using a Scanning Electron
Microscope (SEM) showed that the material has a ferritic-pearlitic microstructure in its initial or
untreated state with an average grain size of 5 um and a martensitic microstructure after the heat

treatment (see Fig. [2).

2.2. Fatigue test

All tests were carried out at a test frequency of 20Hz with a load R-ratio equal to -1. Fatigue
tests were conducted using the ”step” technique proposed by Maxwell and Nicholas [10]. Each

specimen was loaded via a series of constant amplitude block loads. The initial stress amplitude
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was chosen to be slightly less than the expected fatigue strength at 10° cycles. For a given block,
if the specimen did not fail in less than 10° cycles the stress amplitude was increased for the
following block. This was repeated until the specimen fails in less than 10° cycles (See Fig.
The endurance limit was then assumed to be the applied stress amplitude of the final block. This
assumption was verified by microscopic observations of the specimen surfaces between loading
blocks. No damage in the form of micro-cracks or the appearance of slip bands was observed prior
to the final block loading in which the specimen failed.

To define the fatigue strength of the sheet material under shear loads, an original fatigue test
apparatus was developed (FigH)). It is based on the work of Galtier et Weber [11]. Using a
uniaxial servo-hydraulic fatigue testing machine and the specimen geometry shown in Figure [5]
it 1s possible to generate a cyclic pure shear stress state in an zone of approximately 10mm in
diameter (see Figure [7).Note that the geometry of the specimen has been defined using finite
element calculations. The objectives were to obtain a large zone of pure shear stress (about 10mm
in diameter) in the centre of the specimen and to ensure that the failure of the specimen occurs
in this zone. The Von Mises equivalent stress ratio between the specimen centre and edge of
the specimen is approximately 1.5. As per classical torsion loads, two planes of maximum shear
stress and two planes of maximum normal stress exist in this specimen (Fig[7). Hemispherical
artificial surface defects were created in the center of the critical zone of the specimens via Electro-
Discharge Machining (EDM) after manual polishing of the zone. The specimens were polished,
quenched (if applicable) and then the defects were machined via EDM. A cross-sectional view
of a typical artificial defect is given in Fig[8] In order to verify that residual stresses introduced
via the Electro-Discharge Machining (EDM) of the defects do not affect the results, two untreated

specimens have been stress relieved via a heat treatment of 1 hour at 500°C, prior to testing.

2.3. Fatigue test results and damage mechanisms

For the untreated material loaded in shear with a defect size of 100um and for the tensile tests
with a defect size of 250um, the fatigue strength obtained after stress relieving is similar to that
obtained without this treatment (Tab3)). From this result it was concluded that even if residual

stresses have been introduced during the EDM process they do not have an effect on the fatigue
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strength of the material in the initial or untreated state. Concerning the plain quenched material,
a preliminary study of the residual stresses using the X-ray diffraction technique also showed that
close to the fatigue limit, the residual stresses are significantly relaxed during cycling. Hence, the

effect of residual stresses induced by quenching and/or polishing has been neglected in this work.

2.4. Fatigue damage mechanisms

2.4.1. Tensile loads

For all specimens loaded via fully reversed tensile loads, crack initiation occurred at either
natural or artificial defects. The failure surface is a plane orientated at 90° to the loading direction.
This plane corresponds to the plane of maximum normal stress.

More precisely, for untreated specimens, without artificial defects, loaded in tension, crack
initiation occurred at a surface inclusion (for which the inclusion may or may not have been pulled
out) (Fig[9). For treated specimens with defects less than 100um, loaded in tension, crack ini-
tiation occurred at subsurface inclusions (Fig[9). This type of fatigue failure surface is often
observed in high strength steels [12, [13]] and is often associated with the Very High Cycle Fa-
tigue domain(VHCEF) for different types of material: aluminium alloys from the AlISi and AIMgSi
families, copper and titanium alloys and also for the magnesium alloy AZ 91 [14, 15,16, 17].

