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PREFACE
This volume represents a selection of papers presented at the Fatigue Design 1995
Symposium held in Helsinki, Finland. The meeting was organised by VTT Manufacturing
Technology and co-sponsored by the European Structural Integrity Society (ESIS) and the
American Society for Testing and Materials (ASTM). FD'95 was planned following positive
response to the previous Fatigue Design 1992 symposium and resulting special ESIS
publication (Fatigue Design, ESIS 16).
One objective of the Fatigue Design symposium series is to help bridge the gap that
sometimes exists between researchers and engineers responsible for designing components
against fatigue failure. The large portion of papers authored by engineers working in industry
illustrates that this objective is being realised. Papers provide an up-to-date survey of
engineering practice and a preview of some design methods that are advancing toward routine
application.
Subject areas touch many fields of engineering: automotive and ground vehicle industries,
structural engineering, and power generation. It is our belief that such multi-disciplinary
forums help stimulate the transfer of technologies from one field to the next and between
academia, researchers and practising engineers. A majority of the papers deal with testing,
design and analysis of real components. The problems are real and the methods developed
and applied can hopefully provide new ideas for others responsible for ensuring adequate
fatigue strength for components and structures.
Readers will find several key themes which arise from these proceedings. First is the
increasingly important role that multiaxial fatigue continues to play in component design,
testing and analysis. A related theme is the continued move toward fatigue testing and design
using more realistic load histories. Uniaxial constant amplitude load testing is being
supplimented by spectrum and multiaxial load testing. The third significant theme is the
developing role of reliability methods in fatigue design. Innovative designs cannot rely on
previously determined safety factors. Optimisation demands that variability in material
properties, component usage and manufacturing be considered. The final key theme is the
importance of introducing design rules that are easy to apply. Design methods must always
provide a balance between accuracy and simplicity appropriate for the industry and type of
component being considered.
A large number of people contributed to the success of both the symposium and this
publication. The editors gratefully acknowledge the roles played by the scientific committee,
manuscript reviewers, advisory board, as well as the staff members at ESIS, Elsevier, ASTM,
and VTT. The most significant effort and greatest thanks, however, is due the authors who
have invested countless hours both in the laboratory and in preparing their papers.

G. Marquis and J. Solin, Editors
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FATIGUE ASSESSMENT OF AN AUTOMOTIVE SUSPENSION COMPONENT USING
DETERMINISTIC AND PROBABILISTIC APPROACHES
J. Devlukia, Rover Group, Gaydon Test Centre, Lighthome, UK
H. Bargmann, I. Rustenberg, EFF Lausanne, Lausanne, Switzerland

ABSTRACT
This paper contains a case study on the fatigue assessment of a forged component for an automotive
suspension. The fatigue strength reduction effects of the 'as-forged' surface resulting from the surface
roughness and the presence of residual stresses were investigated. Test results under constant and
variable amplitude bending loads are presented. In addition, test data on hourglass specimens specially
prepared from the component material (a low alloy, medium carbon steel) under two different surface
conditions, were also obtained to compliment the fatigue studies for the suspension arm.
A range of analytical techniques were used to predict the effects of the surface condition on the fatigue
behaviour, including a probabilistic approach in which the surface roughness and residual stresses were
treated as random variables.

KEY WORDS
Suspension arm, surface condition, roughness, residual stresses, fatigue, fatigue assessment, forged
component, probabilistic approach

NOMENCLATURE
b, c
E
Kt
Kf, Ksf
k', n'
A^f, 2Ni
R
ra, rt
Rm
AS
Ae, Aa
Ea, Ca

Fatigue strength, ductility exponents
Modulus of elasticity
Theoretical stress concentration factor
Fatigue notch factor, surface strength reduction factor
Cyclic strength coefficient, strain hardening exponent
Fatigue life: number of cycles, number of reversals
Load (stress) ratio
Average, peak surface roughness
Ultimate tensile strength
Nominal stress range
Local strain range, stress range
Strain amplitudeA8/2, Stress amplitude Aa/2
1
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e'f, CJ'f
Gm, Or
FN^N)

Fatigue ductility, strength coefficient
Mean, residual stress
Fatigue-life distribution

