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Abstract Car manifolds undergo severe thermo mechanicalidga. Due to their complicated geometry, they
are made of several components welded togetherthén welded zone, one can observe geometrical
discontinuities (surface finish and welding defgetsd a behaviour mismatch between the weld metltiae
base metal. This discontinuity induces a lifetirméuction. The aim of this study is to elaboratataytie criteria

to predict lifetime of a stainless ferritic car nfafd. In a first step, an original experimental th@d has been
developed to identify a simplified but realisticHa@iour model for each material in the weldmentalsecond
step, a comprehensive campaign of isothermal fatiife tests has been done on welded and non welded
specimens.The influence of behaviour mismatch herlifetime reduction factor is experimentally grs&d as a
function of temperature. We propose to model theebaetal's fatigue life by an energetic approachkanan
approach developed by Lemaitre [LEM 96], based @mticuum mechanics. The application to the welded
structure is presently under study.

1 INTRODUCTION

Many industrial components undergo severe thermchardcal loadings. Due to their complicated
geometry or their important size, they are ofterdenaf several components welded together. Thesgmesits
are microstructurally and mechanically heterogeseauross the weld joint. Due to this discontinsitie
weldments can be potential sites of the fatigueraj inducing a significative lifetime reduction.

Several authors have investigated weldment's inflaeon low cycle fatigue lifetime, in isothermal
conditions. It has been shown that the fatigueibfinfluenced on the one hand, by the geometithefveld :
back strip geometry, welding defects. On the ottaard, it is also influenced by the interaction tud tifferent
cyclic plastic behaviour of the materials which gmse the weldment. In particular, strain distidtin the
weldment plays a key role in low cycle fatigueth& present materials have close fatigue strengiit, lthe
structure will allways break in the zone whereistancentrates [OKA 88].

In the automotive industry, several componentg Inanifolds or cylinder blocks, are subjected to
thermo mechanical loadings. In order to respecstiezifications in terms of fatigue life, it isquéred to pass
several times by the following steps: design, tgstind correction. In order to reduce the numbeteodtions,
engineers need accurate and less time consumingutational tools. Some work has been done to peovid
accurate models for manifold's lifetime estimatidfost of them have not taken into account the éffdc
weldments on fatigue life. The present work is #arpt to characterize the fatigue life of a fécrtubular car
manifold, considering the reduction factor lifetimiee to weldments.

In order to get an accurate prediction of the nwdififetime, it is important to numerically evalie the
mechanical response in the critical zones. Inst fiart, we investigate the behaviour of the baseihand welds
that compose a stainless ferritic car manifold sciigid to high temperature loadings. The base r(i2kd) is a
X2CrTiNb18 stainless steel. The filler metal is 8C¢{Nb17 stainless steel. From an industrial poini@w, it is
important to characterize the weld's behaviour e simplest way. Then, we developed an innovative
experimental procedure that allows evaluating arage but realistic behaviour of the weld.

In a second part, the fatigue life of the weldediezds investigated. A comprehensive campaign of
isothermal fatigue life tests has been conductedvelded and non welded specimens. The influence of
behaviour mismatch on the lifetime reduction faciog experimentally analysed as a function of teatpee.

We propose to model the BM's fatigue life by anrgatic approach and by an approach developed byaltem
[LEM 96], based on continuum mechanics. The apfiioao the welded structure is presently undedystu



2 STUDY OF MATERIAL’ S BEHAVIOR

2.1 Materials

The base material investigated in this study isamless ferritic steel. It is a low carbon steéhvwhigh
chromium content. Its cubic metallurgical structusestable until melting. Under temperatures lowlean
1000°C, this steel is subjected to few precipitagioPrecipitation of Laves Phase Nb is more likelyhappen
and is known to have a beneficial effect on crezgistance [BUC 04] . The filler material is a X3®AN. It is
very similar to base metal's composition. Changa® ibeen done to improve weldability.

2.2 Specimens

Weldments often present a complex metallographiocsire, where three main domains can be
distinguished: filler metal, heat affected zone @ Aparent metal. The heat affected zone is whieeeblase
metal has been heated to a high temperature aodeall to cool fairly rapidly. Depending on the welgli
process and the micro structural stability of thsdymetal, its metallurgical properties are morkess affected
in the HAZ. For instance, Gaffard [GAF 04] showhdttthe HAZ of a 9Cri1MoNbV weldment was composed of
three sub zones: coarse grained austenite, fineegraustenite, martensite partially transformedustenite. To
characterize a welded zone, it is therefore necgssdave a good understanding of its metallurgy.

Moreover, it has been shown that weldments' fatigaecan be strongly influenced by global mismatch
ratio, defined as the ratio of the yield strengthveld metal to that of the base metal, and byldlcal mismatch
ratio, defined as the ratio of the yield stressvefd metal to that of the HAZ [RAV 04]. Specimesiwould then
have a yield stress similar to industrial tube.

According to these considerations, choosing spetsnte characterize behaviour of weldments is not a
simple matter.