The change in damage mechanism observed in tension between the two different microstruc-
tures (i.e. for untreated and quenched specimens) is complex because it is caused by the competi-
tion between crack initiation/propagation from the surface and from inclusion in the bulk material.
This phenomenon depends on many parameters (i.e. load intensity, load type, load ratio, number
of cycles to failure, residual stresses, etc.) and is still very much an open topic which has been

discussed in recent publications[ 18, 19, 20].

2.4.2. Shear loads

For the untreated material loaded in shear with defects less than 100um in diameter, fatigue
cracks initiated in the material matrix typically at 0° and 90° to the loading direction (Fig[I0R)).
This corresponds to the classical fatigue crack initiation mechanism in which micro-cracks form

on a critical plane (or planes of maximum shear stress amplitude), in the weakest and/or most



favourably orientated grains. Both in-situ observations of the specimen surfaces and SEM obser-
vations of the failure surfaces (Fig[I0) showed that the crack initiation sites are not associated with
the presence of non-metallic inclusion. The mechanisms observed for shear load are different to
those observed for tensile loads. In tension the hydrostatic stress or the maximum normal stress
on the critical plane is high and initiation occurs from inclusions. In shear, these quantities are
lower; causing the defect sensitivity associated with this loading condition is reduced. Hence,
initiation occurs in the material matrix.This change in damage mechanism as a function of the
applied loading condition (i.e. torsion or bending) has also been observed and discussed by Endo
and Murakami [21]]

For the untreated material loaded in shear with defects of 100um in radius, observations
showed that two different fatigue crack initiation mechanisms can simultaneously occur. These

are:

1. Crack initiation in the material matrix as discussed above without defects. This typically
occurs on planes at 0° and 90° to the loading direction (Fig[7] Fig[IT))
2. Crack initiation from the artificial defects. The cracks typically propagate on planes oriented

at 45° to the loading direction, or planes of maximum normal stress (Fig[7] Fig/[IT)

For all shear tests with an artificial defect size greater than 100um, crack initiation occurred
exclusively from the artificial defect and the cracks propagate on planes at 45° to the loading

direction (or planes of maximum normal stress) (Fig[7).

2.4.3. Fatigue strength

Figure (12| shows all of the experimental data plotted on a Kitagawa type diagram [22], with
the experimentally determined fatigue strength plotted as a function of the defect size for the two
materials and loading conditions. It can been seen that the the critical defect size is approximately
100+£50um and that it does not depend on hlthe loading type or the microstructure (i.e. quenched
and untreated).

However, for large defects in a defect size range of 100um to 300um, the quenched material

is more defect sensitive than the untreated material. That is, for the quenched material the fa-



tigue strength decrease more quickly with increasing defect size when compared to the untreated
material.

Concerning the shear/tension fatigue strength ratio for the untreated material without artificial
defects or defects smaller than 100um this ratio is equal to 7,/0, = 0.69 and is a typical value
for ductile steels [23]]. For the quenched material this ratio is much higher 7,/0, = 0.82. This
corresponds to typical values for brittle materials and is close to the value reported by Palin-Luc
et al. [23]] for spheroidal graphite cast iron of 0.9.

Concerning the shear/tension fatigue strength ratio for large defects, 7,(250um)/o,(250um) =
0.7 and is the same for the untreated and the quenched materials. This value is in accordance with
the Murakami approach predictions [24].

Concerning the slope of the line in a defect size range of 100um to 300um, the slope does not

depend on the type of loading but it is lower for the untreated material (% = %1) than for the
quenched material (A%a‘“ = ‘Tl), see Fig.??. A slope of (-1/6) is in accordance with the Murakami

criterion and (-1/3) is close to the value of (-1/2) used in the classical LEFM approach.
For materials without artificial defects, from the experimental results and by assuming that the
fatigue strength is a linear function of the hardness, the fatigue strength for tensile loads and shear

loads can be defined respectively by:

o, =1.1HV +70 and 7, = 1.12HV - 30 (D)