INTRODUCTION
The automotive industry is under continuous commercial and social pressure to deliver lower cost,
more reliable and more environmentally friendly products for mass consumption. Hence, the
challenges faced by the design engineers in this industry include delivery of lightweight but durable
structures, reliability in service and shorter design lead times. In turn, these challenges generate
requirements for tools and methodologies which allow optimisation of load bearing components for
minimum weight while guaranteeing failure free performance in service. In other words, the ability to
realistically predict with accuracy the fatigue life of a production part under complex service loading
conditions is vital for the delivery of efficient designs.
Fatigue design methodologies for metallic components in the ground transport industries have been
traditionally based on the so called Stress-Life (S-N) curve credited to Wohler. This approach
essentially deals with linear elastic stresses and strains, and hence it is applicable to components such
as crankshafts, con-rods etc., which experience High Cycle Fatigue (HCF) where, typically, the number
of loading cycles to failure Nf exceeds 10^. The relationship of the material fatigue curve to a specific
component feature and loading condition is via empirical factors and 'rules of thumb' to cater for
cumulative damage, surface roughness, stress concentrations resulting from notches and geometric
discontinuities, mean stresses and multiaxial stress states [1]. This approach was found to be
inadequate when required to handle lightweight designs, where the operating stresses were likely to be
in excess of the yield point of the material. Hence over the last three decades, with a major effort
supported by the Society of Automotive Engineers in the USA [2], a methodology based on Strain-Life
(e-N) has been developed to model the elastic-plastic deformation of materials. These models are
typically valid for Low Cycle Fatigue (LCF) applications (10^ < Nf < 10^). Much of the validation of
these theories, however, has been carried out on laboratory specimens.
The e-N approach suffers from serious limitations when applied to practical production components.
The basic algorithms are inadequate when dealing with real surface conditions (roughness as found on
'as-cast' or 'as-forged' surfaces, residual stresses, etc.) and multiaxial stress states. The problem of
multiaxiality is considered vital for lightweight design of solid parts (suspension linkages, engine parts,
etc.) which experience multiaxial stress states as a result of combined loading or as a result of complex
geometry which are unavoidable on practical components.
A further points merits discussion. The automotive industry is a 'volume' production industry with
parts manufactured in large batches. There is a likelihood of significant part-to-part statistical
variations in dimensional tolerances, surface roughness characteristics and residual stresses. Hence a
'reliability' oriented design approach, based on a probabilistic description of the design variables to
predict the probability of survival for an entire batch is needed.
The objective of the investigation reported in this paper were therefore to validate some of the current
fatigue life prediction approaches for dealing with the effect of notches and surface condition on
mechanical parts in both Low Cycle Fatigue (LCF) and High Cycle Fatigue (HCF) regimes. Of
particular interest was the comparison of the behaviour under constant and variable amplitude loading.
Furthermore, since the part selected was manufactured in large batches, with a likelihood of significant

http://simcongroup.ir

Fatigue Assessment of an Automotive Suspension Component

3

part-to-part variation in dimensional tolerances, surface roughness and residual stresses, the validity
checks on some probabilistic approaches, where these factors were treated as random variables, were
also attempted.

TEST PROGRAMME

Component Test Programme

Component Description. The mechanical component selected for this investigation, as shown in
Fig. la, forms part of a front suspension of a car. The component provides a typical example of a
current production part which is manufactured in large batches. It essentially consists of a short, solid
cantilever beam, attached at right angle to a thick-walled tube. This component, when mounted in the
car, is free to swing freely on a pair of bearings embedded in the thick-walled tube section. The vertical
wheel loads at the free end of the cantilever section are reacted by a suspension damper, mounted at the
raised boss located about half way along the beam. The fillet radius at this boss represents a stress
concentration feature because of the changes in geometry. In addition, this critical zone has a surface
skin with 'as-forged' surface roughness characteristics. The investigation focused on the initiation of
fatigue cracks at the root of this feature.
The component batch was hot die forged from a medium carbon steel. En 15 (150m36), which was heat
treated to 'R' condition. The composition of this material is indicated in Table 1 below.
Table 1 Chemical composition of Enl5R (in wt %).

