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ABSTRACT

This paper aims to propose a methodology for opiimgi the approval process of vehicle
components introducing the fatigue analysis viatvemfe. The case of study used for
methodology application was a commercial vehiclgpsasion part. The commercial vehicle
was modeled in finite element for static stresdyammain several load cases. Durability tests
in proving ground with measurements were also ddme component has failed without
reaching the track approval criteria. With the nueasient signal of force, a fatigue analysis
was done correlating the obtained damage with theered distance in test field until
component failure. A new support proposal was nemtleihd analyzed using finite elements.
The optimization of structural approval process esrhy eliminating the new version test at
proving ground, approving it by force measuremeanteatation of the first version with the
second version, and new fatigue analysis via soéwBhe optimization process reduces the
time and cost during product development.

INTRODUCTION

The modern development process for automotive coes aims a reduction of time in
components tests, due the necessity of accelernatiparts approval process for faster vehicle
sign off delivery. The process becomes challendpegause despite of the decrease for test
time, the product quality and reliability still hessbe ensured.

The product development time reduction can be aidfpdleeper analyses in component
homologation methods via simulation, since it caduce a significant time and cost
consuming during the development process. The presedy aims to present a methodology
to accelerate a component homologation via FEAfatigue analysis.

Fatigue is the process of damage and failure dugydbic loading, even when this loading
causes stresses well below a given material’s aténstrength, since the microscopic damage
can be accumulated until crack nucleation leadingitther component failure [1].

The proposed method has its basis on several ttipatsare covered in this paper, such as:
finite element analysis (FEA), fatigue analysishAiEA, signal measurement, signal analysis
and accelerated durability components test. Siatigue analysis is the center of the study, an



emphasis is given to this topic, and the staterbfax some current fatigue hot topics are
presented, such as: cumulative damage analysigl, pdastification, multiaxial fatigue and
also critical planes approach.

Finally, this papers follows the same sequenceradiyct development, which is component
design, FEA analysis and further durability testing through damage simulation and
correlation, ending with new component design gmt@val method description.

1. FEA ANALYSIS
To start the component analysis, its design wa® @md modeled in FEM, as can be seen in

figure 1. For this first component version, solldreents were used in the modeling due the
necessity of more refined results.

o
@

Figure 1. Component FEA model (first version)

A full FEA model of the complete vehicle was als@duled; a picture of the model is
presented in figure 2. The vehicle parts are maimbgleled using shell elements, which gives
a good relationship between stress results andlaiom time consumption [2]. Only a few
parts were modeled in solid elements, such asdaimponent studied.

The full vehicle was simulated in the most severallcase for this component, which is the
vehicle torsion. The main stress result that isitbin the component is shown in figure 3. At
the most critical region it the torsion analysie stress reached 100% of the material limit.

Figure 2. Full FEA model of the complete vehicle



Result in % of the material’s limit

Figure 3. Stress results for torsion load case

2. COMPONENT DURABILITY TEST

The next step for product homologation is the dilitgliest. The complete vehicle, that is
showed in figure 4 is tested on an acceleratedbilityaproving ground, with pre-established
approval criteria for all components of 2940 laps.

Figure 4. Complete vehicle for durability test

In the beginning of the test, measurement of thd that is applied in the component is done,
to make possible the correlation of the load mesbur the torture track with the FEA load
case criteria, as well as, its stress results arttier damage analysis. Figure 5 shows the
component to be mounted in the vehicle and thepegemt used to measure the force that is
applied in the part during the vehicle test at prg\ground.

The vehicle is tested part of the time loaded aand @f the time unloaded, until it reaches the
approval criteria (2940 laps). Both of the situationeed to be measured to a better result
correlation. In figures 6 and 7 it is presentedftiree measurement for two laps in both cases.



Figure 5. Component first version and equipment usito force measurement
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Figure 6. Force measurement at loaded condition
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Figure 7. Force measurement at unloaded contidion

3. FATIGUE ANALYSIS
3.1. Cumulative Damage

In the fatigue analysis field, the Miner linear dega accumulation hypothesis [3] is the most
acceptable method for estimating life time by daenagcumulation
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Where:

D =Total damage
D, =Damage for each different stregs



n, = Number of cycles that a component is subjectetddiven alternating stress.
N, =Number of cycles to failure af, according to component material’s Wohler curve.

The individual damage for each differeat are totalized in the course of the fatigue life
estimate. When a damage total D = 1 is reachedpaoent failure occurs.