3. A probabilistic multiaxial fatigue criterion and a Kitagawa diagram to reflect the relation

between hardness and fatigue strength

The aim of this section is to propose an evolution of the probabilistic model proposed by
Pessard et al. [25, 26] in order to model the effect of the heat treatment and the presence of defects
on the fatigue behaviour of the 22MnBS5 steel. The principal hypothesis of this criterion is that two
different fatigue damage mechanisms coexist (i.e. initiation from defects or initiation in the matrix
material). This assumption has been verified for the untreated material with a defect of 100um
where two different mechanisms have been observed (see Fig[IT). To model the two damage

mechanisms, two different fatigue criteria must be chosen. The threshold defined by each one of
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these criteria is then re-defined in terms of a Weibull distribution[27/], giving a failure probability
caused by each of these mechanisms.

To predict crack initiation for materials without defects, an equivalent stress and a stress thresh-
old are used. 0, is the scale parameter and m;, is the shape parameter (or the Weibull exponent)
used to reflect the scatter associated with the threshold stress and by consequence the scatter as-
sociated with the fatigue damage mechanism. The probability of microcrack initiation in a grain
corresponds to the probability of finding a grain with a threshold stress o, that is less than the
applied equivalent stress o, (See TabM].

To predict crack propagation from a defects, the classical LEFM approach to predict fatigue
behaviour is used. A crack will not propagate under cyclic loading if its stress intensity range, AK,
is less than the crack propagation threshold, AK;;,. As before, the inherent stochastic character of
the propagation threshold will be modelled using a second Weibull distribution (See TabM4]).

Finally, the survival probability of an entire component, due to both damage mechanisms, is
equal to the product of the two survival probabilities. Essentially, the weakest link hypothesis [28],
is employed, which assumes that the two damage mechanisms are independent (See Tab/4).

The scale effect is explicitly taken into account via the terms Sai and E In the following, for
reasons of simplicity, the scale effect will not be considered, WhiC(})ll corres;énds to the assumption
that the results presented below are for specimens with approximately the same surface area. The

total failure probabilities can be simplified to:

szl—exp{— [( Tea )ml +( A{{ )m]} )
T ho1 AK}0

Sor)'™ Sop )™
Tt = OTihol (S_m) and AK} o, = AKyon (S_Qz) 3)

Where

4. Application using the Papadopoulos and LEFM criteria combination

For the 22MnBS5 steel, the first mechanism concerning crack initiation in the material ma-
trix without defects (or from very small defects) is modeled using the Papadoupolos multiaxial

criterion [29].This approach is based on the hypothesis of elastic shakedown at the mesoscopic
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scale. It considers that crack initiation is related to local plasticity within an isolated, unfavourably

orientated grain. The Papadopoulos criterion can be defined by :

Oeq = V(Ta2> + k/O—H,max = O-;h (4)
To take into account the effect of the heat treatment on the fatigue strength it is necessary

to define the two scale factors of the two Weibull distributions o

..
o1 and AKJ, o in terms of a

material parameter that is representative of the heat treatment. The scale factor of the Weibull
distribution describing the threshold value of the criterion for the first mechanism is calculated
from the evolution of the fatigue strength in shear as a function of hardness (Eq. , 00 and is is

assumed to be proportional to the hardness:

1
O';hml“(l + E) =aHV + (5)

Where I'(¢) = fooo x'~le™ is the gamma function [30]. From the experimental results, @ and 3 can
be identified as @ = 1.12 and § = —30M Pa.

Assuming that the evolution of the fatigue strength in tension as a function of the Hardness
is also linear (Eq. [I), the following expression for the evolution of k¥’ with the hardness can be
calculated as:

_3(1.12HV -30) 3

K= (1.1HV +70) 2 ©)

This expression for the parameter defining the sensitivity to the hydrostatic stress £’ makes it
possible to take into account the evolution of the ratio o, /7, with the experimentally observed
hardness.