c
0.40

Si
0.17

S
0.004

P
0.022

Mn
1.59

Ni
0.17

Cr
0.07

Mo
0.02

The material tensile properties were: Rm = 830 MPa, Rpo.s = 580 MPa and E = 195 GPa.
Component Test Set-up. The components were tested under bending with a servo-hydraulic actuator as
shown in Fig. la. The component tests were performed under load control. Crack initiation in the fillet
radius was sensed using an 'Alternating Current Potential Drop' (ACPD) system. The drop in
demanded load signal correlated with the ACPD signal, hence the majority of the tests were monitored
automatically by the test software. At failure, a typical fatigue crack was about 10 mm long on the
surface and around 1 mm in depth.
The servo-hydraulic actuator control system could deliver either a constant amplitude sine wave
loading history with adjustable frequency and amplitude, or a variable amplitude time history. The
latter was based on the so called 'CARLOS-VERTICAL' [3] loading sequence for car suspensions.
This standardised load sequence for car wheel suspension components has 136,084 loading cycles and
represents a mission of 40,000 km on European roads. The sequence consists of variable amplitude
cycles superimposed on a mean stress.
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Component Surface Characterisation. Residual stresses (in the longitudinal direction) were measured
on a batch of components using X-ray diffraction techniques. The measurement of surface roughness
around the notch radius proved difficult. However, this was identical in character to the roughness of
the straight surface close to this notch, hence these surface roughness measurements were used. The
maximum peak-to-valley height, 'rt' and %' which represents the arithmetic mean of the departures of
the roughness profile from the mean line, were measured in the gauge length of about 10 mm using a
Telysurf machine.
The components were fatigue tested in the 'as-received' condition with the critical site exhibiting 'asforged' surface roughness. Some baseline tests were also conducted with the notch area hand-polished,
using grade 1200 emery paper to remove the surface roughness.

Specimen Test Programme

Specimen Description. In order to facilitate a detailed characterisation of the Enl5R steel for its fatigue
behaviour, special hour-glass-shaped, cylindrical specimens with parallel gauge sections were
prepared, see Figs, lb and Ic. The material used for these specimens was obtained from standard
barstock (several batches) and also out of the actual production components (from longitudinal and
transverse sections). In addition, a special batch was also hot die forged from the same material to
obtain 'as-forged' surface condition. The heat treatment and the surface finish were practically
identical to those for the production component.

Specimen Fatigue Tests. The specimens, both in the ground or in the 'as-forged' surface condition,
were fatigue tested under strain control with fully reversed push-pull loading in a servo-hydraulic test
machine (MTS type 810) for the baseline material characterisation in the LCF regime. However, a few
tests were also performed under load control in the HCF regime for fully reversed stress (R=-l) and
with a positive mean stress (R=0). Failure in the LCF regime was defined as 5% load drop-off which
coincided with a surface circumferencial crack length of about 2 mm.
The same servo-hydraulic machine was also used for variable amplitude testing. For these tests, a
modified version of the CARLOS-VERTICAL signal was used. The mean stress on the original signal
was omitted together with minor cycles with amplitudes less than 25% of the largest amplitude in the
sequence. The modified sequence had 31,289 cycles.

Specimen Surface Characterisation. A number of 'as-forged' specimens were randomly selected for
measurements of the surface roughness which were conducted on a Telysurf machine. Two test lengths
(top and bottom of the gauge section) of about 10 mm at 90° to the flash lines were traversed to obtain
the centre line average roughness 'ra' and the maximum peak-to-valley height 'rt' measurements.
Surface roughness measurements on the ground specimens were also obtained by the same method.
Surface residual stresses were measured using X-ray techniques. Both axial and circumferencial
residual stresses were measured in the gauge section on the 'as-forged', ground and polished
specimens.
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TEST RESULTS AND ANALYSIS
Specimen Results

Constant Amplitude Results. A typical example of the fatigue response of Enl5R material in the
ground condition under constant amplitude loading is shown in Fig. 2. There was little difference
between various batches of Enl5R, provided the surface preparation was the same. A comparison of
the ground condition with the 'as-forged' surface is shown in Fig. 3.
The surface roughness parameters 'ra', and 'rt' for the 'as-forged' surface were found to have average
values of 8.3 |im and 54.4 jLim respectively. These values, together with the tensile strength of the
material were used to predict the surface finish factor, Ksf, using the ESDU curves [4]. This factor was
used in Neuber's rule to predict the reduction in fatigue lives, as shown in Fig. 4a. There, in place of
the fatigue notch factor Kf, the term K/Ksf was used, Kt being the geometric stress concentration
factor; see below.
The residual stress measurements indicated an average compressive stress of about 272 MPa in the
longitudinal direction. These figures were used in Morrow's equation [5]

f = ^j:^{2N,f+e,'{2Nj

(1)

to predict their effects on the fatigue performance of Enl5R, as shown in Fig. 4b.