3.2. Plastification in fatigue analysis

Whenever the stress exceeds the material's yiggsstplastification occurs. The linear stress-
curve is adopted for all stress cycles. The digpteent of the closed hysteresis loops caused
by the plastification is then taken into considerat Figure 8 shows this procedure.
Transformation of the elastic stress to the elgdastic stress is given by the Neuber rule [4].

g Neuber hyperbola

Cyclic stress-strain law

Hysteresis loop
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Figure 8. Neuber correction and plastification effet in cyclic stress

3.3. Multiaxial Fatigue

Multi-axial loadings are common in various compdserand structures. By the
combination of multi-axial loadings, the fatigueadysis goes from uniaxial approach to
more sophisticated multiaxial approach [5].

For components subjected to direct stress and ,stieaphase relationship between the
stresses cannot be constant. In this case, ittisbwious which plan experiences the most
severe combination of deformation and hence gréatigue damage. The orientation of a
plane is defined by the angle that the normal epglane makes with the xyz coordinate
system oriented along the surface. The plan haangle® of the x-axis towards the y-
axis [6].

When loading is significantly no proportional, amabysis by critical planes is required,
where stresses and strains are determined for dneug planes of orientation in the
material during cyclic loading, and the stressed sinains acting in the more critically
loaded is used to predict the damage [6]. An exanga$hown in figure 9.
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Figure 9. No proportional example[6].
3.4. Critical plane approach

Critical plane approaches assumes that fatigue gansaessentially directional and so
consider the damage accumulation on several plaes.critical plane is the plane on

which fatigue strength assessment is to be peridrieange of methods for calculating

damage on a particular plane is described in teeature. The method considered in this
paper consists of the normal stress use in eacle et fatigue analysis [7].

The critical plane criterion method consist of:dach plane a rainflow counting of the
normal stress history is performed. The resultitmngss amplitudes can be used together
with a tension/compression S-N curve for the calitoh and linear summation of partial
damages according to Palmgren/Miner. Before damaagéysis the S-N curve should be
locally modified according to influences like mesiness (which can be quantified by
means of an Haigh-diagram), notch support effeticlvcan be considered by taking into
account stress gradient [8]), temperature, surfauaghness, surface treatments, etc. The
plane with maximum damage is assumed to be critida¢ ductility of the material has
already been taken into account by scaling of tivenal stress or stress tensor [7].

3.5. Fatigue analysis of the component

Sub items 3.1, 3.2, 3.3 and 3.4 are taken intowatdcto start the fatigue analysis of the
component, because:

1. Variable amplitude of load is encountered, so cativg damage analysis is required.

2. By FEA analysis, high stresses can be observed,lscal plastification in the critical
region is possible.

3. For the uncertainty of the stress/strain propodiiby at the component, a multiaxial
fatigue approach has to be used, and the choseis trecritical plane approach.

To do the fatigue analysis of the component, acedd-EA model is created. Since figure
6 and 7 represents the real load input in the compip the torsion load case is no more
necessary. The torsion load case is a static asdbrsmaximum torsion, but for a fatigue
analysis, a simulation with variable load inputresjuired. Now, the load from the
measurement is directly inputted in the model, gishe FEA model and post-processor
software of fatigue analysis. The reduced modelyelsas, the location of the load input
is showed in figure 10..



Figure 10. Reduced model and variable load input tation

With the reduced model and variable load input stwbwn figure 6,7, and 10, the fatigue
analysis can be done for this part version. Tharpaters of the analysis, as well as, its
results can be seen in figure 11. It is importanhdtice that in this analysis, the 4 laps
force measurement is the load input, and the lapseatrapolated until theoretical
component failure. Also, the software takes intooamit several factors, such as: mean
stress, surface roughness, surface treatmentsnaharfluence, statistical material data,
etc.

Fatigue analysis

/‘_ Load input- 4 laps extrapolated until
- put- component failure
Surface roughness: 60 4 mm

3 Surface treatment: General surface treatment

: A
,a/' Material statistical influence: |50%

d Stress methodology Critical plane method
-

Rainflow counting classes 64x64

Mean stress effect Activated

Damage for 4 laps (point A) |0,0062

‘ Life time in laps [point A) 645
Figure 11. Fatigue analysis settings and results

4. CORRELATION WITH FAILURE

After 702 laps at test track, a failure in the cggA was found. As observed in figure 12, the
failure was due crack propagation. Point A indésathe crack initiation region, the failure

Figure 12. Failure by crack nucleation



Comparing the damage prediction and the failureoeniered, some observations can be
made:

1. The FEA model and fatigue analysis software coelgresent the critical stress point,
since the failure occurs at the region A.
2. The total time to failure is 8,5% higher than tiie predicted with fatigue analysis.

