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Abstract The increase of service temperature of the engiree éhallenge that car manufacturers have to face
when it comes to comply with more and more severpoliution standards. The requirements in terms of
exhaust gas temperature could soon reach and kedha limits of stainless steel grades commongdifer hot
end of exhaust line. Although stainless steel smist allow higher service temperatures than cast anes,
most of the common grades used for manifold arldotthrarger applications (1.4509, 1.4541, 1.4828) etn
not be used above 950°C.

This paper aims at presenting the characterizgtionedures and results of a new ferritic stainissl grade —
named K44X — which has been developed to withstsendice temperature up to 1000°C. With 19% of
chromium content, 2% of molybdenum and niobium &old$, this grade complies respectively with EN5RHY
and AlSI 444 classifications. Thanks to this chexhimomposition, K44X shows higher strength, befi¢igue
resistance and better creep resistance than corfenitic grades while presenting also lower theregbansion
and higher cyclic oxidation resistance than ausitegrades.

A wide range of high temperature properties hawnhavestigated in the range 750-1000°C includatsile,
creep, cyclic oxidation, HCF and thermal fatigustée K44X results were then compared to other Istssrsteel
grades dedicated to high temperature applications.

In the development of an industrial exhaust padtambench tests are essential but long and expen$b
assess the thermal fatigue behaviour of a matdridependently of the part design, a simplifiedt teas
therefore been used. The aim is to reproduce ekhaasifold service conditions in terms of thermalda
mechanical constraints on a simple V-shaped sample.

As lifetime prediction tools turn out to be crucialthe design of an exhaust part to reduce the feemotor
bench tests, various models are also proposed4diXKn this paper : a Chaboche elasto-viscopldstitaviour
model, a strain-based thermal fatigue damage mmutkla creep criterion. Moreover, both damage @itare
integrated into an Abaqus post-processor calleduXhkife which allows lifetime calculations for vaus
stainless steel grades thanks to its materialritirecluded.

1 INTRODUCTION

In the framework of a continuous toughening of esis legislation (e.g. Diesel NOx levels divided ®yn 10
years from Euro 3 to Euro 5 standards), car matufexs have been considering downsizing and catalyt
conversion as a way to reduce pollutant emissiath Isolutions implying an increase of the exhausst g
temperature. Stainless steel fabricated manifatdgddition to offering possible weight saving,oall higher
service temperature in comparison to cast irontisws. However, the trend toward higher serviceperature

of the manifold suggests that in a near futureeevise temperature of 1000-1050°C would be possible
Nevertheless, most of today's stainless steel grétd509, 1.4828) commonly used in this applicatan not
offer suitable TMF properties or even metallurgisi@bility at these temperatures. A ferritic stagsl steel grade
complying with EN 1.4521 & AISI 444, with 19% chrdqum content, addition of molybdenum and niobium has
therefore been developed to take up this challemgieed, K44X offers a solution up to 1000°C thattka low
thermal expansion (typical of ferritic stainlesseds) but higher tensile properties, fatigue arabprresistance
than common ferritic grades used today. In thisepap wide range of high temperature propertiesHHC
thermal fatigue, creep, cyclic oxidation) relevémt manifold and other high temperature applicaiovill be
detailed, compared to existing stainless steelag;aand used to propose behaviour and damage models

2 MATERIALS

Different types of stainless steels were compandtiis study from both ferritic and austenitic féies, the latter
having significant Nickel content which implies iglmer price volatility.
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Within the ferritic family, a new grade - named K44 containing 19%Cr, 2%Mo and with a Nb stabilinat
was proposed to offer improved high temperaturehaeical properties. Its detailed composition isegivn the
Table 1, together with other ferritic (1.4512, 1185 1.4509) and austenitic (1.4828) stainless eatles
dedicated to high temperature applications.

All the tests presented hereafter have been capuedn flat samples in a standard 2B or 2D metgibal state
(cold rolled and annealed), in the thickness raa@gamonly used on hot end exhaust applications @etwl,5
and 2mm).

dEe,;lig(;;r::t(ij(?n C Cr Si | Mn | Mo | Ni N Other Fe
1.4512 0.01| 115/ 0.5| 0.3 - - 0.01 Ti=0.2 Bal.
1.4510 0.02| 16.5| 0.35 0.3 - - 0.015 Ti=0.4 Bal
1.4509 0.02| 17.8/ 0.6| 0.3 - - 0.015 Ti+Nb=0|6 Bal