Variable Amplitude Results. The variable amplitude test results obtained on specimens with ground
and 'as-forged' surface finish are shown in Fig. 5. The predicted curves for the appropriate surface
condition using Miner's summation and smooth specimen data (as shown in Fig. 2) are also included
on the same plot.
Component Test Results

Constant Amplitude Results. The constant amplitude test results obtained under bending loads on the
suspension arm are shown in Fig. 6. Results in the 'as-received' (as-forged) condition as well as with
the critical site (where the cracks initiated) polished by hand to remove the surface roughness are
included. The predicted curves based on the smooth specimen data mentioned above, stress
concentration factor Kt, which was measured to be about 1.3, and the surface finish factor Ksf
(estimated to be about 0.77 from ESDU curves) are also included in this graph.

Variable Amplitude Results. The variable amplitude test results (CARLOS-VERTICAL Sequence) are
shown in Fig 7. The predictions based on smooth specimen data, on stress concentration factor
(Kt= 1.3), on surface finish factor (Ksf= 0.77), and on the use of Miner's summation, are also included.
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Probabilistic Analysis of Component Data
In this analysis, both the surface finish factor, Ksf, and the residual stress, (5r, were assumed to be
independent random variables. Experimental measurements carried out on a batch of components
established the following statistical characteristics:
• normal density of the surface finish factor with mean value E{Ksf} = 0.77 and standard deviation
(var{Ksf}f' = 0.025;
• normal density of the residual stress with mean value E{ar} = -272 MPa and a standard deviation
(var{ar}f^ = 41.8MPa.
The above probabilistic inputs were used to calculate the probability of failure based on the CoffinManson equation,
K = 1 - ^ |^(2Ar,/+8/(2iV,r

(2)

the hysteresis loop equation.
1

'•=^H^;
andNeuber's rule.

^ ^ ^

= CTaea

(4)

E
The residual stress effects were predicted using the Goodman correction in the first term of the righthand side of the Coffin-Manson equation, and the surface roughness effects were predicted substituting
Kt/Ksf for Kf in Neuber's rule.
The "CPFI-Complete Probability Fast Integration" method [6], developed as part of this investigation
and briefly described below, was used to predict the probability of failure as shown in Fig. 8a and 8b.
In the CPFI approach, the fatigue-life distribution FAK^AT) -V{N_<N]
of a component, and hence the
reliability R(AO = P{iV > A/"} = 1 - FA<AO, i.e., the probability that the random lifetime ^V does not fall
below a given value A^, is always expressed in a multiple-integral closed form. The life distribution is
given by

F^(A^) = P{iV<Ar}= J 4 , (8„a,y£,Ja,

(5)

where /^ ^ (Ca'^r) is, in general, a joint probability density, and D^ denotes the failure region in the
space of the random variable 8a and Or, i.e..

-oo < (J < oo

1 - ^ ^(2;V,f+e/(2JV,)'<83<o=
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In contrast to approximate methods currently employed, in CPFI a rapid algorithm is developed which
directly computes the right-hand-side of (5); it gives the exact solution, to any desired accuracy, for the
entire ranges of fatigue-life and reliability. For further details on this method, see Bargmann et al. [6].

DISCUSSION
The analysis of the constant amplitude test data obtained on the 'as-forged' and on the ground finished
specimens indicates that there is a significant reduction in fatigue strength under both LCF and HCF,
resulting from the quality of surface finish. The data scatter in HCF does not show a clear distinction
between the two surfaces. This is presumably due to the effects of surface roughness being
counteracted by the presence of residual stresses. A prediction based on Goodman's correction shows a
life improvement factor of about 1.3 due to the presence of the compressive residual stresses.
However, this improvement is counteracted by the reduction in strength as a result of a reduced surface
finish factor resulting from the surface roughness. These two effects cancel each other in the HCF and
no clear distinction is apparent between the two sets of results.
However, in the LCF regime, it is known that the residual stresses will substantially relax away under
plastic deformation, leaving only the strength reduction effects of surface roughness. The results
demonstrate this effect very distinctly. The predictions based on the use of Neuber's rule correlate well
with the measured data. Thus the surface roughness may be modelled as a network of notches.
Non-conservative estimates have been predicted for damage accumulation based on Miner's
summation under variable amplitude history of long duration (number of reversals > 10^). The
agreement is within a factor of 2 which is in line with results reported in the literature. The reduction in
strength is of a similar order under constant and variable amplitude loading.
The component lives, predicted from the simple specimen data, are within a factor of 2 as compared to
measured lives. The predictions are on the conservative side. In part this may be due to an assumption
of a plane stress condition in the notch whereas, in the practical situation, the notch condition was
clearly plane strain. A very high degree of correlation between measured and predicted lives has been
obtained under variable amplitude histories of long duration such as CARLOS-VERTICAL.
The probabilistic calculations have provided a practical method for determining a complete probability
of failure versus life characteristic as opposed to the deterministic methods which only predict a single
point at 50% probability of failure, for example. Although, the surface finish factor Ksf and the residual
stresses were assumed to have normal densities in the above example, the application of CPFI is not
restricted to this form of distribution; it is capable of handling any form of probability distribution for
the input variables. While the CPFI method deals with physical uncertainties (such as variation in
surface roughness and residual stresses) it does not handle the 'model' uncertainty; Miner's summation
is hardly ever equal to 1.0. It is because of this model uncertainty why the predicted 50% probability
line does not line up with the measured data.