Concerning the second damage mechanism (i.e. crack propagation from defects), for fully
reversed uniaxial tensile loads, if the phenomenon of crack closure is neglected and if the crack
propagation is assumed to be predominately in Mode I from a semi-circular surface crack, based

on LEFM, Murakami [24] proposed to approximate the stress intensity factor in mode I by:

K; = 0.650 /7 Varea - AK = 1,450, \rna (7)



With the same assumptions, for shear loads, with a shape factor of ' = 0.84, the relations

becomes:
K; ~ Fry+\nVarea - AK = 1,880, \ra (8)

It is assumed that the scale factor of the Weibull distribution defining the threshold value of the

second damage mechanism is a linear function of the hardness, so that:

1
m

After identification from experimental results, n = 0.027 and 6 = —3.57M Pa \/m.

For the sake of simplicity it will be assumed that the two damage mechanisms are characterised
by the same degree of scatter. This is equivalent to assuming that the Weibull shape parameters are
the same (or m = m; = m, = 25). By substituting equations 4] and [§| into equation 2] the following
expression for the fatigue strength for shear load as a function of the probability of failure, and the

crack length, can be established:

1
. -
ln( ) m
(Pr,a) L= (10)
g a ’ = m m
falnr ( 1 ) +(1.88\/E)
T o1 AK0
Note that the fatigue life, for which Py = 0.5 is given by:
1
m
n(2
Tra(Pr = 0.5,a) = _ n@) _ (11)
( 1 ) +(1.88 \/E)
T 01 AKS0

The predictions for the two different loading types lead to different Kitagawa diagrams (Fig[14).
It is also possible to obtain different Kitagawa diagrams for different hardness levels (Fig/[15)). This
type of diagrams could be very useful for the design of heat treated components with variable hard-
ness. It should be noted that in this work only tensile and shear loads have been investigated, how-
ever it is possible to generalise the approach for combined tension-torsion loads using a expression

for the stress intensity factor that is suitable for more complex loads [235].
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5. Evolution for large range of hardness

The previous section was focused on the 22MnBS5 steel with two different microstructural states
(untreated and quenched). It was assumed in the previous section that the relationship between the
hardness and the fatigue strength is linear. However, experimental results taken from the literature
[14] 31 132] show that the fatigue strength increases linearly with increasing hardness, up until a
certain value, after which the fatigue strength drops (see Figure [I6). The objective in this section
is to highlight the flexibility of the proposed approach by using a more complex expression for
the crack propagation threshold, taken from the literature [31]. This expression is valid for a large
crack size range and material hardness range and permit to model the evolution experimentaly
observed.

For the sake of simplicity only fully reversed uniaxial pushpull loads are investigated in con-
junction with the same criteria as those used in the original Kitagawa-Takahashi diagram. Con-
sequently, a probabilistic uniaxial Kitagawa-Takahashi diagram in function of the hardness are

generated.

5.1. For uniaxial fully reversed tension-compression loads

The two criteria chosen are (a) the simple stress amplitude criterion and (b) the LEFM criterion,
for which it is assumed that the opening mode (Mode I) is the dominate crack propagation driving

force. These criteria are described by the following equations:

Oeg =010 >0, and  AK =1,450,,ra > AK,, (12)

As postulate in the previous section, the threshold o7, of the first mechanism is assumed to
be proportional to the hardness (Eq. [3).

Concerning the second mechanism, crack propagation from defects, Murakami [24] proposed
an equation that can take into account the effect of the hardness and defects size on the propagation
threshold. It has been shown in the literature [[14, 31} [33] [34] that the Murakami criterion is
appropriate for modelling small defects where the propagation fatigue threshold increases with

the crack size and hardness. For long cracks or for materials with high hardness the problem

11



is different and the crack propagation threshold does not depend on the crack size and tends to
decrease with the hardness. Chapetti [31] proposed a new expression for the crack propagation
threshold for high strength steel in the very high cycle domain. To take into account the hardness
on the crack propagation threshold for a large range of hardnesses and crack sizes, the author
proposed to define the crack propagation threshold AK}, as being equal to the lower value given

by:

Agp = 4107 (HV + 120) @' (13)
AKth—l = AKth—max - ')/HV
where AKjj,_uqx 1S the maximum crack propagation threshold and y a material parameter. Note

that the original expression proposed by Chapetti [31] was a function of the ultimate tensile stress

(UTS) and not the hardness.

