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ABSTRACT -The lifetime of power train components can be improved dramatically by finding crack initiation points

with suitable software tools and optimization of the critical areas. With increasing capacities of computers the prediction
of the lifetime for components by numerical methods gets more and more important. This paper discusses some
applications of the outstanding fatigue simulation program FEMFAT supporting the assessment of uniaxially and
multiaxially loaded components (as well as welding seams and spot joints). The theory applied in FEMFAT differs in some
aspects from classical approaches like the nominal stress concept or the local one and can be characterized by the term
“influence parameter method”. The specimen S/N-curve is locally modified by different influence parameters as stress-
gradient to take into account notch effects, mean-stress influence which is quantified by means of a Haigh-diagram,
surface roughness and treatments, temperature, technological size, etc. It is possible to consider plastic deformations
resulting in mean-stress rearrangements. The dynamic loading of power train components is very often multiaxial, e.g. the
stress state at each time is not proportional to one single stress state. Hence, the directions of the principal axes vary with
time. We will present the way how such complex load situations can be handled with FEMFAT by the examples of a crank
case and a gear box.
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1. INTRODUCTION Of course, a very good method is to perform fatigue
tests with components or total vehicles. Many influences
The reduction of vehicle weight is at least since thecan be considered without any mathematical model, never-
drastic raise of fuel prices in the seventies a basitheless the results have absolute accuracy. Unfortunately,
requirement for the development of new cars, trucks an@égxperimental tests give only poor information about low
busses. Nevertheless there is the general tendency in tessed areas so it is very expensive and time consuming
opposite direction. The reasons for this contradiction ar¢o minimise a components mass mainly by experiments.
on the one hand additional features for more comfort and herefore the Technologie Zentrum Steyr, a profit center
safety as well as increased motor torque. On the othewithin the Steyr-Daimler-Puch AG developed a software
hand the potential for mass savings in the basic structurtor the fatigue simulation of dynamically loaded com-
is not enormous. For example the benefit of a magnesiumonents on the basis of Finite Element examinations. The
transmission housing for a passenger car compared to arame of this program is FEMFAT® i(fte Hement
equivalent made of aluminium is just about 5 kg. Method +_FATgue). It will be described briefly in the
To use materials with high strength is one possibility tofollowing paragraph.
realise lightweight structures. In this case one must not
forget that the sensitivity to notches raises generally2. BASIC FATIGUE ANALYSIS CONCEPT OF
together with the ultimate stress limit if dynamical load is FEMFAT (http://www.femfat.com)
applied. Vehicles have to withstand dynamical loads and
their components have lots of notches. Several technoloAt each user selected FE-node a component S/N-curve is
gical treatments with positive or negative influence to thecalculated. The computation of this local S/N curve starts
life time usually are applied. How can engineers handlewith the well known S/N-curve data of the unnotched
notch factors and all other important influences to thespecimen and is influenced by the local properties and
lifetime during the development process? linear calculated FE-stress tensors for the static and
dynamic portions of the loading of the component (Figure
*Corresponding authoe-mail: w.steiner@ecs.steyr.com  1). The calculation methods used for the assessment of
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Figure 1. Modification of specimen to calculated component S/N curve.

FE-results in FEMFAT, can be allocated to the “B- sections. An estimation of the notch influence factors by
Method”. That means the used methods are based updhe engineer (from component tests or based on his
experimental and theoretical research results as well asxperience) would be possible, but is absurd with respect
on tests on special test structures and the experiende the functions of FEMFAT in the process of component
gained in the operation. The cardinal procedure is basedevelopment.
upon the Influence Parameter Concept described in Therefore a procedure is used which is based on the
(FKM-Richtlinie, 1994). relative linear FE-stress gradient (see Figure 2), that re-
When applying this concept, a consequently distinctionpresents the local geometrical conditions (“notch form”)
is made between amplitude-, mean-, and constant stressd the material behaviour. The method was verified by
tensors. The definition of the S/N-curve-model in the many specimen tests and has been used for many years in
double logarithmic coordinate system is that the lineardaily practice (Unyert al, 1996). With this method it is
damage accumulation is always done only with the FEpossible to calculate the influence of any notch geometry
amplitude stress tensor of the current hysteresis. All othein combination with any power strain.
influences on the local operating strength of a component
like stress distribution, notch effects, size, mean stres2.2. Influence of Mean Stress
mean stress rearrangement due to local plastificatiorf-or the damage effect of hysteresis it is important to
residual stresses, temperature distribution, quenching arkhow the amplitude and the static position of the
tempering conditions, surface influences like roughnesshysteresis. To consider the multiaxial interaction between
edge hardening by mechanical, chemical or thermal treaamplitude- and mean stress tensors a critical plane
ment, etc. are taken into account by a locally modified Simethod in combination with an uniaxial Haigh-diagram
N-curve. Generally the endurance limit of the S/N curveis used. Material specific differences between ductile and
is calculated as well as the slope and endurance lodorittle materials are automatically considered by the use
cycle limit of the straight line model. The concept of of the ratios between tension endurance limit/torsion
synthetically created S/N-curves was modified (e.g. Kt-