CONCLUSIONS
The strength reduction effect due to surface roughness is accounted for by representing the surface as a
collection of notches and making use of Neuber's rule. The geometric stress concentration factor, Kt
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per unit surface finish factor, Ksf, the later estimated from both the maximum peak-to-valley height 'rt',
and the tensile strength of the material, is used in place of the notch factor Kf in Neuber's rule.
The strength reduction effects due to the surface roughness are similar under constant and variable
amplitude loading. The same Ksf may be used for both types of loading.
Residual stress demonstrates a more pronounced effect under constant amplitude loading as compared
to variable amplitude loading.
Cumulative damage under variable amplitude loading sequence of long duration on simple specimens
is non-conservative by a factor of about 2 as compared to measured data. Possible reasons include (a)
the effect of small cycles which, in principle, require non-linear summation, (b) the mode of relaxation
of residual stresses.
The prediction of component lives based on specimen data is conservative by a factor of about 2. A
possible reason for this effect may be due to an approximate assumption for the stress state.

ACKNOWLEDGEMENTS
The authors wish to acknowledge with thanks the support provided by Martin Hughes of European Gas
Turbines and Martin Jones of Rover Group.

REFERENCES
1. Devlukia, J., "Software support tools for durability assessment and design of automotive
components," Mathematics in the Automotive Industry, Ed: J. R. Smith, ISBN 0 19 8536607, 1992.
2. Wetzel, R. M., "Fatigue under complex loadings," SAE Publication 1977, Vol 4, 6.
3. Schutz, D., Klatschke, H., Steinhilber, H., Heuler, P., and Schutz, W., "CARLOS - Standardized
load sequence for car wheel suspension components," LBF Report No. FB-191. Germany, 1990.
4. ESDU Publication 74027.- Endurance Data: Stress Concentration, Engineering Science Data Unit,
London, 1982.
5. Morrow, J., Wetzel, R., and Topper, T., "Laboratory Simulation of Structural Fatigue Behaviour,"
ASTM,STP 462, 1970.
6. Bargmann, H., Rustenberg, I., and Devlukia, J., "Reliability of Metal Components in Fatigue: A
Simple Algorithm for the Exact Solution," Fatigue and Fract. of Engng Mater. Struct., Vol. 17, No.
12, pp. 1445-1457, 1994.

http://simcongroup.ir

Fatigue Assessment of an Automotive Suspension Component

Hydraulic
Actuator.

Component.
Fixed
Pivot.

Bearing.

F/G la .Suspension

Arm Component and Fixture

///ustratlon.

11 Gmrn
Section X - X *

• MISMATCH
TOLERANCE
0.5mm Max.

S.Umrn

F/G. lb:

FORGED SPECIMEN

DESIGN

100mm
15.0mm

^^

"V^

^

A

A •"•"V

I lO.Otnm
Gauge
7.0mm +/-0.2

Length

F/G. U:

SMOOTH SPEC/MEN
DESIGN

Fig. 1. Suspension arm component and test specimen.

http://simcongroup.ir

10

/ Devlukia et al.
Specimens machined from Metro Arm Foralna
Oata Set:- smc07p
Fatigue Parameter
Strength Coefficient
Strength Exponent
Ductility Coefficient
Ductility Exponent

100000 -

?Hs^

1
<Tf
c
cf
b

1

Method:- Claasic I
Value
Units 1
j
1138.15 MPa
•0.08886
0.6196
-0.57574

"^^^^.