K44X —1.4521 | 0.02| 19 | 0.6 | 0.3 | 1.9 - 0.015| Nb=0.6 Bal.
1.4828 0.05| 19.3| 16| 1.3 - 114 0.08 - Bal

Table 1: Typical chemical composition of mentiostdnless steels (mass percent)

3 PROCEDURE AND EXPERIMENTAL RESULTS

Various TMF characterizations were performed initilgcdHCF, and thermal fatigue testing. However ihaust
applications, these damage mechanisms are closeiglated to other damage mechanisms such as cyclic
oxidation or creep which affects the fatigue cragki Therefore, additional experimental data (lermioperties,
cyclic oxidation, creep) are also presented tossstiee relative performance of the selected graelgarding
these different properties.

3.1 High temperature properties
3.1.1 Tensile test

Tensile properties - especially the yield strengtire obviously linked to the fatigue limit perfoancte of a
material. High temperature tensile tests were edrout according to EN 10002 standard on an INSTRG682

machine equipped with a 1000°C-resistance furnafter a 2h heating step, tensile tests were peréar at a
displacement rate of 0.54 mm/min.

Figure 1 presents the yield strength between 7801800°C and confirmed that austenitic stainlesslgrades
have intrinsically higher strength at high temperatthan ferritic due to a different crystallograpbrientation
(FCC instead of CC for ferritic). Within the ferdtfamily, K44X shows about 30% higher yield strén¢and
UTS) than 1.4509 thanks to its addition of molyhgmnand niobium. The solid solution effect of thadleying

elements in 19%Cr-stainless steels was proven signéicant [1].
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Figure 1 : Yield strength as a function of tempemat
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3.1.2  Cyclic oxidation

The anisothermal conditions underwent by high teatpee exhaust parts involves cyclic oxidation s
This process has a direct impact on fatigue craitiaiion and propagation since oxides formed angtwface or
along the fatigue cracks have very poor mecharpcaperties, as can be observed on Figure 7-c. Aiccyc
oxidation test was therefore performed on 20x30rammes periodically introduced in an oxidation fara
(air) and cooled down by forced convection. Thertra cycle is composed of 5min heating, 20min hagdand
5min cooling. Oxidation kinetics is expressed bg thtio of the mass gain to the total sample aseafanction
of time, each results being a mean value of at kaseasurements.

The cyclic oxidation behaviour of a grade is highlgpendent on its thermal expansion propertiescemthe
difference to its oxide properties (CTE of chromiuxide <10.16/°C between 20-800°C). Since austenitic
stainless steels have a stronger thermal expatisaon ferritic stainless steels (s€able 3, these grades are
more sensitive to oxide spalling-off at high tengiares (>900°C) in cyclic conditions and their @tidn
kinetics is significantly higher than those of fées (Figure 2). Within the ferritic family, K44Xhows however
a better oxidation resistance than 1.4509 espgcédter 400h : a strong acceleration of oxidatianekics
(breakaway process) can be noticed on 1.4509 \WHEX keeps parabolic kinetics.

1.4828 1.4509 1.4521
19 12,5 12

CTE 20-800°C
[10°°C]
Table 2 : Coefficient of thermal expansion of vagatainless steels between 20-800°C
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Figure 2 : Cyclic oxidation kinetics in air for 82000°C cycle

3.1.3 Uniaxial creep test

Creep deformation can alter not only the dimendiamagrity of an exhaust part but also the TMF qasses
during the hot phases. Indeed, it may affect thesstfield in the part and modify the crack propiagewhen it
induces a significant number of creep cavitiehatgrain boundaries.

Uniaxial creep tests were hence performed on thee squipment that tensile tests. Specimen were ittlinto
constant load while their deformation was monitaiteghks to an extensometer up to 1% of creep stFajure
3-a). Tests were performed in isothermal conditioetsveen 750 and 950°C and for duration up to 100h.

The ranking of stainless steel grades for creepsteaxe did not depend on the temperature and was i
agreement with high temperature tensile propertse® 3.1.1). The austenitic grade presented the highest
resistance to creep whereas 1.4509 still appeas=drésistant than K44X, as shown in Figure 3riB&D°C
results. The stress leading to;a bf 100h was indeed estimated to be in the rangé0e80% of the yield
strength, whatever the grade or the temperature.
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Figure 3 : (a) Example of creep curves at 950°C(ahdtress VS time to 1% creep strain at 850°C

3.2 Fatigue properties

3.2.1 High cycle fatigue tests

0,1

Q)

10

100

High temperature fatigue limit at 2 million cyclegre determined on an hydraulic tensile machineppeal
with a furnace through tensile-compression tesh wistress ratio of -1. Frequencies from 10 to 2@vdre used

for the stress-signal.