free calculation of notch effects and more flexibility of . Ok _
the formula parameters) and extended by influence pare \ /7 Stress Gradient:
meters described in references (FKM-Richtlinie, 1994). - gﬁl X =%‘,’—

2.1. KT-Free Estimation of Component Notches Relative Stress Gradient:
1 8o

The classic procedure using notch factors defined over X =%
stress ratio between linear notch stress and nominal stre
is not possible due to usually non definable nominal cros:Figure 2. Definition of the stress gradient.
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endurance limit and tension yield stress/torsion vyield i
stress at equivalent stress calculation. If local stress peal = Ty :’f“w;‘?' "
occur in the loading pattern of a component in the SR gkt T ¥ A
elastoplastic area of material, then mean stress tensors ¢ il e & ., T Tlth \
repositioned by using the Neuber formula in the cyclic kL B 7 e i B
stabilised o/e-Diagram. This meets the arise of local v SR ;&
residual stresses which may have a positive or negativ. =~ : ,ﬁ; fi > i
effect to the life time of a component. \ . R el i, 1\. ﬁ
] SN

2.3. Multiaxial Loading N ; S e
The module FEMFAT-MAX has been developed for the e .\ i "*- N
fatigue analysis of MitiAX ially loaded structures. This e e
tool helps development engineers to find the optimum o e

dimension of a component according to extremely comples

dynamical loads. Extremely complex means that the loacFigure 3. High-quality hexaeder mesh of a gearbox.
history cannot be divided into one mean stress, one

constant stress and one stress amplitude information.

An engine block, for example, is loaded in different dimensioned against break at ultimate input torque since
directions at several locations. The relating forces effecby experience this is the most critical load situation. The
the structure dynamically at the same time with differentpower divider is applicable for a great variety of heavy
load histories. We call each force together with its timeduty and all terrain vehicles up to 78 tons.
history achannel This means the stress tensors of a This example, however, should demonstrate the impor-
channel corresponds to a certain FE-load case, forance of stress analysis with common Finite Flement
example the gas forces, while the history file shows thesolvers which is the basis for the numerical fatigue
change of theses stress tensors in respect to timanalysis (Steinegt al, 1999).

FEMFAT-MAX can work with any number of different

dynamic channels in one session, if there are enougB.1. Nonlinear Stress Analysis

resources in the hardware and operating system-softwar&€igure 3 shows a high-quality hexaeder-mesh of the
As an option the load can be defined as a TRANSIENTgearbox. However, for the computation of realistic stress
computed sequence of stress tensors. results the mesh quality is not the only point to be taken

All load and history information is combined using an into account.
advanced method of the critical cutting plane approach. It was found that the stresses and deflections of critical
This method was derived from the procedure introducedegions are strongly influenced by the nonlinear behaviour
in the concept for mean stress influence for the multiaxiabf the tapered roller bearings. Thus, gap elements were
combination of stress amplitude tensors and mean stressed for modelling these parts. To highlight the effects of
tensors. To compute the interaction between all channelshe nonlinear bearing model, Figure 4 shows a comparison
in a series of cutting planes the whole stress informatiorof the stress results obtained from the nonlinear and from
is superposed, transformed to an equivalent stress and
ranged into classes before the damage calculation starts.