Curve n i

10000 -

Plastic Fit
Elastic Rt

Lg
0

en

1000 :

100

1000

10000

100000

1000000

Total

*•

Elastic

A

Plastic

100C 0000

Life in Reversals

Cyclic Stress vs Strain

700 -

600 -

500 -

^
3

400

^

300 -

200

too -

/

/

Data Set:- smc07p
[Fatigue Parameter
Symbol
lYoung's Modulus
E*
1 Strain Hardening Coefficient
K*
[Strain Hardening Exponent

"'

0 -

Fig. 2. LCF properties of EN 15R component material.

http://simcongroup.ir

Method:- Classir 1
Value
Units 1
189195 MPa
1044.77 MPa
0.12508

i

Fatigue Assessment of an Automotive Suspension Component

11

Constant Amplitude-Strainlife plot for EN15R data sets
10000 T

•

Measured data-Ground

o

Measured data-Forged

Morrow Prediction fit to As Forged Test
Results Kt of 1.3&1.4
Residual Stress 200MPa
{equiv. to -lOOOuE Offset)

1000
1000

-+10000

100000

1000000

10000000

Life in Reversals

Fig. 3. Comparison of ground and "as-forged" finish on fatigue life of EN 15R specimens.

http://simcongroup.ir

/ Devlukia et al.

12
0000

-

TTT
— ^ — — Polished enl 5R

\

"~* ~ " • Forged en15R

N r-

'•

> •1 w
1 i

A

STW Nueber Kt of 1.4

" •

•

J Its
FA

S T W N u e b e r K t o f 1.1
STW Nueber Kt of 1.3

N.

1[•^ X

A

•
0

0
A

<

o
A

O
A

1

1 J,

•>.

A

o

:>\

A

•4.
A

•
•^

O

[

1000 100000
Life in Reversais

Fig. 4. (a) Prediction of surface roughness via the use of Nueber's rule.

Morrow Rt at kt of 1.43 to ENISr Polished and Forged Data

* EnlBR-Forged

EnlSR-Poiisiied

••

10000

IVIorrow -SOOuE
mean (•lOOiVlpa)

A

IVIorrow •lOOOuE
mean (-200Mpa)

•

IVIorrow 0 uE
mean

A

Morrow-ISOOuE
mean (-aOOMpa)

N. !
\j

r^'
^""'
1

"^ ^^x.

^ \|^j
r pL

'""->

^x^

|L.^^

1 i*

1.

«UA

-IA""^

-~>.

.

c

*J
tn

A\

zrr*x--

n

^^ 1 r

J

ull

L
10000

100000
Ufa in Reversais

Fig. 4. (b) Effect of residual stresses predicted via Morrow correction.

http://simcongroup.ir

J-M

10000000

Fatigue Assessment of an Automotive Suspension Component

•

Polished-Mean
0-Gate 2 5 %

^

As FoiyedMean 0-Gate
25%
• Fit to polished
curve

STW Predicted
from En15r
Forged data

13

STW Ptedicled
from En15r
Polished data
" ^ • • ' Fit to forged
curve

10000

- -43 D •
D * * -O.
n
- <2 , _p
T> • - . ^

1000

-H
10

100

Life in Blocks "Carlos Vertical" (Mean adjusted to zero and gated 25% of peak to peak amplitude).

Fig. 5. Comparison of polished and "as-forged" surface effects on fatigue life of EN 15R specimens
under variable amplitude loading.

http://simcongroup.ir

14

/ Devlukia et al.

Component-polished notch
•^ en 15r polished (Kt/Ksf 1,7)

en 15r polished (Kt 1.3)
n Component -forged notch

10000 T

NOMINAL
GAUGE.

T
' \ 1

\-

/

^ GAUGE.

i

o
c

E
o
z

prediction polished surface with
^notchKt=1.3

Tt

0)
O)
3

o

(!)

o

prediction polislied surface
with notch Kt/Ksf =1.7

1000
1000

10000

100000

1000000

10000000

Reversals to failure

Fig. 6. Constant amplitude results for suspension arm component with prediction using Neuber at Kt of
1.3 and Kt/Kgf 1.7 using EN 15R polished material data.

http://simcongroup.ir

Fatigue Assessment of an Automotive Suspension Component

— kt 1.3 mean 0 uE
- kt 1.7 mean+1000uE

kt 1,3 mean-lOOOuE
-kt 1.7 meanOuE

—
G

kt 1.7 mean -1 OOOuE
Component Arm-as reed.(Forged)l

8000 T

7000 4• an

• OEO

6000 -f

Q 4000

2000

1000

Life in Blocics "Fuli Carios Verticai "

Fig. 7. Measured and predicted fatigue lives on suspension arm under variable amplitude loading.

http://simcongroup.ir

li

/ Devlukia et al.