Since endurance limit is obviously correlated te yield strength at high temperature, K44X prestgially
higher fatigue limit than 1.4509 (about 50% more8&0°C, see Figure 4) thanks to the higher mechhnic

strength mentioned previously.
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Figure 4 : Fatigue limit at 2 millions cycles afiaction of the temperature (R=-1)

3.2.2 Thermal fatigue tests

This test was developed to reproduce with a sirppteedure the complex in-service TMF conditiong tha
manifold undergoes. In this procedure a V-shapetpais held by its ends in fixed jaws and is heatp by
Joule effect (Figure 5). Both thermal stresseanjaws and the temperature are monitored duriagest by
means of a force cell and a thermocouple weldethéosample surface respectively. The thermal cigcle
composed of a heating ramp-up at 20°C/s, a coglivage through forced convection and may includeldirg
time at high temperature (up to 180s). A typicdueafor the thermal cycle duration is 2 min for 302050°C
cycle without holding time. The maximal thermaless (at low temperature) reaches a stabilized \aftee a
plastic accommodation process which takes placéhénvery first cycles (Figure 5-b). The lifetime sva
determined at 50% decrease of the maximal therredsscompared to the stabilized value in ordeediaice the
effect of overheating at the final stage of the {ssction reduction induced by cracking leadsrtanegrease of

current density).

1000
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Figure 5 : Thermal fatigue test on V-shaped specin{a) principle and (b) thermal stresses evotutio

In this test, interactions between creep and cy@lidation phenomena is more pronounced with highmyer

temperature (J) and with longer dwell time at high temperature (

It can be noticed on Figure 6 that the austenitizlg 1.4828, despite a higher strength, exhibitetahermal
fatigue resistance in the present conditions. Hleental fatigue mechanisms are actually differeairfiferritic

ones, as can be seen on post-mortem cross sefftignse 7-b&c). In ferritic grades, failure is dein by out-of-
phase mechanisms in the inside curvature of thelesmvhereas in the austenitic grade, both outiakp and
in phase mechanisms compete with each others.cahide explained by the higher thermal expansiantiae
higher cyclic oxidation sensitivity of austeniticagles, and this coupling between fatigue and oxiddtas a
higher impact on the outside curvature of the samplwhere cracks are opening at high temperattinanr-in

the inside curvature. For ferritic grades, K44Xiexk longer lifetime than 1.4509 (from 10 to 30Rcliease) at
every tested temperature. In the other hand, 1.46d@&e presents very poor performance in therntgju@ at

high temperatures, which confirmed that this griad®ot suitable for service temperature above 800°C
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Figure 6 : Thermal fatigue life on 1.5mm-thick sipeens : for (a) 100-950°C and (b) 100-1000°C thémrgele with or without
dwell time at high temperature
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Figure 7 : (a) Stress loading of V-shaped samplandiheating and different damage mechanisms obpf-phase
cracking for ferritic grades and (c) both out-ofaph and in-phase cracking for austenitic gradgs£950°C,1=0)

3.3 Material behaviour model calibration

In order to provide relevant experimental data tfog calibration of the constitutive model, 2mm-khitat
samples were deformed on an INSTRON 8802 tensilehma according to a specific strain signal : 30
triangular waves followed by 3 square waves witttrain ratio equals to -1 (Figure 8-b). This sigwak chosen
to induce strain accommodation processes in teedart of the test (triangular waves) and a strelsxation in
the second part (square waves). For each testqubtatare (from 20 to 850°C), the tests were peréafmwith
strain amplitudes in the range 0,2 to 0,6% and @ithifferent strain rates (0.1 and 0.01%.sSimilar procedure
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had been described previously [3] for cylindricaésimen but an adaptation of the equipment wasinestjto
prevent buckling of flat samples (Figure 8-a).
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Figure 8 : Procedure for material model calibrafiananti-buckling equipments developed for lightige flat
samples and (b) strain signal used for the test

4  MODELS FOR LIFETIME PREDICTION

Motor bench tests are complex and expensive butssacy for the exhaust part validation. Hopefuilyite
elements calculations can reduce the number of mbémch tests needed in the development and the
optimization of an exhaust part. Such calculatio@sd a material behaviour model and a damage rasdeput

data.

