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Abstract. Regarding static strength, the weight reductiomutbmotive chassis and suspension parts is reachgbl
replacing current High Strength Low Alloyed or FerBainite steel grades by thinner gauge ArceltidliAdvanced
High Strength Steels (around 800MPa). For a sinslaicitation, the stresses around the weld willHigher on
thinner sheets. As the fatigue resistance of GawmlMec Welding (GMAW) lap joints does not increasih the
grade, it may be necessary in some cases to betalgpose solutions in order to avoid durabitityubles on
components in service. Among the ways of improveanmrestigated on specimens, such as the weldingesses,
the thermal treatment (for stress relieving) ane plost-treatments, three weld post-treatments vdmetified to
achieve significant improvements in fatigue: thengsten Inert Gas (TIG) remelting, the shot-peerang the
Ultrasonic Impact Treatment (UIT) by Sonats STRESESOR® technology. A demonstrator has been desigmet a
welded under industrial conditions by using ro®oth post-treatments (TIG remelting and UIT) hawem also
performed on demonstrators under industrial coowliti Finally the experimental validation confirmbet
improvement observed on lab specimens.

1 INTRODUCTION

Regarding static strength, internal studies oflsteelutions led by ArcelorMittal for chassis angsgension parts
have shown that weight reduction of the componénteeachable by using our Advanced High StrengéelSt
(AHSS) with Ultimate Tensile Strength (UTS) arouB@0MPa in place of current High Strength Low Alldye
(HSLA) or Ferrite-Bainite (FB) steel grades (400MPHTS < 600MPa). The potential of mass savingiigimed by
thickness reduction and assessed to more or le¥s[2h Indeed if the use of AHSS allows saving viridpy
thickness reduction, it leads also to much highesss loading for a same in-service usage. Foatic dbading, the
stress increase is balanced by a higher Yield ${¥¢S) and the thickness reduction will dependrenratio between
the yield stresses of both HSLA/FB and the AHSSssultion grades. For a dynamic loading (fatiguidhe fatigue
strength increases with higher mechanical propegtin static case for the base material, thguatof assemblies
joined by GMAW could become a problem because tiemo difference between steel grades in termati§die
strength of the weld. The stress concentrationdadwby the geometry of the weld (notch effect) akyd this well-
known behaviour. Therefore solutions to improve fladigue strength of arc-welded assemblies havebdo
investigated in order to assist and support th®dhiction of AHSS grades, especially in automotassis part, i.e.
to reach the mass saving target. For that, two wigjectives have been defined:

1- test of solutions to improve the fatigue behaviolGMAW lap specimens,

2- then, validation of the solutions on prototypes afaotured in industrial conditions.

2 STATE OF THE ART
The low fatigue resistance of fillet lap welds dam explained by the geometry of the weld. The aagieé radius

between the sheet and the weld at toe and roobeatonsidered as notch which generates stress ritosiens
having a detrimental effect on the fatigue strengghshown figure 1.

Figure 1. Location of stress concentrations irletfiap joint.

The severity of this “notch effect” can be quamtifiby stress concentration factogsfr which the values could be
estimated either by FEA calculations or from graphsh as ones proposed by IS (French Welding uns}if2].

Although the stress concentration factpakroot of weld is always higher than at toe, fltegue failure could occur
on the toe as well as the root [3-4]. We can erpiais by the combined effect of irregularitiestlre geometry of the
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weld, variations of the gap between both assemblegbts, the presence of local defects, porosisgrildition of

residual stresses and so on. All these defectcendaattering from an experimental point of viewd aould also

explain that the fatigue strengths expressed im & nominal stress are close one to the otherrdéess the tested
grade as shown in figure 2.
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Figure 2. Evolution of the fatigue strength expeeksm force vs. thickness or in nominal stresghes steel grades.

In fact, in homogeneous joints, a good relationshipbtained between the fatigue strength of thet fiap weld
expressed in term of force and the thickness oftiel sheet. It is true whatever the number ofesyconsidered (for
example 2.10cycles or 2.10cycles). Less known is the influence of hardnestilp along the Heat Affected Zone
(HAZ) and the molten area. Effects of the hardresshe fatigue strength of the weld have been stubly using a
simple approach.

3 INFLUENCE OF HARDNESS

Today some rules defined by the different carmakerscerning a hardness profile or a maximum hasivatue
acceptable in the welds can be found. The originlkase rules are not very clear, based on theatdiackgrounds or
on OEM own experience. Among the most frequentstut@o of it can be mentioned: a hardness profldla as
possible or hardness lower than HV 400/430. Foluatiag the influence of hardness profile along lt#%Z and the
molten area, fatigue tests of welds made direatlyacsheetvere performed by using different metallurgy ofeste
grades.

