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Abstract:

This work deals with the anisotropic fatigue behaviour of the Bainitic Steel
Metasc®MC and aims at improving the fatigue criteria used for the design of
forged components (e.g. automobile suspension arms). This material contains
elongated manganese sulphide (MnS) inclusions oriented parallel to the rolling or
forging direction. Specimens with different orientations relative to the rolling
direction have been tested in fatigue under push-pull uniaxial loads.

The influence of “inclusion clusters” is clearly demonstrated via observation of
the failure surfaces. Experiments show that the anisotropic fatigue behaviour is
due to a change in the crack initiation mechanism. At 0°, when the inclusions are
parallel to the applied stress, micro-crack initiation is controlled by the material
matrix. At 90°, elongated manganese-sulphide inclusion clusters are at the origin
of crack initiation and the fatigue strength drops significantly.

A statistical approach based on a competition between the 2 different crack initiation
mechanisms is proposed. One mechanism is modeled by local elastic shakedown
concepts and the other by linear elastic fracture mechanics. This approach leads to a
Kitagawa type diagram and explain the anisotropy in the material. The approach
developed in the of the weakest link theory to account for the loading mode, loading
path and data scatter in High Cycle Fatigue.

1 Introduction
Forged components are recognized as having good mechanical properties, in
particular in fatigue. This is mainly due to the microstructure induced by the
forging process which leads to:

» the improvement of the material compactness,

» a finer and more homogeneous microstructure (e.g. a broken dendritic

structure)

» fibering
The latter can result in considerable variation of the fatigue limit, depending on
the fiber orientation. This variation has been reported as being 35% for 42CD4
steel [1] and 15% for a duplex stainless steel [2]
In order to correctly size a forged component in terms of fatigue, the thermo-
mechanical history leading to the fibering orientation, the size and orientation of
the grains or inclusions should be taken into account. Nowadays, process
simulation software makes it possible to predict the fibering of a forged
component [3].
Some high cycle fatigue models take into account the effect of the residual
stresses, [4, 5] or the nature, the size and the orientations of the defects (or
inclusions) with respect to the stress axis [3, 6, 7, 8, 9]. The objective of this work



is to propose a criterion adapted to anisotropitemas in fatigue that can take
into account the strength of the material matrid dre effect of defects.

2 Material and experimental procedure
The material studied in this work is a Bainiticesteommercially referred to as
Metasco®MC (25MnCrSiVB6) and is commonly used fbe thot forging of
automotive components. Its chemical compositiongiigen in Table 1. The
material is produced in the form of bars with aodefation ratio of about 15 and
contains the following non-metallic inclusions (Mn&,0s, TiN and VN). The
Ultimate Tensile Strength of the material is 117Bdf11127 MPa and 1130 MPa
for the 0°, 45° and 90° orientations respectivelg the hardness is 318 HV in all
three directions.

Table 1. Chemical Composition (weight %).

Element | ¢ Mn Si Cr S Mo Vv Ti
Weight% | 0.255| 1.30| 0.9 0.8 0.075 0.075 0.185 0.025

Poles figures determined via EBSD on the residuatemite and ferrite shows
that there is no crystallographic texture. Moreovaicrographic observations
show that the ex-austenitic grains are equiaxeds@&ltwo observations show that
if the fatigue behavior is anisotropic, it cannetdue to the microstructure of the
material matrix.

Forty-five hour glass specimens for testing in Mi@aHCF were machined from
rolled bars (diameter 80mm) in 3 different direng8owith respect to the rolling
direction: parallel (0°), perpendicular (90°) aridt& degrees (45°). All specimens
were annealed at 525°C for one hour in a vacuumlitoinate residual stresses
introduced via polishing or machining. Push Pull={R fatigue tests were
performed in a servo-hydraulic Instron testing miaehat a frequency of 25Hz.
The fatigue limits were evaluated using the staiecmethod, at 2xf@ycles. All
tests were carried out at room temperature andsgpresin air. Non-broken
specimens from the staircase were re-tested agleehstress level in order to
estimate the slope of the Wohler curve.

The fracture surfaces of all the tested specimesre wxamined using a Scanning
Electron Microscope (SEM).

3 Experimental results

Fatigue strength curves

The fatigue strength at 2x106 cycles is highesafoprientation of 0° and lowest
at 90° (see Figure 1 b)). In terms of the finife-liegime (i.e. for a stress level of
560 MPa) the average fatigue life is the same (N=l@les) for the 0° and 45°
orientations, but is much lower for 90° (N=2*1€ycles) (see Fig. 1 a)). The
coefficient of variation (COV=average fatigue limlue/ standard deviation) is
similar for the 45° and 90° orientations; howeersitwice as large for the 0°
orientation (Table 2).
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Figure 1: a)Wohler curves for different specimeiemations with respect to the
rolling direction, b) Push-Pull Fatigue Limit (Noaflised by the 0° value) as a
function of the test direction.