In some cases, weldments are big enough to drawinsgas or micro specimens directly from the
industrial structure [MAD 04]. Sometimes, HAZ is small that no drawing could be done. To charaxgettieir
behaviour, some researchers try to reproduceritstate by appropriate heat treatments [PAN 05]s hiethod
is interesting but time consuming.

In our case, we have decided to make samples se& atopossible to the industrial welded tube:

- Base metal specimens (type I) have been takem ftubes similar to the one used for industrial
manufacturing. These specimens present the follpwadvantages: similar grain size and surface finish
compared to industrial tubes, presence of straiddmng due to tube forming like industrial tubes.

- Specimens for weld behaviour identification @yH) have been made according to the following
procedure. In a base metal tube, a groove hasrmaehined and filled with filler metal by GMAW (gasetal
arc welding) process, with the industrial weldireggmeters, see Fig. 1.

Therefore, with this type of specimen, we willitiéy an equivalent behaviour for filler metal aHAZ.
Two reasons justify this choice: this geometryiisilar to the one found in the industrial configtioa (see Fig.
1); microstructures of filler metal and HAZ arest.

FIG 1 — micrography of a) type Il specimen, b) industwald



2.3 Isothermal test procedure and identification of a model

Low cycle fatigue tests under total strain contiale been performed on the two types of specimens.
Strain has been recorded with a 10 mm gauge lengémsometer with alumina rods. The temperatutedege
is 20°C to 850°C. The procedure of low cycle isdaaen the ones developed by [ZHA 02] and [VEL G&jr
each temperature, one specimen is submitted terdiff sequences of strain cycles, exhibiting thieviing
characteristics of the material: cyclic hardeninff&ning, kinematic hardening, viscous effect. Bgwe I
specimens, the two rods are placed in the groole.r&sponse of an equivalent weld, including HAZ flter
metal, is then monitored.

Base metal presents cyclic softening during fitstdred cycles. Thereatfter, its cyclic behaviowstéble.
Cyclic softening amplitude is important at 20°C arwhtinuously decreases with temperature. Indesshvery
of strain hardening due to tube forming is theraativated. Equivalent weld metal presents cyclicdbaing
during first cycles. Its cyclic behaviour is satechin a very short time. At any test temperattine, highest
stress level for same strain loading is lower iweld than in the base metal.

According to the previous experimental behaviouis proposed to describe the cyclic behaviourhef t
weld and base metal with an elastoviscoplastic inddeeloped by [CHA 89]. A set of parameters hasnbe
identified for each test temperature.

2.4 Prediction capability assessment

Since we expect to simulate the mechanical respofise car component under high temperature
loadings, we should verify that the models, idésdifin isothermal conditions, are able to correghedict
mechanical response of the materials under thermloamécal loadings.

Thermomechanical tests have been carried out om ibasal specimens. These tests were performed
under mechanical strain and temperature contralr Bgpes of TMF (thermo mechanical fatigue) testrev
performed: In-Phase (IP) test (maximum strain ogcar maximum temperature), Out-Of-Phase (OP) test
(maximum strain occurs at minimum temperature),-OfsPhase-Compression (OPC) test, and Out-Of-Phase-
Traction (OPT) test. The comparison between expartmand simulations were satisfactory, see foremor
details [ROB 06].

We have considered that, as a first approximati@id behaviour can be assimilated to the behaviour
of an equivalent material, including filler metaidaHAZ. This strong assumption has been validatedhb
following procedure:

- one strain control LCF test has been performed bnmaterial test, see Figure 2 at 20 °C. A vddtriu finite
element simulation of this test has been perforodg ABAQUS software where the two elastoviscadjdas
models have been implemented through the devetopéZz-Mat (Zset package, 1996). In order to vakdte
equivalent material, calculated and measured dedak-strain responses have been successfully aeehpsee
Figure 2.
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FIG 2- Bi material specimen a) sketch, b) axial ForaaiStcurve

- one test realised in the same conditions but w&itlocal strain measurements by means of imagecster
correlations.



The comparison in between simulations and expetisnatfiows to conclude that the bi material
hypothesis is acceptable.

3 EXPERIMENTAL FATIGUE LIFE STUDY

3.1 Procedure

Isothermal fatigue tests have been conducted at different temperatures: 300, 500, 600, 700 and
800°C. The experimental set is identical to the osed for the previous tests. In the case of thielede
specimens, the weld is only 2 mm large and is plaatethe centre of the working zone. The distritnutof
strain in between base metal and weld metal isfber highly dependent on the ratio of the sizéhefweld to
the gauge length (10 mm).

3.2 Fatigue test results

The Manson-Coffin and Whoeler curves at 300°C, 608Ad 700°C, for the base metal and the welded
specimens are given on figures 3 to 7. Concernihgé&\ér curves, the slopes for BM and welded spetsnaee
significantly different. This suggests the streistribution in the welded specimens is dependertherievel of
strain load. The slope of the Manson Coffin curaes on the contrary quite close, which allows defjna
fatigue reduction life for the structure based loa level of measured plastic strain. The MansorfiCtdw has

the following expression :
Ag [2=axN; (1)

The reduction fatigue life is given by:
R, =(a, /a,) @

This reduction factor goes from (1/3.67) at 3008¢1t/2.16) at 700°C.