The results are damage values for all relevant cutting j— _ .
planes, which can be selected automatically by filters, " —— 55 - —
while the highest damage value is selected to be the mo - o, 5 LL_

critical in a certain plane. Iy 100 i

The load history can be received by different ways, R
e.g. measurement or simulation with MBS (Multi Body 7 T I ——a ™ 7
System), such as ADAMS. “rlL { Y1 T '
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FEMFAT also provides a powerful tool for the com- f I

putation of ultimate loads and safety factors against 1, | L e g

break respectively. For example, the housing of a nev

power divider developed in Steyr/Austria in 1997 wasFigure 4. Stress results from FE-computations.
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a linear cqmputatlon. . A Description maximum torque

In the linear case the bearings are able to transmit -
tensile loads which is not realistic. The comparisio off road, foreward motion 26 900 Nm
shows significant differences. The highest stresses occr ©n the road, foreward motion 32 000 Nm
in the vicinity of the bearings for the transmission shaft off road, backward motion 22 000 Nm
for a load case describing the conditions for backward — on the road,backward motion 30 500 Nm
motion off road.

The differences between the linear and the nonlinear
results are greater than 100 percent in these domain ™|

I basi: versinn

This observation shows clearly that nonlinear modelling

of the tapered roller bearings is essential for stres: ** Bimproved o
assessment (and as a consequence for fatigue behavio

of the gearbox. i

3.2. Optimization Process with FEMFAT i

The distribution of safety factors against break is showr“‘;r

in Figure 5. The plot provides most clear and compressei N

information for the fatigue assessment and indicates wher i

improvements of the gearbox are required. In order tc

minimize weight it is reasonable to make the design ol

stiffer only in those regions where it is necessary. Urcdcdroccd 2 ceesinokd 1 cemerokk 4 crcsinock 3 ciceleeth
For the gearbox the safety against break could be
improved significantly by executing just a single design
loop. Figure 6 shows the improvement of the safety
factors. The increase of the weight in the optimized It turns out that in foreward motion on the road higher
structure is less than 3 percent. input torques are possible than in backward motion off
The optimized gearbox was finally approved by road. These features coincide with the demands on the
computing the safety against endurance failure. For thigiearbox in practice.
task the input torque was applied as pulsating load. In this
case the amplitude stresses are equal to the mean stressesMULTIAXIAL FATIGUE ANALYSIS OF A
For each load case the input torque was chosen such th@RANKCASE
the minimum endurance safty factor is equal to 1. These
are the maximum torques which the gearbox can endur@he fatigue assessment of engine components such as
They are listed in the table below: crankcase (see Figure 7), crankshaft or conrod usually
confronts the engineer with great problems. On the one
hand, the loading and load distribution is often not known
very well, on the other hand, there are lots of load states
y occuring during one engine cycle which have to be

- ERAORRTE

Figure 6. Improvement of safety factors.

Figure 5. Safety factors against break. Figure 7. FE-model of a crankcase.
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i 4.2. Elasto Hydro Dynamic Bearing Computation
Elastohydrodynamics deals with the problem of inter-
acting elastic parts and hydrodynamic oil films. With the
S tool FEMFAT EHD it is possible to compute the loadings
! of plain journal bearings and generate a time history of
these loadings.
The following influences are taken into consideration:

- Geometry of the bearing

- Arbitrary global loadings

- Oil data

- The flexible surrounding (FE-model)

oirbcal hsics

The analysis is based on a quasistatic solution, vibration
‘F effects of the elastic structure are not taken into conside-

seaing i ration. The geometry of the bearing can be arbitrary.
There can be oil grooves, oil bores, unsymmetric bearing

Figure 8. Loading of a crank case. The right picture showshells and boundary conditions like given oil pressure on
a polar diagram of the main bearing resultapt.t an oil bore.

- The results of a FEMFAT EHD computation are:
- Dislocation orbits

analysed. - Qil film pressure dependent on crankangle
Clearly, each component of the stress tensor varies in a

different way and the directions of the principal axes will Spmmen‘eld number .
. - Displacements of bearing shells
not remain constant.

. . . .- Oll flow through bearings
Strictly speaking, we have to deal with a transient . : 4 .
) . : - Time history of the bearing forces in every node of the
fatigue process. In this section we demonstrate how to

harteontal forcs

TR FE-model
compute damage distributions for such complex load
situations by means of FEMFAT-MAX. Among detailed information about the bearing proper-
ties, this data provides also the most advanced base for
4.1. Loading of the Crankcase fatigue analysis of main bearings, crankshaft, connecting

Dynamic loading of engine components results from gasrod, etc., by the FEMFAT fatigue modules.

and mass-forces on the one hand, and from thermal cycles

on the other hand. Here, we focus on the mechanicad.3. Fatigue Analysis using Femfat-Max

loading due to gas- and mass-forces which usually adfor the fatigue analysis of the crankcase the stress state is

millions of times during the life of an engine, whereas thecomputed for rotation-intervals of 20 degrees. A pre-

engine will undergo just a few thousand thermal cyclesprocessing tool enables an automatic detection of the
Generally, the gas- and mass-forces yield the followingmost critical state within each interval.

loads in a crankcase (Figure 8): For a four-cycle engine we end up with 36 consecutive

stress-states (2036=720) as the basis for the following

fatigue computation.