4.1 Constitutive model

In our approach, an elasto-viscoplastic model psedoby Chaboche [2] was chosen to describe therialate

behaviour at high temperature under cyclic loadifigis model combines a non linear kinematic andragc
hardening with a Norton creep approach. It had teescribed previously [3] and proved a relativebod
correlation with experimental data on non-isothdri®F conditions although it had been calibrated on
isothermal TMF data. Figure 9-a & b presents amgta of experimental data used for calibration ahdws

the comparison between experimental data and siimola
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Figure 9 : Calibration of K44X model : (a) stresS Yime and (b) stress VS straia£0,1%.s", T=650°C)
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4.2  Thermal fatigue damage

A strain-based approach was chosen for the lifeliptien. It is based on Taira’'s work [4] who propdsan
adaptation of Manson-Coffin formula to describerhal fatigue damages.

In this approach, the thermal fatigue INgr is expressed as a function of the viscoplast@irstamplitude, a
material exponerttand a coefficiend that depends on an equivalent temperalige

Npp = AT {Ae) ©®

2 1/2
With Ag,, = WP dt
ed cycle| 3= =

In the Taira’s modell,, depends on the damage processes involved (sliiffoision) and is equal to the
maximum temperature of the thermal cy€lg,, when diffusion process is the controlling damaggchanism.
However, an adaptation had been proposed to tékedacount the effect of a dwell time at high teraparer:

T.= o lma 9
e 1-aT,_jn(t+br)

With a andb material parameters evaluated from the TF tests.

This predictive model has been calibrated on a widege of experimental data with maximal
temperatures between 650°C and 1000°C and withl diweds up to 180 seconds. FEM computation usimg th
above mentioned constitutive mode#(§) were carried out to assess viscoplastic strdig, Corresponding
thermal fatigue models for K44X and other commaaingess steel grades (1.4509, 1.4828, etc.) haee be
integrated into an Abaqus post-processor softwdhaist-life) which can be used in the design preagsan
exhaust part [5]. Thermal fatigue life have beegwated on various manifold designs (illustrated-igure 10-

b) and compared to motor bench test results. Aivelst good correlation was generally observed weébards
to the crack localization, the relative performant&44X and 1.4509 and the lifetime estimation.
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Figure 10 : Lifetime calculations on a post-prooces®ftware (Xhaust-life): (a) creep and (b) thdrfatigue
criterion

4.3 Creep damage

In addition to the thermal fatigue life approachradictive method has been proposed to take atecaccount
creep damages in the design of an exhaust pahoddth creep and fatigue can interfere in a complay, the
proposed model is limited to pure creep mechansnasaims at highlighting a risk of permanent defation

on the exhaust part.

It is based on a simple Larson-Miller approach:[6]

P:T[(Iogt +C) 1
logo =B+mIP @

with B, C, m material parameters
This leads to the following relationship betweea time to 1% creep strain and the equivalent stress
1

ty, =10C.(10 .0 )T )
The equivalent stress proposed by [7] was useakt®into account the effect of stress triaxiality :
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Oeq = <(1_ C)-JVM + C-Tr(g)> 3)
with ogyy the Von-Mises equivalent stress
Tr(o) the trace of the stress tensor (related to hyaticgiressure)
{ a coefficient fixed at 0.15
It is actually a special case of the Hayhurst dote[8] which is a combination of the three stramssriants.
Finally a critical number of cycles can be dedufted this time to 1% creep strain and the dwelletim
NC :tlﬂ (4)

T
Figure 10-a shows how this simple creep model éginlight potential critical areas on a manifold.

5 CONCLUSIONS

In the design of hot end exhaust applicationsijtfestainless steels are cost effective solutionsomparison to
austenitic refractory grades. Their low thermal angion properties induces a lower sensitivity talicy
oxidation and therefore constitutes an advantagpeaally for temperatures above 900°C. For thasoe,
1.4509 is now widely used on manifold applicatignta 950°C. However, car manufacturers tend toeiase
the service temperature of their engine to comptih wiore severe depollution standards. In this exntk44X
can be an effective material solution for exhaysiliaation up to 1000°C. It also offers longer tifee than
1.4509 at lower temperatures thanks to a highength, and to an improved oxidation, creep andmhbér
fatigue resistance.

In an effort to reduce the need for motor benckstasthe design process of a manifold, damage moda
modified Taira model and a Larson-Miller creep nmlodwere proposed to predict TMF damage of K44X and
other stainless steel grades. These models wegrated into a post-processor software to makewetsir use
on FEM calculations.
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