16

FATIGUE LIFE DISTRIBUTION FOR FORGED SUSPENSION ARM SUBJECTED
TO NOMINAL STRESS AMPLITUDE.
1
0.9
0.8

Sa = 463MPa

0.7

Sa = 383MPa

0.6

Sa=»304MPa

0.5

Sa«266MPa

0.4
0.3
0.2
0.1
0
1000

K—
100000

10000

1000000

10000000

N

Fig. 8. (a) Probability of failure v/s lifetime at different nominal stresses.

•
—

Batch A

—

D

• Upper 1 %

Batch B

o

Batch C

o

Upper 10% — - — Lower 10% —

Batch D

50%

- - • Lower 1 %

500
1

1
1

1.

350

V

\

1

\

^ \
^

\

S

s

\

s

s

J

k

^ J Prediction
/
^
(
'
\
^* ^J
\ _«,_ N J*
*
>
'
.
s s
W s j ^ H j ".
^^
' 1 ^ ^^^
' * "4,
s
"te.

•v

-^

•j*

f X

V

^

rn,

imno< •jf lie

•»
^
«
" " ^•4!

250

10000

50%
Deterministic

\

l>v

hr to

^

"CD, t r

^*

°

»^^

•^ »
r

|~
• 1 1 > R ulOUt

100000

1000000
2 N Reversals

Fig. 8. (b) Probabilistic lifetime prediction based on the CPFI method (Ksf mean = 0.77, Sd = 0.025,
residual stress mean = -272, Sd = 41.8 Mpa).

http://simcongroup.ir

A FATIGUE LIFE ASSESSMENT METHODOLOGY FOR AUTOMOTIVE COMPONENTS.
Anne-Sophie Beranger, Jean-Yves Berard, Jean-Frangois Vittori
RENAULT, 860 quai de Stalingrad
F-92109 Boulogne - Billancourt cedex, FRANCE

ABSTRACT
In the automotive industry, most of the components are subjected in service to fatigue loading
which may result in failures. In order to reduce design lead times and to assure a high reliability
level of the parts, general procedures for durability assessment are developed. In this framework,
this paper aims to present a fatigue life assessment methodology. Various factors are involved in
the analysis : material fatigue data, multiaxial fatigue criteria, finite element method (FEM)
calculations. A validation of this procedure was conducted via data generated from tests on a real
current production component, namely a RENAULT Safrane suspension arm which was die cast
from spheroidal graphite (SG) cast iron.

KEYWORDS
Fatigue criteria. Life prediction, SG cast iron

INTRODUCTION
Numerous studies on the fatigue behaviour have been carried out since the 50's. Parameters such as
chemical composition, heat treatments and surface finish have been studied. The use of these data for
component design is a difficult task for several reasons. The choice of a multiaxial fatigue criterion is
of first order. Von Mises equivalent stress is still of common use, though it is well known that it may
lead to unsafe results.
The demand for lighter vehicles, reduced design lead time and a good reliability is always increasing.
Therefore, it is vital to develop improved modelling tools for fatigue assessment. Such tools will
enable the designers :
(1) To operate the materials at higher stress levels without increasing the mass of the components.
(2) To reduce the number of design-testing iterations.
(3) To assure the required reliability level.
In this framework, this paper aims to present a study of the fatigue behaviour of a spheroidal graphite
(SG) cast iron safety component, at room temperature. The basic methodology for fatigue assessment
adopted is general. It can be extended to a variety of components subjected in service to fatigue. This
methodology includes :
(i) Extensive investigation of the fatigue behaviour of the material.
(ii) Calculations of the stress state of the component via finite element method (FEM).
(iii) Fatigue assessment by mean of a multiaxial criterion.
In this paper, a validation of the procedure will be presented, via fatigue tests on a real component.
17
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TEST COMPONENT AND MATERIAL

The Safrane suspension arm
The scope of this study is to investigate the high cycle fatigue behaviour of an automotive suspension
linkage, namely a front suspension arm from the RENAULT Safrane. Figure 1 shows the part and its
installation on the car.

Fig. 1. Illustration of the suspension arm and its installation on the car.
This part provides a typical exemple of a current production part manufactured in large batches via die
casting of ferritic cast iron. This component exhibits surface roughness due to the casting process and
residual stresses as the result of the shot peening operation (to remove the sand from the mould and the
weight feeds).

The test material
Using relevant material data is a very important point for reliable fatigue life assessment. This is the
reason why an extensive test program was conducted from especially prepared specimens from the
same material (SG grade with pearlite content between 0 and 25% in agreement with the specifications
for component casting). These test data consisted of:
(1) Monotonic tension.
(2) High cycle fatigue behaviour.
(3) Low cycle fatigue deformation response.