The observation number 2 can be explained wittidlhewing equation:

T =T, +T,
Where:
T; = Total time to failure
T, = Time to crack nucleation

Tp = Time to crack propagation until component insjoect

Failure in life-time fatigue analysis is defined @vha minimum crack is observed after the
component been submitted to a number of cyclicitapfil]. Therefore, the life predicted in

figure 11 can be compared only with the tifpe and not with the total timé; . The timeT,

can be calculated by the fracture mechanics arak gnapagation approach, which is not the
aim of the present study.

5. COMPONENT SECOND VERSION DESIGN AND APPROVAL

The component first version could not be homolodjatethe torture track due its failure.
Thus, new component geometry was made, as showiggune 13. It is important to notice
that the main concept of the part was not chanagavell as, the load input region, and only
additional material was introduced to reinforce ¢benponent.

[ ]Same geometry as previous version

[JAdded material for second version
Figure 13. Component FEA model (second version)




Following the same design process for this secardian, the same FEA analysis is made,
with the same torsion load case at the completachkeghbut changing the component
geometry. The new result is observed in figure 14.

Result in % of the material’s limit

Figure 14. Stress results for torsion load case

At this step of the development process, anothendoof test in the accelerated durability
proving ground should be necessary to approve #ve component version. The present
study aims to homologate the component secondoressithout the extra round of test,

approving it via FEA analysis, fatigue analysis &mdte measurement correlation. To make it
possible, some assumptions have to be adopted:

1. The new geometry follows the same concept fronptkeious one, i.e. the critical points
does not change.

2. The component load input direction and value cachahge between the first and second
version.

The part studied in this paper follows the 2 asdionp previously described:

1. The first version concept is followed, shown inufig 13 and the critical points remain the
same as shown in figure 14.

2. Table 1 shows a comparison between the load inpwotsion load case for each version.
Since the mechanism that input the load into tmepmnent does not change, and the new
geometry follows the same concept from the previons, neither the value nor the
direction of load has to have significant changes.

First versiol load input (kgf 2294
Second version load input (k 231C
Table 1. Comparison between the load inputs at FEAnalysis (torsion load case) for
each version




Since the assumptions are valid, the same FEA antidef fatigue analysis showed in figure
10 can be done, maintaining the reduced FEA maldelprevious load measurement but now
using the component second version. The parametdie analysis, as well as, its results
can be seen in figure 15.

Fatigue analysis
/. Load input- 4 laps extrapo}ated until
- component failure
Surface roughness: 60 u mm
’_/' A |Surface treatment: General surface treatment
- Material statistical influence: |50%
Stress methodology Critical plane method
Rainflow counting classes 64x64
Mean stress effect Activated
- Damage for 4 laps (point A) [0,000085
Life time in laps [point A) 47000

Figure 15. Fatigue analysis settings and results

By analyzing the second version part simulatedtiifes it can be observed that it fulfills the
approval criteria required to this torture tracko4R laps), with a safety factor of 15.
Therefore, the component second version does reat aesecond round of testing, and it is
approved by fatigue simulation correlated with loaglasurement from former part version.

CONCLUSION

The presented study has covered the main stepsodtigt development, giving a focus to
time reduction during the component homologationledi by FEA analysis, force
measurement correlation and fatigue analysis. Towerethe following conclusions can be
made:

1. The vehicle FEA has good correlation with real#iyice it pointed the failure region as
the component highest stress region.

2. The life time analysis has led to a good correfati@tween simulation and reality, it
contributes to the parameter analysis assertivesash as the critical plane approach and
fatigue analysis settings. But it is important tats that only one component failure was
studied.

3. The good correlation rate between simulation amdityeproves a satisfactory use of the
load measurement extrapolation for fatigue analysis

4. To improve the correlation, a fracture mechanicsleh@ould have been integrated to the
fatigue analysis, this would cover the crack nuad@sand propagation time.

5. To ensure the methodology effectiveness severaingssons have to be satisfied, such
as: the new geometry has to follow the same confrtept the previous one and the
component load input direction and value cannohgkaetween the versions.
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DEFINITIONS

D =Total damage

D, =Damage for each different stregs

n, = Number of cycles that a component is subjectetddiven alternating stregs.

N, =Number of cycles to failure at, according to component material’'s Wohler curve.
T; = Total time to failure

T, = Time to crack nucleation

Tp = Time to crack propagation until component insjpect