3.1 Description of tests

The fatigue specimen sampled from a sheet and f@ihiais the one used for the characterizatiomade material.
The processes applied are either a Resistancé/#&dding (RSW) or a Gas Metal Arc Welding (GMAW) esigg. 3:
RSW has been chosen because the fast cooling rateeischigh hardness and there is no dilution with a
consumable filler wire. A spot is “welded” in theddle of the specimen. It does not join two shéwmtsits
role is just to do a metallurgic alteration (harsmerofile) in the middle of the specimen. The &irto obtain
locally a new zone constituted of the nugget ardHiAZ, surrounded by the parent material. This zene
has new microstructures and by consequences diffeadness compared with those of the base miateria
The welded specimen does not show geometric ngtelxespting the light local indentation of electesdin
order to quantify only the influence of the micrartiness on the fatigue resistance. The fatiguagitre will
be compared to the base material.

- GMAW has been chosen because the cooling rate is Ilhwmarthe RSW and an effect of dilution exists
between the steel and the wire. The hardness ahtilten zone and its chemical composition are dseilt
of the dilution between wire and steel compositiand also the effect of the shielding gadead is welded,
with a current G3Si filler wire, across the widthdain the central zone of the specimen. This camfition
enables to study the combined influence of the gdnmand the hardness effects on the fatigue easist
After studying the fatigue on as welded assembdadbon sheet), the bead is removed by grindingdardo
test only the influence of the hardness (withoutrgetric effect). This last configuration is veryffdient
from the spot weld because it crosses by a linewtitkh of the specimen and the micro-hardness @ th
molten zone depends on the dilution rate.

3 steels grades of ArcelorMittal catalogue werecteld, i.e. a Ferrite Bainite grade (reference, B BB9MPa), and 2
grades with much higher UTS (UBS50MPa thanks to higher carbon and additive elesnemttents):

Grades Thickness (mm) YS (MPa) UTS (MPa)
FB540 25 462 589
CP750 2.0 724 806
CP800 3.0 772 888

Table 1. Mechanical properties (transverse tongltirection) of the 3 selected steel grades.
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The specimens corresponding to the 3 different iwgldonfigurations are shown in figure 3. So, thepdin fatigue
resistance between RSW and GMAW will be compared.

Spot weld specimen

“(
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o

Bead specimen
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Erased bead specim

Figure 3. Presentation of specimens and micrograpiresponding to the 3 “welded” configurations.

3.2 Fatigue results

SN curves have been established from the fatigsie tarried out on the 3 grades, i.e. on base iakten spot weld,
on bead erased or not (GMAW). The fatigue testewerformed on an axial servo-hydraulic machind witoading

ratio R=0.1 at a frequency of 30 Hz. The trendnsost the same whatever the grade: the SN curbasd material is
above spot weld and erased bead (GMAW). The SNesuo¥ spot weld and erased bead are close and #m®vmst

erased bead. For example, the SN curves obtain€@P80A0 grade are shown in figure 4. The dropstigua strength
at 2 million cycles are respectively equal to -13%@ -10% on spot weld and erased bead comparediketbase
material, while the bead is equal to -53%.
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Figure 4. SN curves obtained on CP800 (base mhtspiat weld, bead erased or not).

The fatigue strengths at 2 million cycles estimdtedn SN curves as well as their drops are shoguré 5: on base
material, on spot weld, bead erased or not for BBE#750 (no spot weld) and CP800 grades.
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Figure 5. Fatigue strengths for the 3 configuratiand the 3 grades with their respective hardnedigs.
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Whatever the grade and because of the combinectefié geometry of the weld (&t toes) and hardness gradient, the
fatigue limit of not erased bead specimens remaliim®st the same. The drop of fatigue strength dube influence

of hardness was estimated with the erased beadspmidweld specimens between 0 and -13%. Howevee som
guestions remain about the effect of the indenspat weld and the grinding quality to erase thedbeapecially for
the higher grades. It would have been better todgail the specimens on both sides because thacsuakpect could
have also an effect for grades above 800MPa.

3.3 Conclusion on the effect of hardness

For the investigated grades, the fatigue strengtt&s million cycles obtained on specimens with nio¢ erased bead
are aligned horizontally. On these grades, the dnothe fatigue strength certainly due to the soléuence of
hardness varies roughly between 0% and 13%, whatlesevalue of hardness and its profile (flat, U,\M), as shown
in figure 5.

