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Abstract

This study is dedicated to the effect of the hesatment on the fatigue strength of an automoleiée exle beam and aims to
propose a suitable and reliable methodology forfétigue design. The rear axle beam is made oftghetal (22MnB5); the
microstructure is initially ferrito-pearlitic beferthe heat treatment and is martensitic after. #t eaperimental campaign has
been undertaken to investigate the behaviour, ao@ specially, the fatigue damage mechanisms obddor both treated and
non-treated material, under different loading ctiods: tension and shear test with different loaiibs. In order to test the sheet
metal in shear an original fatigue test apparatuséed.

A probabilistic approach using the weakest link gapt is introduced to model the fatigue behaviduris approach leads
naturally to a probabilistic Kitagawa type diagramhich in this case explains the relationship betwthe influence of the heat
treatment and the microstructural heterogeneities.

Integrate in a numerical model, this methodologgmpeto predict the effect of a local heat treatinen the fatigue strength of
the components.

Keywords:Heat treatment, fatigue, self-heating, damage ar@shs, Kitagawa type diagram.

1. Introduction

The 22MnB5 steel, commercially referred to as Usit®00 by Arcelor Mittal, has been developed with &im
of reducing the mass of structural components usetie automotive industry. This material is ob&inby hot
rolling and is characterised by excellent quendrigbi

The good quenchability of Boron steels can be tek@vantage of by using the Hot Forming Die Querghin
process (HFDQ), whereby the sheet metal is austdrand subsequently stamped in a cooled die. [1§orarol
this process, much research has been devoted théinacterization of the thermo-mechanical behavidiboron
steels [2, 3].

Considerable progress has been made concerningRB&) process and it is now possible to vary thalfin
microstructure of a component by optimizing the vimyvhich the tooling is cooled. Some structurainpmnents,
such as a B-pillar, may benefit from regions thavéha lower strength and greater ductility for ioy@d crash
performance [4].

Another method of obtaining a heterogeneous miarosire is to manufacture the product by conventicheet
metal forming processes and then to locally queraties of the component by induction heating. Tlae exial
beam used in Renault vehicles is a good examptieeofisefulness of this method. As the axial beapriripally
subject to torsional loads, highly loaded zoneshmidentified (see Fig.1). It is therefore, a grinot necessary to
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fully heat treat the entire component as a localt heeatment in certain zones could significangyluce the
manufacturing time.
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Fig. 1. (a) rear axial beam, (b) Von Mises equintdress for torsion loads (from an elastic sirtioiteg)
2. The material, 22MnB5 and experimental procedure
The material studied in this work is a ferrito-dit@r steel commercially referred to as Usibor 1%0@ is used to

reduce the mass of structural components and reeritents used in the automotive industry. Its chami
composition is given in Table 1. The material isqarced in the form of rolled sheets.

Table 1: Chemical composition of the 22MnB5

Element C Mn Si P S Al Cr B Ti N Mo

Weight (%) 0.206 1191 0.264 0,019 0,007 0.02 0.199 0,002 0.02 - 0,003

The material is isotropic in terms of its mechahigahaviour and its mechanical properties are pteskein
Table 2. The heat treatment consists of an austatiin at 950 °C for 6 minutes, and then quenchingil. SEM
(Scanning Electron Microscope) observations shovierito-pearlitic microstructure in its initial & and
martensitic after the heat treatment (see Fig.2)

Fig. 2. Microstructure of the 22MnB5 sted) in it initial state(b) after the heat treatment



Table 2: Mechanical Properties of the 22MnB5 steel

Ultimate . Tensile -
Tensile stress Y'&E:\i;g)e Ss elongation Superfllc_:il\e}lzrcl)ardness
(MPa) (%)
initial state 580 415 25 180
After heat treatment 1300-1650 1000-1250 5 530

For the untreated material, Push-pull (R=-1 and,Rfatigue tests were performed using a vibroptuenul
testing machine at a frequency of approximatelyHZ2 The fatigue limits were evaluated using tharciae
method, at 2x106 cycles using ten specimens peatitimm

To define the shearing fatigue limit of the sheatenal, an original fatigue test set-up was dgvetb It is based
on the work of [5]. Using a servo-hydraulic fatigiesting machine and the specimen geometry shoumeifigure
below, it is possible to generate a cyclic pureasiséress state in an area of about 10mm in diartsge Fig. 3).