Table 2. Average Value and Standard DeviationHerfatigue Push Pull test in
each direction for the MetastidC

Test direction Average fatigue  Standard Deviation cov
(Degrees) limit Value (MPa)

0 476 +20 0.042

45 453 18 0.018

90 415 +11 0.026

Observations of the Fatigue Mechanism

For the 0° specimens, where the inclusions arellphta the applied stress,
cracks initiate in the material matrix (i.e. baimimicrostructure), typically at 45
degrees to the loading direction. This correspdadbe “classical” fatigue crack
initation mechanism in which micro cracks form owrrdical plane (or plane of
greatest shear stress amplitude), in the weakeébramost favourably orientated
grains. Both in-situ observation of the specimerfames (Fig. 2b)) and SEM
observations of the failure surfaces (Fig. 2a))vwshivat the crack initiation sites
are not associated with the presence of non-metatiiusion.
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Figure 2: Observation at 0° a) Fracture surfadeition site without inclusions
b) Crack path in the bainitic microstructure ormpa@men surface.

For the 90° specimens, observations show that theretwo different fatigue
crack initiation mechanisms that can occur. These a
1. Crack initiation in the material matrix as discussdove for the 0° case.
2. Crack initiation from Manganese Sulphide (MnS) urstbn cluster. The
inclusion type was verified by EDS (Energy Dispeestpectrometry). It
can be seen from Fig. 3 that these soft, non-netaitlusions are
elongated in the direction of rolling. They have arerage diameter of
2um and a length of 1@On up to several mm. However, more
importantly, these inclusions are grouped into lsamidclusters (See Fig
3b)). It is these cluster that can have a detrialegffect of the fatigue
strength.
For the 90° orientation, final failure of the spwens is determined via
competition betwee se two mechanisms.
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Figure 3: Observation at 90° a) Rupture surfadel® Inclusion band

Figure 4 shows an SEM image of the surface of asp@timen taken during a
interrupted fatigue test. In this image both inite mechanisms, discussed
above, can be visualised. At the bottom right efpicture a crack, initiated in the
material matrix can be seen (i.e. Mechanism 1)s Thack is at 45° to the loading
direction. A second crack can be noted at the & Which initiates from an
inclusion cluster and is oriented at 90° to thealing direction (i.e. Mechanism 2).
In Fig 4 the inclusions are darker and an inclusituster, perpendicular to the
image or specimen surface, can be seen at theetbpflthe picture. Note that
none of the observed cracks that initiated via tiexhanism occurred at a single
isolated MnS inclusion, but due to a band or clustenclusions. SEM images of
the failure surfaces show that the failure surfiaceery rough and the long MnS
bands are easily identified (see Fig. 3 a)). Is tase the initiation is not localized
in just one site. This type of fracture surface ldooe caused by several cracks
originating from several inclusions bands, propagaand joining each other to
create the final crack (Fig. 3 b).
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Figure 4: Surface observation on a 90° specima@flighting the competition

between two mechanisms: initiation from inclusidusters and from the bainitic
matrix

For the specimens oriented at 45° to the rollingdion the situation is not as
clear. In terms of surface observations, all ofdrecks appeared to initiate in the
metal matrix (at 45° to the loading direction). Howgr, SEM analysis of the
failure surface revealed that some initiation sées centered on an inclusion
cluster. Hence, it is assumed that, like above,fitied failure of the specimens
orientated at 45° is determined via competitionwleen the two, previously
discussed mechanisms.
All these observations show that the orientatiorthef specimen, with respect to
the rolling direction, greatly influences the fatggbehavior. At 0° the cracks are
initiated in the material matrix and both the fagglimit and the standard
deviation are high. At 90°, the MnS clusters appaarthe fracture surface as
bands, which govern the fatigue behavior and furttexrease the fatigue limit
and the standard deviation.

4 A probabilistic multiaxial fatigue criterion refl ecting the competition
between mechanisms

In the literature, very often two different apprbas coexist and try to model the
same behavior. In terms of fatigue, one commonagybr is to model the local
plasticity in a grain (surrounded by an elastic mraf4, 5, 10]. Other popular
approaches are based on Fracture Mechanics andb@estack growth [6, 9].
Both of these have their advantages and limitatiansl in the opinion of the
authors the first is the most appropriate to mothe first crack initiation
mechanism, discussed above, whereby micro-craaks @t the material matrix.
On the other hand, a fracture mechanics approabletter suited to the second
mechanism in which cracks are controlled by théusion cluster. An additional



complication when trying to choose a modelling apgh is crack size. It is very
difficult to build a single model that takes intocaunt, at the same time, both
very small cracks and long cracks. Because asrdok cize becomes small, the
local plasticity mechanism becomes dominant.

In this work, it was decided not to make a cholug, to introduce a competition
between the two possible mechanisms. That is, itagsumed that both
mechanisms co-exist, however one gains dominanee tbe other and leads to
final failure. The approach developed here usesdifferent models combined by
a probabilistic calculation.