4  TEST OF SOLUTIONS TO IMPROVE THE FATIGUE BEHAVIOUR OF GMAW LAP SPECIMENS

For automotive chassis part, T and lap configuratiare mainly used. In the framework of this stodly lap joint
configuration was investigated. The tested specinierevaluate the solutions to improve the fatigekaviour were
extracted from a fillet weld according to the getnapahown in figure 2. All post-treatments or oféras have been
performed on the welded sheets before samplinggheimens. The fatigue tests were performed omnva-$gdraulic
machine under axial loading for loading ratios R=6r R=-1 at a frequency of 30 Hz. The study fosuzetwo steels
grades of ArcelorMittal catalogue, i.e. a Ferritaifdte grade (the reference, UTS = 589MPa) and mplex Phase
steel CP800 (ferrite, bainite and martensite, lglanto Advanced High Strength Steel with UTS =188&).

4.1  Matrix of experiments
4 main axes were investigated to improve the fatigipength of arc welded assemblies:

- Welding processes:
o Standard GMAW with wire G3 Si (the influence of @iwas not investigated)
o GMAW pulsed current
o Cold Metal Transfer (CMT)
o0 Hybrid laser/GMAW

Design of the specimen:
o Asingle weld specimen (figure 2)
0 A double lap welded specimen, having its upperlangr sides welded
o Asingle specimen with a gap between shdétds of the thickness)

Thermal treatments:
0 No thermal treatment
0 480°C during 10 minutes with the objective to rekethe residual stresses

Post-treatments:
o Ultrasonic Impact Treatment STRESSONIC® technolsgpplied by Sonats
0 Shot-peening
o TIG remelting
o TIG remelting with a thermal treatment for residsgiess relieving

All post-treatments listed above were applied oB#Bgrade assemblies. On a second time, the mestdting post-
treatments, considering the improvement of thefetibehaviour and their industrial feasibility, bdeen applied on
assemblies done with CP800. Initially, all fatigests were performed for a load ratio R=0.1. A @gence of all

SN curves at low number of cycles (around 100 0g6les) was observed on assemblies having undergone
mechanical treatments such as shot-peening and Ti§.behaviour is well-known, for example afteosheening,
because a high loading (i.e. low number of cydiedlices plasticity due to the geometry of the walstch effect). As

a consequence it removes the beneficial effecthtvbduced compressive residual stress in relaximgnt It was
decided to investigate the behaviour between 1@0c96les and 2 000 000 cycles for a loading ratio R expecting

that the maximal loading during the cycles, beiogdr than for R=0.1, avoids the residual stresséieving after
mechanical post-treatments.

4.2  Fatigue results

The SN curves have been established for each emafign by a Stromeyer regression thanks to the EES&bftware
to statistically proceed the data. For an easiding, the improvements calculated on the fatigtength at 2 million
cycles in comparison with the reference state “efded” are provided in the table 2 in percentagesé€d on the
nominal stress defined in figure 2).
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Axes Configurations Micrographs Grades
FB540 CP800
R=0.1 R=-1 R=0.1 R=-1
0%

Welding CMT

Process Pulsed current -7%

Hybrid laser set 29 (5 settings +24%
Design Double weld +16%

Gap -21% -6% -34% -60%
Thermal Stress relieving -9% -11%
Treatment
Post- TIG remelting +40 % +27 %
Treatment

TIG remelting + stress +17 %

relieving

UIT STRESSONIC® Sonats 5
(6 settings) .

+16% +31% +29% +29%

Shot peening 2 (3 settings) +28% +67% +22% +29%

Table 2. Evaluation of the tested solutions forfB&40 and CP800 grades (fatigue strength af2yides).

4.3 Discussion

Whatever the “cold” welding process, pulsed curr@nCMT, the fatigue strength did not change efera could

expect lower distortions and residual stresses thase observed for standard GMAW. Considering thatresidual
stresses induced by joining are detrimental [58, fiitigue strength for standard process would teddwer fatigue
properties than ones obtained in “cold” processs Hehaviour could certainly be explained by thet finat the

residual stresses induced during joining are fpad relieved after sampling the specimen fromviletded sheets. It
is noticed that interesting improvement is achiebgaptimizing hybrid laser welding procedure.