5.2. Application to data from the literature

In this section, the proposed model is compare to that of Pang et al. [14]. From numerous
data available in the literature for tests conducted on a 4340 steel, Pang et al. proposed a general
relation between the tensile strength and the fatigue strength of metallic materials. Based on the
idea that the fatigue strength is the result of a competition between fatigue crack initiation sites
and crack propagation from defects, the authors propose a parabolic law o, = o,(C — Po,).
The parameter P used in this empirical expression is defined by the authors as a defect sensitivity
parameter. The assumptions used by Pang et al. are very similar to those of the approach proposed
here. The originality in our work however is that a probabilistic framework is used to model the
competition between the two observed damage mechanisms.

An evolution of the proposed probabilistic model, using the Chapetti [31] crack propagation
threshold expression, is presented below. The experimental data from Garwood et al. [32] are used
to identify the model parameters and to analyse the resulting predictions (o, = 1.5HV, AKj_jnax =
12M Pa +/m and y = 0.007).

Plotting the Kitagawa diagram and the fatigue strength as a function of hardness (Fig[17) al-

lows us to understand the effect of the change in the damage mechanism on the fatigue strength
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and to defined three domains.

e Zone 1: When the defect size is small and/or the hardness is low (equivalent to considering
material without defect) the relation between the fatigue strength and the hardness is linear,

only the first mechanism occurs (micro-plasticity in the material matrix).

e Zone 2: When the defect size and/or the hardness increase, a second type of damage mecha-
nisms occurs (i.e. propagation from small defects or cracks) and the fatigue strength increase

with the hardness.

e Zone 3: When the defect size and/or the hardness become very high, a third type of be-

haviour occurs, the fatigue strength decreases with the hardness.

As shown in Figure [I8] one of the advantages of this approach is that the evolution of the
fatigue strength can be directly plotted as a function of the hardness for different probabilities of
failure using equation The fatigue strength predictions as a function of the hardness show a

similar trend when compared to the experimental results obtained by Garwood et al. for different

steels (see Figure 16} [I7]and[I8]).

6. Conclusions
The principal conclusions of this work can be summarised as follows:

e An original fatigue test apparatus has been developed to test the sheet metal in shear. With
this apparatus both the fatigue strength and damage mechanisms associated with the shear
loading condition have been identified. Fatigue cracks in shear can initiate either at artificial

defects or due to meso-plasticity in the material matrix.

e The critical defect size is determined to be 100+50um for the 22MnBS5 steel and does not
depend on the loading type or material microstructure (i.e. quenched and untreated). How-
ever, for large defects, the quenched material is more sensitive to the defect size when com-
pared to the untreated material. For a defect size range of 100um to 300um the slope of the
Kitagawa-Takahashi diagram is approximately -1/3 and -1/6 for the quenched and untreated

materials respectively and doesn’t depend on the loading type.
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The proposed model can be used to take into account both the heat treatment (via the hard-
ness) and the defect sensitivity on the fatigue strength of the 22MnB5 steel. It leads to a
probabilistic Kitagawa type diagram that can explain the experimental evolution of the fa-
tigue strength. The approach is able to take into account the observed change in fatigue
damage mechanism and explains the evolution of the fatigue strength as a function of the

Vickers hardness.
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Element‘ C ‘Mn‘Si‘P‘Si‘Al‘Cr‘B‘Ti‘N‘Mo

Weigth (%) ‘ 0.0206 ‘ 1.1191 ‘ 0.264 ‘ 0.019 ‘ 0.007 ‘ 0.02 ‘ 0.199 ‘ 0.002 ‘ 0.02

0.003

Table 1: Chemical composition of the 22MnBS5 steel

Ultimate Tensile | Yield Stress Tensile Surface Hardness
Stress (MPa) (MPa) Elongation (%) HV20
Untreated 580 415 25 180
Quenched 1580 1140 5 600