Note that there exists a very simple and natural way

- Crankshaft-bearing forces

- Balanceshaft-bearing forces
- Gas pressure on cylinder head acting on the crankcase
via cylinder head bolts

- Side forces from the piston 1
- Inertia forces due to /\ 01000000 .... Load factor for 20 degrees
0

For the computation of the main bearing forces severa 1
simulation methods are available. The most accurat /% 00100000 ... Load factor for 40 degrees
results are provided by an elasto-hydrodynamic bearin¢ ~ °** **orerreme
analysis which takes into account the influence of the /\ 00010000 ... Load factor for 60 degrees
bearing deformation on the behaviour of the oil film. 0A~-~1/ e

Finally,_ the st_r(_ass states for the loading for severa 1 40001000 Load factor for 80 degress
consecutive positions of the crankshaft must be investi . /\
gated. Usually a quasi-static stress-analysis is sufficien
for a reliable fatigue analysis. Figure 9. FEMFAT-MAX-channel definition.

1
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how to analyse a complete transient process with thenission case for passenger car engines of the upper
channel-conception of FEMFAT-MAX. One simply has power range.
to define a seperate channel for each stress state and aThe FEM & fatigue analyses and tests were realised in
corresponding load factor equal to one if the state isa co-operation of AUDI AG and the Technologie Zentrum
currently active and equal to zero otherwise. In this sens8teyr TZS, a profit centre within Steyr Daimler Puch
the load factors are tent-functions (Figure 9) switching on(Steinwendergt al, 1998).
and off the stress states in the correct chronological order. The strains in the flange area of the transmission/
The load factor definition can be applied easily. However.engine were measured in a vehicle during driving condi-
in the current version of FEMFAT-MAX this method has tion. Basing on the measurements a loading cycle was
been also implemented such that the loading factors foderived which was used for a laboratory test as well as for
transient problems need not be defined any more. a fatigue simulation. The damage computation considers
Finally, the multi-axial fatigue analysis yields a damagethe interaction of the multiaxial loads.
distribution Dy for a 720-degree cycle. In order to obtain
the fatigue assessment for a running engine the damadel. Modelling Techniques
for one cycle has to be scaled. For example, for an enginéor the numerical investigations the gearbox including all
that runs 400 hours at 7000 RPM we end up with cases, covers, bolts, bearings and shafts were modeled.
The gear box is connected to an engine model. In the
Daoon= Deyee - 400 - 7000 - 6072 flangg areas the model consists ofgthree—dimensional
The factor ¥z results from the four cycle process. Ofhexaeder elements, however, for saving computer power,
course, the result of the fatigue analysis will depend orwe used shell elements for thin-walled parts.
the step size of the time-discretization. For a 10-degree For a reliable assessment of the critical areas so-called
step size more accurate results will be obtained. Howsub-models with very fine meshes were generated. Defor-
ever, the method should converge for an increasingnations and boundary conditions of the global (coarse)
number of stress states. model are projected onto the sub-models by means of the
Figure 10 shows the computed damage at a few pointsoftware FEDIS which is available as a stand-alone part
of a three-cylinder crank case depending on the numbesf FEMFAT. The stresses computed for the sub-models
of stress states. One can observe that the difference for 28e much more realistic than for the global model and
and 26 states is already zero for the first two points. thus, the fatigue analysis becomes more reliable.
The global model also includes all shafts and bearings.
5. OPTIMIZATION OF A NEW MAGNESIUM Stiffness and life time of the rolling bearing depend
GEAR BOX (AUDI MULTITRONIC CVT) nonlinearily on the load magnitude and the load direction.
The interaction between housing, shafts and bearings was
For the development of transmissions for high perfor-simulated using an iterative procedure developed in co-
mance vehicles a lot of criteria have to be consideredoperation with SKF Schweinfurt. For that purpose the
This section discusses the step-by-step improvement dfE-model was condensated to the bearing areas. The
the stiffness and strength of the new AUDI MULTI- SKF-Software BEACON now computes stiffness-matrices
TRONIC (http://www.audi.com) with magnesium trans- of the rolling bearings defining the parameters of the
bearing-elements in the FE-model. An updated stiffness-
matrix of the housing is computed for the modified
bearing elements and serves as input for the next loop.
Just three loops were necessary for achieving convergence

i il yielding much better stress-results and therefore an
2 s improved fatigue analysis.
[mECE =

ﬂ 5.2. Material Data and Simulations

Magnesium was used for gearboxes and crankcases
already in the first VW-Kéafer (VW-Beatle) in 1938.
Because of the low density and the fine conformability
during the casting process magnesium is how again used
at AUDI and VW for new gears.