The first mechanism takes into account the locastatity and is based on the
shear stress. The local plasticity is consideragamsible for crack initiation in
the matrix. The second mechanism is governed bypdh@al stress and considers
crack growth. In this case, the inclusion clustgesconsidered to be cracks.

Modeling of mechanism 1

In the material matrix, the fatigue behavior is assumed to be contrdiiedhe
concept of elastic shakedown. That is, the fatigué is defined as the loading
level at which, all (isolated) plastically deforrgimrains, on the mesoscale, re-
establish their purely elastic cyclic comportment.

Papadopoulos [5] showed that the amplitude of tlaeroscopic resolved shear

stress T, acting on a glide system defined by three anglgsy) in a grain can

be used as an indicator of the possibility of adhig an elastic shakedown state,
in a grain. The random nature of the local rest#ato crack initiation is
introduced through a Weibull distribution [5, 10f the mesoscopic elastic
shakedown threshold. The weakest link theory is theplied via a spatial
integration, carried out on all the possible glgystems, to take into account the
probability of crack initiation in all possible ggsns. The failure probability of an
elementary reference volume is therefore:

m
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Where D is a material_parametergl'l‘ls a scale factor thdepends on the average
fatigue limit of the material matrix. k is a matdriparameter and reflects the
sensitivity to the hydrostatic stregs, .

./ Is the maximum shear stress amplitude:

7 =manT, (4.6.4) )

m; is the Weibull exponent [11] and reflects the edpental scatter associated
with the mechanism occurring in the matrix.



Modeling of mechanism 2

In the following the inclusion bands(see Fig 3a)) are considered to be pre-
existing cracks. The fatigue limit is therefore idefl by a condition of non-
propagation. The main driving force for crack grioug assumed to be the normal
stress acting on a given material plane. As peptegious case and for sake of
simplicity the randomness of the propagation thoishelated to the presence of
a crack will be introduced through a Weibull distrion.

P, =1—exy{—i zjn ]T ( a,(9.) sz d6b|¢] (3)
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The double integration takes into account the pyapan potential in all the
planes defined byn. The exponent prgoverns the scatter while the scale
factor,0,,, influences the mean value of the distributiom,(#,6) is the

sin@cosy
amplitude of the normal stress applied on a plaimeld byn=| sindsing
cosd
0,(¢.6)=no,n (4)

For a Weibull distribution the scale factay, depend on the average fatigue limit,
the exponent mand the geometrical factdx( f,8).
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®(f,0) is the complete elliptical integral of the secdxdd for an elliptical

shaped crack, and depends on the crack aspect frasica parameter used to
define the fibering orientation. With this expressiat 0° the inclusion clusters
are considered to be circular (penny shaped) cracéisat 90° as through cracks.
In order to simplify equation (3) the following di&tion is used:
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Hence: Peo(f) =1~ exﬁ{‘az—nﬁz()} (9)

A probabilistic combination of the two previously defined failure probabilgies
proposed below. Based on the observations of thekcanitiation mechanisms
(Fig. 4) the survival probability of the entire cpanent is deduced from the
product of the two survival probabilities relatiteethe two mechanisms observed.
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In the case of push pull loading equation 10 cawtiiggen as:
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This relation leads to a Kitagawa type diagram rggvihe fatigue limit as a
function of the average crack size. When the csazk is small, local plasticity
controls the fatigue behavior, when the crack igyJd_EFM and the normal stress
are appropriate for predicting crack growth. Betwethese two domains
competition occurs (see Fig 5). An important featoi this novel approach is that
it is possible to draw the curves for differentldee probabilities and hence
explain the evolution of the standard deviatiorhvite average crack size (Fig.5).

Zd(a) 1+ Zd(a)(mz_ml) = Zd(a:o,pf) (11)
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Figure 5: Kitagawa type diagram with different émé probabilities,
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Note that in Eq. (11), the evolution i, depends onJ, (f) or the fibering

orientation. Consequently, a curve can be plottedhe Kitagawa diagram for
each fibering orientation (see Fig. 6). From thegdam, for a given crack size it
is possible to predict the fatigue limit for eadbefing orientation. For the
Metasc§MC steel, the average inclusion cluster size isuat82um and the
model predicts a fatigue limit for a push-pull loagl of 471MPa, 465MPa and
415MPa respectively for the orientation at 0°, 468 90°.
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5 Conclusion

The forged bainitic steel MetastdC is found to have anisotropic fatigue
behaviour due to a change in the crack initiati@thanism.

For a fibering at 0° the fatigue behaviour is cold by local plasticity in the
material matrix, the fatigue limit and the standdediation are high.

For a fibering oriented at 90°, competition betwelvo crack initiation
mechanisms occurs: initiation from the material nmatind from elongated
manganese sulphide clusters. The fatigue limit @ired standard deviation are
lower.

A probabilistic model that takes into account tlmempetition between the two
mechanisms is proposed. It leads to a probabik#thigawa type diagram that can
explain the experimental evolution of the fatigirail and the scatter with the
fibering orientation for a push-pull loading test.
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