In the same way the plastic mismatch ratio in betweelded metal and BM reduces with temperature
going from 0.76 at 300°C to 0.95 at 700°C. It se¢mes that as welded material and BM tends to igeiles
behavior, the influence of weld on fatigue lifereduced. Some specimens were examinated by noéans
Scanning Electron Microscope after being etchelde Ppost mortem observations reveals that for al th
temperatures, only transgranular cracks are obderVbke position of the cracks depends on the |efel
temperature. At 500°C, cracks are concentratechih rear the welded zone. Whereas, at 700°C, craeks
situated in all the working zone. Post mortem olestions then correlate the previous remark.

4 FATIGUE LIFE FOR BASE METAL

The Manson-Coffin law is usually well adapted towl cycle fatigue lifetime. Nevertheless, it is
meaningless when considering anisothermal loadimge ghere is no representative plastic strainlinoje.

Since the forming of cracks requires a dissipatdrenergy, it seems quite natural to introduce an
energetic parameter to describe the fatigue of ImeBased on the work of Skelton [SKE 91] , Chaukal
[CHAR 00] has successfully applied an energeticraggh to predict fatigue life of a car manifold.igh
approach considers that the dissipated energycyme at stabilization is a good indicator of thatermial's
fatigue loading, and can therefore be related ¢ontlhmber of cycles to failure. However, Charkalak shown
that it is not a simple matter to correctly evadutte amount of energy dissipated per cycle inctee of
multiaxial loadings.

Based on continuum mechanics, some authors hayoserd to introduce a damage variable D which
models the loss of resisting area due to microksrand micro-cavities (0<D<1). Failure of the reggnetative
volume element then occurs when D reaches itzalitialue. Damage, in his isotropic formulatios, coupled



to elasticity and visco-plasticity by means of #féective stress tensor. Strain and stress relligions in a
structure, can therefore be taken into accountenddimage increases.

The damage evolution law proposed by Lemaitre [L&lis the following:

(YY) o.R
D=|— fpPp2p, Y =—2~
S p-1P=P 2E

@)

The time integration of this equation allows foe fjuantification of damage for any complex loadikg
thermo mechanical loadings. The damage strefgtihe damage exponegjtthe critical damage [are material
parameters and[is the loading dependent damage threshold. Theygdensity release ratéis function of the
effective equivalent stress and of a triaxility étion R,

In the present study, an energetic approach and.éhmaitre's damage model are applied to the base
metal.

The energetic criterion proposed by Charkaluk is :

w =axN’ (@)
,with a and b material constants.

To the contrary of the material studied by Charkalhhe energy dissipated per cycle by BM depends
significantly on the level of temperature, in ttenge of temperature considered. In order to gehigue
criterion for all temperature, s divided by the ultimate stress [BUC 04]. Ultita stress is not a material
constant and is relatively scattered. Althougls i@pect has not been considered, this criteresgivfast and
reasonable fatigue lifetime prediction for baseahigt isothermal conditions, see figure 8.

The damage evolution, and therefore the fatigue lifs defined by Lemaitre is characterized by 4
material parameters. The damage threshgldng the critical damage.have been deduced from the damage
versus cumulated plasticity curve obtained frorolicytests, damage being evaluated by its influemicehe
elasticity modulus. The damage stren@land the damage exponesithave been numerically adjusted by
comparing experimental and simulated maximum stgesghe identification procedure follows what Segma
proposed [SER 00]. The parameteri®around 0.2 for all temperatures. The paraneierclosely related to
the slope of the Manson-Coffin's curve. Since #lgpe is almost constant with temperatwseias been
optimized only at 600°C and keep identical for ¢tieer temperatures. For all the temperatures ext@QtC for
which experimental results are significantly saaite the Lemaitre's law predicts the specimerésidie with an
error of less than 20%

5 CONCLUSION

The aim of this study is to provide car manifoldsidaeers with helpful tools for fatigue lifetime
prediction.

In a first step, thanks to an innovative experiraeptocedure we have been able to analyze the mehrav
of the welded zones of a car manifold. We have tieatized a comprehensive isothermal fatigue tastpaign
on welded and non welded tubular specimens. Twier@i have been identified for BM's fatigue lifeém
prediction. Anisothermal tests validation will barfuled soon. Comparison in between fatigue lifer@tied and
non welded specimens has shown that as tempeliatreases, the reduction factor due to the weldigesl
This observation could be explained by the fact thelds and BM tends to get closer behaviour inoigidess
strain concentrations. A numerical study of weldgmbcimens' mechanical response will be performed to
confirm this hypothesis. Moreover, some fatiguastegll be interrupted in order to compare cracgalization,
time to initiation and propagation in function gfezimens' type and temperature. Based on thesenafion, a
suitable fatigue lifetime criterion for welded stture will be developed..
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