With this system, the test frequency is limited.nele in order to estimate the high cycle fatiguersith, an
accelerated method has been used, that is thbestiihg method. These shearing tests were condattdel Hz for
load ratios R = -1 and R = 0.1, a single type Trifmzouple is fixed to the specimen surface via aiieetape to
measure the temperature. Blocks of 5000 cycles wappdied. To estimate the average fatigue limig, itleration
empirical procedure developed by Cura et al. [Gised.

Fig. 3. (a) Picture of the tool (b) Evolution okttwo principal deformations during a static loafai tension-compression (c) Von Mises
Criterion from an elastic simulation (MPa)



3. Fatigue test results

Table 3 summarized the results of the fatiguedastpaign.

Table 3: Fatigue results obtained on the 22MnBBgustaircase method and Self Heating Method (St tes

Uniaxial tensile tests Shear Test
Before Heat R=-1 0=265+5MPa 1=180MPa (S.H.test)
Treatment R=0,1 0=230+6MPa 1=156MPa (S.H.test)
After Heat R=-1 6=626MPgS.H.test) X
Treatment R=0,1 6=400+8MPas=394MPa (S.H.test) X

For the heat treated and non-treated materialsnwhbject to uniaxial tensile cyclic loads (R = arid R = -1)
fatigue crack initiation most often occurs at aloaninclusions (AlO3) or scratches (see Fig.4). The average size of
these inclusions is of the order of 40um, this gatubased on measurement realised on 10 fraaitfscss.

Fig. 4.: (a),(b),(c) Typical failure surfaces, @)emical composition of an inclusion analysed bgrgp dispersive X-ray spectroscopy

Surface observations of shear specimens shows tiaoks oriented at 0° and 90° to the specimen &his
corresponds to the “classical” fatigue crack i@iton mechanism in which micro-cracks form on itical plane (or
plane of greatest shear stress amplitude. SEM wdtsems of the failure surfaces (Fig. 5 (b)-(c)pwahthat the crack

initiation sites are not associated with the presesf non-metallic inclusions.



Fig. 5: (a) Observation on the surface of the ashpecimen showing crack initiating in the materiatrix at 0° and 90° to the specimen axis,
(b-c) failure surfaces of the shear test

Figure 6 shows the results presented in the form D&ng Van diagram [7]. This high cycle multiaxiatigue
criterion is a critical plane type criterion thatéxpressed as a linear combination of the shesgssamplitude on
the critical plane and of the maximum hydrostatiess. The fatigue limit values for the non-treateaterial form a
straight line in this diagram. This line correspsia the Dang Van criterion, usually used for daatiaterials.

Given the hardness of our material and the avedafgct size, it is possible to use the Murakamicj@gerion to
predict fatigue limits for each loading conditidrhese predictions are plotted in Fig. 6. The Munaiki@] criterion
uses the parametefarea (where area is the projected area of a defect)thadchardness to define the fatigue
strength via the following equation:

1)

_A(H, +120)(1-RY’
7 (fareal "\ 2
area
Where g = 0226+H,x10"and A=143or 1.56 for surface and internal defects, respeftifor torsional loads and
surface defects, the fatigue strength can be espdess
093(H, +120) (1-R)"
1/6 2
F(b/ a)( area) @
whereF(b/a) = 0.8397for spherical defects.
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Fig.1: Dang Van diagram, showing the Murakami prédins and the corresponding data for the 22MnBBlI st