Table 2: Mechanical properties of the 22MnB5 steel
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Specimen  Artificial Defect Size Loading at Failure (MPa) Step Ny Varea

Name Radius in um Type  Amplitude (R=-1) Number  Cycles/step  MPa/step (x10%) (um)
Te-1 0 Ta 280 2 100 20 5.37 9>
Te-2 0 T4 270 1 100 N/A 2.28 126
Te-3 0 Ta 270 1 100 N/A 451 28b
Te-4 50 Ta 280 6 10° 20 4.57 63
Te-5 50 Ta 280 2 106 20 0.56 63
Te-6 100 T 260 4 106 20 5.16 125
Te-7 100 Ta 260 2 10° 20 3.99 125
Te-8 250 Ta 220 4 10° 20 437 313
Te-9 250 Ta 220 2 10° 20 0.92 313
Te-10¢ 250 Ta 220 2 10° 20 3.99 313
Sh-1 0 T4 190 4 10° 20 3 /
Sh-2 0 T4 190 3 100 20 5 /
Sh-3 100 T4 170 3 10° 20 3.50 125
Sh-4¢ 100 74 170 3 106 20 3.58 125
Sh-5 250 T4 160 4 106 20 4.15 313
Sh-6 250 74 150 2 10° 10 3.50 313
Sh-7 375 7, 140 2 10° 20 9.60 665
Sh-8 375 T4 140 3 100 10 2.10 665
Te-IHT 0 Ta 800 2 2.10° 20 1.37 25b
Te2HT 0 T 720 2 106 40 4.05 33?
Te-3HT 25 Ta 780 4 2.10° 20 0.18 40b
Te-4 HT 25 o 800 2 100 40 0.96 4P
Te-5HT 25 o 760 14 100 N/A 0.42 37°
Te-6 HT 100 T 720 7 2.10° 20 0.92 125
Te-7HT 100 Ta 720 3 10° 40 2.53 125
Te-SHT 100 Ta 680 14 100 N/A 0.32 125
Te-9HT 250 Ta 540 7 2.10° 20 1.39 313
Te-I0HT 250 Ta 560 3 10° 40 4.4 313
Te-11HT 250 T4 520 14 100 N/A 1.15 313
Sh-1HT 0 T4 640 14 100 N/A 7.38 /
Sh-1HT 25 T4 640 4 5.10° 40 not failed  /
Sh-2HT 100 T4 539 7 2.10° 20 1.23 125
Sh-3HT 100 74 539 2 10° 20 1.07 125
Sh-4 HT 250 7, 389 7 2.10° 20 0.701 313
Sh-5HT 250 74 369 1 10° N/A 8.83 313
Te: Tension test a: failure before 10cycles

Sh: Shearing test b: measured on fracture surface

HT: Heat Treated material ¢: after residual stress annealing

Table 3: Test history for all fatigue specimens
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Mechanism 1 Mechanism 2

Threshold Teq < Ot AK < AKw,
Probability den- m o\l o \™M m AKy, \m2~1 AKy, ™2

. . Jor(om) = U’rh:n (71;:?)1 ) exp {_ (U'r:(;] ) } Joo(AKip) = AKxinz (AKﬂx)z) eXp— {(AKﬂzgz) ]
sity function

ai abil- N Teq \™ S AK \™
Failure probabil Pr, =1 exp _ﬂ( eq ) ] Pr, =1-exp _ﬁ( ) ]
ity So1 \owmo1 So2 \ AKino2

i N oeq \" S AK \™

Total failure Pr=1-exp {_ rm( eq ) + TQZ (AK ) ]}
probability 01 \ O o1 02 1h02

Table 4: Expression of the failure probabilities used in the proposed modelling framework
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8. Figure captions

Fig. 1: a) Rear axle beam, b) Von Mises equivalent stress (MPa) for torsion loads (from an
elastic finite element simulation)

Fig. 2: Microstructure of the 22MnBS5 steel, a) untreated state, b) after the heat treatment

