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ABSRACT

Using a commercial vehicle forged axle body made of a low-alloyed steel as an example, the present
paper demonstrates the usefulness of the Short-Crack-Model for the fatigue analysis and the design
optimization of engineering components during their early developmental stage. The cyclic material
input data used were approximated by means of the Uniform Material Law based only on monotonic
material properties. The design load sequences acting at the axle have been measured during driving
a vehicle on an appropriate test track. The influence of the surface roughness has been evaluated
using the equation of Hiick et al.. Life reducing effects resulting from the variable amplitude loading
sequence have been explored comparing SCM-calculations with conventional ones based on the
Pgyr-parameter. The main task of the investigation is the evaluation of stress ratios of real acting to
allowable maximum stresses at the failure-critical locations of the axle body, which quantify the
necessity for local design optimization to achieve satisfactory fatigue lifetime.

1 INTRODUCTION

In view of the increasing demand to reduce developing times and costs of novel
engineering products, computational models for fatigue analysis become more and more
important even in the hitherto more experimentally oriented application areas. Among
many models available in the literature, the Short-Crack-Model (SCM) developed by
Vormwald [1] based on fracture mechanics analysis of semi-circular surface micro-cracks
offers one possible way to predict fatigue life-to-initiation of cracks with lengths of
technical size (=1mm) in structural components under variable amplitude loading.

This paper shows the fatigue analysis performed in accordance with the SCM to
optimize the local design of a forged commercial vehicle axle body at an early stage of
development, when prototype components are not available. Emphasis is given on the
elastic-plastic analysis considering the influences from the surface roughness and the
variable amplitude load sequence.

2 DESCRIPTION OF THE SHORT-CRACK-MODEL

The SCM assumes that there is either a pre-existing micro-crack at the failure-critical
point of the component under investigation or the lifetime to the initiation of the micro-
crack under cyclic loading is very short. The growth of such micro-cracks of a certain
crack-depth a, to a final (failure) crack-depth a, of about 1 mm is described by elastic-
plastic fracture mechanics. The input data of the model are:



> the crack-growth law (da/dn=f4J.p)), the cyclic stress-strain curve (e,~f;(c,)) and the
constant amplitude strain-life curve (g,=/>(NV)) of the material,
» the elastic notch factor c*, expressing the relation between elastic local strain ¢,; and external

load L
» the load sequence.

Taking the material data as a basis, the macroscopic elastic-plastic g-¢ path at the failure
location of the component is evaluated using c*, a notch approximation formula such as the
Neuber’s rule [2], considering the Masing [3] and memory behavior. The effective ranges of
stress Ao,y and strain Ag,; can be estimated using Newman’s [4] crack opening stress equation
developed for constant amplitude loading considering that crack opening and closure occur at
nearly the same strain value [1].

Using the effective range of the J-integral A/ as formulated by Dowling [5] and defining a
crack-depth independent damage parameter P; as
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lifetime-to-crack initiation (crack length~1 mm) can be calculated using a linear damage accu-
mulation theory. In eqn. (1) £ and n’ represent the Young’s modulus and the cyclic hardening
exponent of the material, respectively. For arbitrary load sequences, the integration of the crack-
growth law is equivalent to the linear damage accumulation using a P,-N-curve according to

P"-N=Q forP>P;; (P;z=endurance limit in P, values), )

if a log-log representation for both the crack-growth rate curve and the P,-N-curve is applied.
The constant Q in eqn. (2) corresponds to the fatigue life at P/=1 N/mm’. The slopes of the
crack-growth rate curve and the P,-N-curve must have the same value m.

To consider the mutual effects between small and large cycles in the case of variable
amplitude loading, Vormwald et al. [1] introduced additional algorithms for calculating the
crack-opening strains on a cycle-by-cycle basis.
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2.1. Consideration of the surface roughness

The best way to consider the surface condition is to determine the cyclic material properties
using specimens, which exhibit the same surface conditions as the component under
investigation. However, this way often requires a high precision manufacturing input and costs,
and is, therefore, not feasible to many engineering applications. The most reasonable way is to
use material data determined from polished specimens and to consider the influence of surface
roughness separately.

Based on comprehensive experimental data from Lehr [6] and Siebel and Gaier [7], Hiick et
al. [8] proposed the following empirical approximate relationship to estimate the decrease of the
stress endurance limit o due to the surface roughness
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Figure 1: Axle body and critical location under investigation

The subscript “E” in eqn. (3) denotes the endurance limit. oy7s and the mean roughness R, are to
be substituted in N/mm” and pm, respectively.