The fatigue improvement due to a double weld (cexgeasibility in industrial conditions) is equal +16% with
only fatigue failures located at toe. This improwcould be mainly explained by a less severestustribution
(both lap ends support the loading) and less bgnefiiect as well as the non solicitation of thetroo

The stress relieving thermal treatment (480°C fmilutes) induces a drop of the fatigue strengtsecko -10%. It is
not very important in term of reduction, but it meahat low and well distributed residual stredsedatigue were
relaxed (i.e. assumption of compressive residuasses).

After a TIG remelting on the toe of the weld, tieprovement of the fatigue strength reaches +40%B640 and
+27% on CP800 grades. The increases of angle aligsrat toe are not sufficient to explain this ioy#ment since
the geometry of the root remains unchanged. In Td@& remelting involves an increase of the weldtwitoo. A FEA

analysis has shown that the stresses decreasaryyrail the root and the toe. If a thermal treatnudistress relieving
(480°C/10min) is applied after TIG remelting, tleidue limit decreases by -10% in comparison wikB Temelting

alone. This could be interpreted also as a non ficatlon of the residual stresses at root when Té@elting is

applied at toe.

As shown in table 2, the mechanical processes asi@hot-peening and UIT need to go through optitioizgphases
to obtain interesting improvements in fatigue (k8 and 6 settings respectively). Mechanicaltimesmts may be
beneficial or not for the fatigue life accordingttee setting parameters and the quality of theltiagureated surface.
Indeed work hardening and compressive residuastsehave a clear beneficial effect on fatigueenthié surface of
the part can have a detrimental influence due ¢oittroduction of defects such as a large roughmassks...As
already explained, a convergence of SN curves fioading ratio R=0.1 is observed at low number ydles. The
plastic activity in the most loaded area leads yolic adaptation and consequently to relaxationcofmpressive
residual stresses. At long life, i.e. low loadititg beneficial effect brought by the post-treatnientains.
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4.4  Highlight on Ultrasonic Impact Treatment STRESSONIC® performed by Sonats

The UIT was applied on welded sheets with a gurusing two different types of needle having two eliént tip
shapes. The first procedure consists in a gridpsfdllowing hammering a surface. The second prareedonsists of
three aligned tips allowing hammering locally amérly a narrow area (figure 6). The combinatiénhe first and
second procedures was used to test 6 configuratiavieg more or less a realistic feasibility fromiadustrial point
of view.

/N
Reference

R 8mm R 1.5mm

Sonats 0
3mm

1 Sonats 1
4mm

\/ Sonats 2

Sonats 3

:
needle grid needle grid N Sonats 4

}
Istprocedure 2ndprocedure —/ Sonats 5

Figure 6. Both STRESSONIC® procedures allowingamimer surfaces or
linear narrow zones and all investigated configarest.

The configuration “Sonats 2" provides the bestgiad¢i improvement but it has no industrial applicatossibility
because it requires treating both sides of the weidthe other hand, if the configuration “SondtssCeasy to apply,
it provides unsatisfactory results for R=0.1. Hindthe configuration “Sonats 5” is the strongestisg even if it does
not provide the highest improvement but this camfigion is industrially feasible.

4.5 Conclusion on the retained paths for fatigue improement

The most interesting paths for improving the faéigirength of welded lap joints are:

e The TIG remelting on the toe of the weld because fhocess increases the weld width and by consegue
the stress levels at toe and root for a same Igaatie reduced. This solution can be applied unuhusirial
conditions by using a robot.

e The shot-peening allows also achieving intereskiavgls of improvement after optimization of the qees
parameters. However be careful that the comporgenbdi subjected to quite high loads that may rétex
residual stresses rapidly.

* The UIT has the same advantages and drawbacksh@amot-peening, nevertheless this process casdike
directly in industrial conditions by using a rolfot a local treatment.

» Both last mechanical post treatments need a speagfilipment to avoid working people exposure td hig
noise levels.

5 VALIDATION OF PATHS OF FATIGUE IMPROVEMENT ON PROTO TYPES

As illustrated in figure 7, a demonstrator has béesigned to validate the best retained solutiongattigue strength
improvement being the result of the study donepmtisnens.

fatigue specimen demonstrator

200

» validation

Th=235mm

|
M

Figure 7. Approach to valid on prototype the besitions of improvement investigated on specimens.

5.1 Definition and manufacturing of demonstrators
The geometry of prototypes is the result of thepdifination of an actual automotive rear sub-frapzet, analysed in
the framework of a previous internal project [6heTdemonstrator must meet the following requiresient

« Take into account a welds realized in industriadditons.