It turned out that the strength of magnesium decreases
significantly under the influence of corrosion which has
Figure 10. Convergence of the fatigue analysis for into be taken into account in the simulations during the
creasing number of investigated states. developing process.
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Additionally, the slope of the S/N-curve does not de- However, the fatigue analysis shows that the more critical
crease for increasing load cycle numbers (Kriegted,, zone with respect to the dynamic loading can be found in
1989). For understanding this characteristic very timethe upper part of the flange. The damage in this area is
consuming experiments must be performed. Thus, den times higher than in the other crtical point.
numerical simulation in combination with experimental The computed damage values are in very good agree-
tests can contribute to a time reduction of the wholement with the experimental results with respect to position

developing process. of the critical spots and even with respect to magnitude.
The absolute deviation between the numerical simulation
5.3. Multi-Axial Fatigue Analysis and the experiment is equal to factor 2 to 4.

For the experimental simulation of the loading under Based on the simulation results several modifications
driving conditions the gear box was mounted on a fixedof the gear box could be recommended. The damage of
crankcase and dynamically tested by means of two forcesritical area in Figure 11 could be improved by factor 9.
The experiment was performed on a servo-hydraulic test
bench designed such that every phase-position betwedh THERMOMECHANICAL FATIGUE
both cylinder-signals can be achieved. The combination
of both cylinder-forces yields a rotating bending load. The objective of the new module FEMFAT HEAT is the
Phase position and force-magnitude are chosen such thiaw cycle fatigue analysis of thermal and mechanical
the strains in the flange areas coincide with the measurekighly stressed components. Especially engine parts like
strains during driving operation. These forces also serveylinder head, piston, exhaust manifold, etc. have to
as input for the numerical fatigue analysis of the gearboxsatisfy design criteria with regards to economy, efficiency
Since the two (time-dependent) forces are acting simuland environment.
tanously a multi-axial fatigue problem must be solved. Together with BMW Motoren GmbH (Diesel Engine
Each channel is defined by a normalized stress distribevelopment) a procedure has been developed that is
bution for two unit load cases and a time-dependent scalbased on experimental results. These are isothermal cyclic
factor. strain limits at different temperatures and strain limits for

Figure 11 shows the result of the multi-axial fatigue temperature loading. FEMFAT HEAT combines this
analysis with FEMFAT-MAX for a sub-model of the material behaviour with component related properties
flange area between gear and engine. One can obserlike the geometry for each combination of thermal and
different areas of maximum stress for each unit load casenechanical loads.

The result is a damage distribution displayed with the
users FEM-program at the component.

7. CONCLUSION

Today, the optimization of strength and stiffness by means

Stress for
Stress for channel 2

channel |

FEMFAT-MAX
Damage D
Figure 12. FEMFAT HEAT applied to a BMW V8 diesel
Figure 11. Result of the numerical fatigue analysis. engine cylinder head (http://www.bmw.de).
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of numerical fatigue simulations plays an important role Entwicklungszeiten am Beispiel eines Magnesium-
in the developing processes in automotive industry. getriebegehéduses DVM Bericht 123.

Despite the enormous capabilities of modern softwareSteiner, W. and Fischer, P. (1999). Fatigue Analysis of the
products like FEMFAT experimental tests can not be power divider gear VG350(Rroceedings of the™
omitted. However, the key benefit of numerical computa- Congress on gearing and Power Transmisskeris.
tions must be seen in the scope of comparisons ofteinwender, G., Schlicht, O. and Suchandt, T. (1998).
constructive modifications and of overall inspections of  Struk-turoptimierung eines neuen Getriebegehduses
critical areas. Therefore, we might expect future decreases aus Magnesium mit der FE-MethodeyI Konferenz,
of developing times from a high-level numerical fatigue Getriebe in Fahrzeugen 9Briedrichshafen.
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