Fig. 3: Schematic representation of the testing procedure

Fig. 4: A test apparatus for the cyclic loading of flat specimens in shear

Fig. 5: Shear specimen

Fig. 6: Tensile specimen

Fig. 7: Von Mises stress from an elastic finite element simulation (MPa)

Fig. 8: SEM observation of fatigue crack initiation sites on tensile specimens at an artificial
defect @500um

Fig. 9: Crack initiation sites a-b) untreated material, c-d) quenched material showing “Fish
eye” fracture surfaces

Fig. 10: a) Observation on the surface of a shear specimen showing crack initiation in the
material matrix on planes at 0° and 90° to the specimen axis, b-c) failure surface for a shear test

Fig. 11: Surface observations of a shear specimen showing two co-existing fatigue damage
mechanisms (a) cracks initiation at the defect (@ 200um) and propagating on planes of maximum
normal stress and (b) cracks initiating in the material matrix on slip planes at 0° and 90° to the
specimen axis

Fig. 12: Kitagawa diagram for the 22MnBS35 steel in its initial untreated state and after a quench
Heat Treatment (HT) for tensile and shear loads. Defects with a size of less than 50um are natural
defects, unfilled symbol are used for unfailed specimens and filled symbol are used for failed
specimens

Fig. 13: Kitagawa diagram for the 22MnBS5 steel for a defect size range of 100 to 300 um, HT
= Heat Treated or quenched material

Fig. 14: Kitagawa diagram for the 22MnBS5 steel for different loading types, the prediction are
calculated using the Papadopoulos and the LEFM criteria

Fig. 15: Kitagawa diagram in tension for the 22MnBS5 steel for different hardness levels, the
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prediction are calculated using the Papadopoulos and the LEFM criteria

Fig. 16: Relationship between hardness and the fatigue limit (zero mean stress)[Garwood MF,
Gensamer M, Zurburg HH, Burwell JT, Erickson MA, La Que FL. Interpretation of Tests and
Correlation with Service, American Society for Metals, 1951]

Fig. 17: Fatigue strength prediction in tension versus Vickers Hardness for different defect

sizes, for the SAE 4340 steel

Fig. 18: Fatigue strength prediction in tension versus Vickers Hardness for different failure

probabilities, a defect size of 20 um, for the SAE 4340 steel
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Fig. 1: a) Rear axle beam, b) Von Mises equivalent stress (MPa) for torsion loads (from an elastic finite element

simulation)
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Fig. 2: Microstructure of the 22MnBS5 steel, a) untreated state, b) after the heat treatment
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Fig. 3: Schematic representation of the testing procedure
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Fig. 4: A test apparatus for the cyclic loading of flat specimens in shear
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Fig. 6: Tensile specimen
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Fig. 7: Von Mises stress from an elastic finite element simulation (MPa)
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Fig. 8: SEM observation of fatigue crack initiation sites on tensile specimens at an artificial defect @500um
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Fig. 9: Crack initiation sites a-b) untreated material, c-d) quenched material showing “Fish eye” fracture surfaces
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Fig. 10: a) Observation on the surface of a shear specimen showing crack initiation in the material matrix on planes

at 0° and 90° to the specimen axis, b-c) failure surface for a shear test
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Fig. 11: Surface observations of a shear specimen showing two co-existing fatigue damage mechanisms (a) cracks

initiation at the defect (@ 200um) and propagating on planes of maximum normal stress and (b) cracks initiating in

the material matrix on slip planes at 0° and 90° to the specimen axis
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Fig. 12: Kitagawa diagram for the 22MnBS5 steel in its initial untreated state and after a quench Heat Treatment (HT)
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Fig. 13: Kitagawa diagram for the 22MnB5 steel for a defect size range of 100 to 300 um, HT = Heat Treated or

quenched material
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Fig. 14: Kitagawa diagram for the 22MnBS5 steel for different loading types, the prediction are calculated using the
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Fig. 16: Relationship between hardness and the fatigue limit (zero mean stress)[Garwood MF, Gensamer M, Zurburg
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