» Be representative of a real automotive componeataidting clamping stresses.

e Have a global acceptable cost.

e And use a representative material.
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The demonstrator consists in two 2.3mm tubes péiipelarly welded on which a 2mm bracket is weld€le steel
grade quality used for the tubes and the bracket 8P800. The demonstrators have been manufactureéer
industrial conditions by using a welding robot (fig 8). Both main critical welds have been ideatifiby FEA
calculations and post-treated by using TIG remglanUIT under industrial conditions too:
e The TIG remelting was performed at 500mm/min orulh dutomatic equipments at the French Welding
Institute (IS Yutz)
» The STRESSONIC® UIT was performed at 300mm/min ookt by Sonats (Carquefou) with the “Sonats
5” setting.

Figure 8. Weldingof demonstrators under industaiditions.

5.2 Fatigue tests on prototypes

6 demonstrators by configuration were carried subdatigue bench using a sine signal with a logdatio R=0.1.
Only one load level was tested at 12kN (maximatédmat a frequency of 25Hz (figure 9).

g AT <o i i —

Figue 9. A emostrator under fatigue loading.

The damage criterion used was the number of cyolea visible fatigue crack (few millimetres), kning that the
propagation phase was very short in comparisomit@tion phase. In all cases, a first crack appéam the tip of
weld 7 without further propagation (local re-distrtion of loading) while a second crack appearedveld 6, see
figure 10.

Figure 10 Location of the welds on the demonstrator.

The main fatigue results in terms of average nurobeycles are provided in table 3.

Position Reference TIG remelting STRESSONIC® UIT by Sonats
Fatigue life Fatigue life  Improvement (%) Fatigue ife  Improvement (%)

Weld 7 157 000 260 000 66 272 000 73

Weld 6 261 000 357 000 37 486 000 86

Table 3. Fatigue lives obtained on demonstratorsréme number of cycles).
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In table 3, the fatigue improvements are providegdearcent of number of cycles compared with thereafce (and not
in terms of stress such as on specimens). Theu&atife of demonstrators after either TIG remeltmgUIT was
improved in comparison to the reference. The irsgeafter STRESSONIC® UIT is always higher than Thé
remelting. However the criterion of damage to defthe fatigue life could be refined by using a moziable
indicator such as a loss of stiffness (measuredtiayn gauges for instance). Similarly, the resultaild lead to a
better confidence by increasing the number of tedeamonstrators.

5.3 Conclusion on the validation on demonstrator

The fatigue results on prototypes have confirmes dfficiency of best post-treatments defined orcspens. On
demonstrators, the improvement has been investidatea low numbers of cycles as it is often tedigatarmakers to
reduce the cost of the testing in saving time (&ld&M 000 cycles for the reference). Considerirgttends of SN
curves observed on specimens, we can assume thangriovement would be at least equal or higherafdrigh
number of cycles, especially for Sonats UIT posatment.

6 CONCLUSION AND PERSPECTIVES

The influence of a hardness gradient (induced bidimg) on the fatigue strength of steel grades irapgip to
800MPa has been studied. The decrease of the datgength certainly due to the influence of hasdnearies
roughly between 0 and -13% (considered small), eteatthe hardness value and the hardness prdfite (f, M or
W shapes).

Many ways of improvement (more than 40 SN curvemjehbeen proved during the study, following 4 axhs:
welding process, the design of specimens, the thieneatment and the post-treatments. The besowepnents were
obtained by using TIG remelting, shot-peening aada®s STRESSONIC® UIT. However it is clear thathepocess
requests to go through an optimization phase optbeess parameters to get the most benefits séttieatments, at
least on specimens.

The interest to perform post-treatments on welds baen validated on representative of automotivassik
application, manufactured under industrial condiity using automatic and repetitive process thamksbots. The
TIG remelting and Sonats STRESSONIC® UIT post-treatts have also been applied under industrial tiondi
following the same precautions.

In the objective to complete this study, it woukdihteresting to go further with:

» The effect of hardness: continue the study on gragger than 800MPa and grind completely both sides
specimens in order to avoid any influence of smiefects and indentation

e The welding conditions: investigate the influené@ c.ow Transformation Temperature wire for instanc

e The fine evaluation of the improvement on protosp@crease the number of prototypes to test, parfo
fatigue test on the initial configuration with thmtial steel grade before mass saving by introduncof the
AHSS and refine the criterion to stop the test.

* The introduction of the structural stress concepbider to match the fatigue results from specirteen
prototype by using FEA, as well as the introductiétests on T joint specimens.
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