It can be seen that the Murakami criterion is dblaccurately predict the fatigue limit of the wated material
in tension and shearing with R=0.1 and R=-1. Thisult is surprising because despite the fact thatdamage
mechanism observed in shear is not associatedtétpresence of a defect, the Murakami criterigults in good
predictions. Concerning the heat treated matethi@l, Murakami criterion is however less accuratetémsile loads
with a R-ratio of 0.1. This hypothesis, of the ¢ésige of two fatigue damage mechanisms, dependirigeotype of
loading condition, will be the basis of the propdseodelling approach.

The proposed modelling framework is a flexible vedytaking into account multiple, coexisting, fatgdamage
mechanisms via the combination of two appropridgh ftycle fatigue criteria. One criterion to modatigue
damage associated with crack initiation and a sgéoncrack propagation (or crack arrest).

4. A probabilistic multiaxial fatigue criterion and ki tagawa diagram for the 22MnB5 steel

In order to model both fatigue crack initiation amapagation the model developed by Pessard §,al0] is
used. It permits to combine the Papadopoulos [hil]@dassical LEFMS models. The threshold defineg¢dgh one
of these criteria is then re-defined in terms &Waibull distribution, giving a failure probabilitygaused by each of
these mechanisms.

The total probability of survival of the componedstdefined by applying the weakest link hypothesisis
obtained by multiplying the two survival probabéi from the two different observed mechanisms:

Mechanism 1 Mechanism 2

threshold Ocq <Oy AK < AK,,

Probability m-1 m mp-1 m,
density f01(0th)=ml[a‘“] exrr[a‘“J foa(BK ) = [AKmJ exrr(AK”‘j

function Oiho1 \ Fino1 Otho1 DKoz \ AK oz AK oz
- 1 (0" 1 N
raluie | P, =1-ex ——j[ij ds P, =1-exp-— ( j ds
probability 1, \ Fthor Sz <, DK 02




mil m2
Total failure P =1-expl - Sy | Geq + Sep[ AK
prObabI“ty S)l JthOl S)Z AKIhOZ

For example, for traction-compression loads, theaBapoulos [11] criterion can be written as:

1 2k
aeq = \/@ + kU-H max = {E + MJJI a (3)

and the Murakami criterion can be written as :

AK = 0650, .\ m/area and AK,, = 33x107%(H, +120)(x/area)l/3(%j @)

By assuming that the scatter is the same for b&thanismsm = m, = m, that there is no scale effect

(ii
S S

1} and the defects have a spherical shape, the tnactimpression fatigue limit can be written as:

'n[l—lp ] ®)
7,4(P.a)= :

athOl AK'[h02

Plotting the fatigue limit as a function of the éef size it is possible to obtain a Kitagawa tyjzgchm (Fig.7).

In order to take into account the effect of thethie=atment, it is necessary to make both thresho{g, andC, ,

a function of the heat treatment. As well, for Marakami criterion, it is proposed to make bothetiitolds depend
on the hardness.

Opor = A(H, +120 and AK,,, = B(H, +120 (6)
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Fig. 7: Relationship between hardness and fatiigié |

This is a strong assumption that is proposed it demonstrate the possibilities of the propasedel. The
aim is to develop an approach that is both phenoiogital and empirical, which can be applied to itidustrial
problem of applying a local heat, the results ofclhtare currently measured in terms of hardneds.necessary to
undertake a larger testing program in order to tifleeach one of these relationships. The predigifrom the
proposed model are shown in a Kitagawa’s diagram (.

5. Conclusion

The fatigue behaviour of the 22MnB5 steel has bekaracterized for different loading conditions ameat
treatments. For this, an original shearing testsétas been employed to determine the fatigue hedaof the
22MnB5 steel in shear. An original modelling appiodas been developed to take into account theigeolof the
fatigue behaviour depending on the applied heatrrent.
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