Assuming that the elastic behavior is macroscopically dominant in the region of the
endurance limit, the elastic term of eqn. (1) yields an approximation for the P,z-value to the
rough surface condition
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Herein, the crack closure stress oy .ougn can be evaluated using Newman’s [4] equations for a
fully reversed stabilized o—¢ hysteresis with a stress amplitude of k-6,

As an approximation, the number of the failure cycles N and the slope m of the P,-N curve
describing the lifetime-limited path are assumed to be the same for the rough surface as that for
the polished surface.

3 FATIGUE ANALYSIS OF THE AXLE BODY

Figure 1 shows a rough drawing of the forged axle body under investigation. Its nominal
payload amounts to 83 kN. Several critical locations exist for which fatigue analyses have been
performed. The arrow in Figure 1 indicates the most critical location for which the fatigue
analysis and the corresponding results are presented in this paper.

3.1. Material properties

The axle is made of the fine-grained low-alloyed steel FeE500 produced in accordance with
the German standard DIN 17103. At the time of this investigation, the required cyclic material
data were neither available at the manufacturer of the axle nor in handbooks [9]. Therefore, they
have been approximated by means of the Uniform Material Law (UML) [10]. The UML uses
oyrs and E to estimate the material constants to describe the cyclic o,-¢, curve in accordance with
the Ramberg-Osgood Law [11]
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and the constant amplitude ¢,-N curve in accordance with Manson’s [12] and Coffin’s [13]
equations
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Considering oy75 =610 N/mm? for FeE500 (according to DIN 17102) and £=210000 N/mm?
for steel, the cyclic constants of FeE500 amount to:

K'=1.65-0,,, =1006 N/mm®, 7
n'=0.15 ®)
0, =150, =915 N/mm?, Q)
b=-0.087, (10)
£,=05¥=051=05 (¥ =1 for g,/ E<0.001). (11)
c=-0.6 (12)

3.2. Load sequences

The strain-time sequence acting at the critical location of the axle body has been measured
by means of strain gages during test-driving on a test track using a milled axle providing the
same dimensions as those of the forged axle under investigation. Figure 2 shows the two-
dimensional level crossing spectrum derived from the measured strain-time sequence normalized

by the maximum strain value &,,.
3.3. Surface roughness

In accordance with the design instructions, the serial axle body will be manufactured by
forging, and its surface will be cleaned by sand-peening after the forging process. As a result,
roughness and residual stresses are expected to act at the surface.

Siebel and Gaier [7] designate possible mean roughness values R, till up to 120 pm for a
forged surface. Taking R,=120 pm and o7 =610 MPa into account, the x-factor estimated with
Hiick’s et al. [8] equation amounts to x=0.69.
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Figure 2. Normalized strain spectrum measured at the critical location




The shift of the PN curve due to the surface roughness is calculated considering x=0.69 and
the endurance limit P, ¢, according to eqn. (4) to
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Note that the values of R, and oyrs used here are rough approximations and need to be
experimentally verified as soon as a prototype axle is available.

3.4. Surface residual stress state

Residual stresses may arise to the surface due to the forging and the sand-peening processes.
Using the example of a forged and sand-peened automotive steering shaft, Ref. [14] demonstra-
tes that residual stresses have a secondary influence on the fatigue life compared to the one re-
sulting from the surface roughness. They decrease rapidly when the surface of the component
sees plastic deformations due to the external loading. In the present case study, the strains
measured at the critical location point out significant local plastic deformations. Therefore,
influence of residual stresses has not been considered in the current analysis.

Nevertheless, the residual stress state should be measured, e.g. by means of X-rays, when a
prototype axle will be available, to adjust the theoretical analyses.

3.5. Results

Figure 3 shows the fatigue life results calculated in accordance with the SCM for the
polished and rough surface condition and those calculated with the Local Strain Approach
supported by the well-known parameter Pgyr of Smith-Watson and Topper [15]. The calculations
concern the most critical location and are valid for P¢=50%.

Despite the fact that Pgyr generally disregards load sequence effects while SCM fully consi-
ders them, the comparison of both curves for the polished surface shows that these effects yield a
factor of approximately 10 in the fatigue-life. The comparison of the SCM-curves for the po-
lished and the rough surface condition explores a life factor of approximately 2 due to the rough-
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Figure 3: Fatigue life curves calculated in accordance with the SCM and the Pgwr parameter



ness influence. In accordance with the SCM-calculations the maximum stress has to be reduced
to its allowable value of 72% of the actual one. The Pgyr-calculation would accept the actual
axle design.
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4 CONCLUSIONS

When only monotonic material properties are available, the application of the UML is a pra-
cticable way to obtain the necessary cyclic input data. In this manner, the amount of experi-
mental works required for determining cyclic material data can be considerably reduced.
Effects resulting from the variable load sequence and the surface roughness can be
reasonably considered and quantified within the SCM.

The local design of the axle has to be optimized in a way that the maximum allowable strain
will not exceed 72% of the measured value.
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