The tensile mechanical properties of the machined material are the following :
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Table 1. Mechanical properties of the material.
E
yield stress Cyo,2

170 GPa
360 MPa

U.T.S.
elongation

490 MPa
9%

Specimens were machined and tested in high cycle fatigue. The results were compared to :
(i) those for as-cast specimens : to take the irregular surface roughness produced by the sand mould
into consideration.
(ii) those for shot-peened specimens : to take the compressive residual stresses into consideration.
Additionally, various types of loads (torsion, tension-compression) were tested, and various stress
ratios were used, so as to account for the in-service loads. Finally, 25 specimens were tested in each
case in order to estimate the scatter. The results are plotted on Fig. 2. for a stress ratio R = - 1 in
tension-compression. Statistical analysis of these results were undertaken using the ESOPE code [1].
The lines represent the Wohler curves with a failure probability of 50%.
It can be seen that the rough surface of the as-cast condition, only marginally reduces the fatigue limit:
it is only 10% lower than the limit obtained on machined-surface specimens. The shot-peening on the
as-cast surface provides a substantial improvement, around 30%, of the fatigue limit, due to the
residual compressive stresses induced by the process. These results are in agreement with previously
published data on cast-iron [2] [3].
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F.E. CALCULATIONS
The fatigue life assessment methodolgy was developed in order to be integrated to the current design
practises which are based on F.E. analysis. F.E. calculations were undertaken on the test part. A model
with shell elements was used. The fatigue test performed on the part were simulated in the following
way : The loading is in the plane of the suspension arm as a simulation of braking and acceleration
(Fx). It is applied on the central node E (Fig. 3).

loading boundary condition

Fig. 3. Shell elements mesh and boundary conditions

The boundary conditions in the neighbourhood of the attachment points A and B are representative of
the test rig. The central nodes A and B can only rotate freely around the z axis. The calculations were
performed in linear elasticity using the NASTRAN F.E. code. The material parameters were as shown
in table 2.

Table 2. Materials parameters used for F.E. analysis.
E (MPa)

n

r (kg/dm^)

SG cast iron

170 000

0,29

7,2

Steel (bores A, B, E)

210 000

0,29

7,8

The suspension arm was also analysed using strain gauges. It was shown from these results that there is
a good agreement between the calculations and the strain measurements : the maximum difference is
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around 10%. The model provides a particularly good precision in the areas where the cracks occured
during the experimental tests.
Figure 4 shows the Von Mises equivalent stress generated by the simulation of braking under a loading
condition Fx = 10 000 N. In this case the most highly stressed region is located on the outer rim, close
to point A (arrow). The maximum Von Mises equivalent stress is about 190 MPa. It was shown that
this region is in tension when looking at the maximum principal stress.

RESULTS: 1-FX=10000N - SHELL
- Q Q _STRESS - VON MISES MIN: O.OOE+00 MAX: ^^^ » ' ^
FRAME OF REF: PART

Fx=10000N - shell
„_,,
Mfa

VALUE OPTION:ACTUAL
SHELL SURFACE: TOP
2.00E+02,

Fig. 4. Stress generated by the simulation of braking (Fx = 10000 N).

As far as the acceleration loading case (Fx = - 10 000 N) is considered, a similar value of the
equivalent stress is found, due to the hypothesis of linear elastic behaviour, but in this case the
maximum principal stress is compressive.
Although the same maximum equivalent Von Mises stress was found, these two cases exhibit opposite
principal stresses leading to different fatigue behaviour.
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COMPONENT TESTING
Testing conditions
The objective of this test programme was to evaluate the fatigue life on the component under study.
The actual endurance limit was determined at 2 10^ cycles.
Figure 5 presents the actual test rig set up used to perform the fatigue tests on the component. The tests
were performed under load control with constant amplitude. The frequency was 10 Hz. The load was
imposed along the X axis direction with R = - 0,5. This load ratio was chosen since it is representative
of typical braking / acceleration cycles measured on vehicle.
Fractographic analysis was conducted on the tested parts. Fatigue crack initiated at the surface on the
outer rim of the part near the point A. These observations are consistent with the location of the highest
tension principal stress from the F.E. calculations.

h\\

^^^^^^O.

Fig. 5. The test rig

Results
In the fig. 6, cycles to failure were plotted versus the maximum load. The curve was obtained through a
statistical analysis using the ESOPE code with a failure probability of 50%.
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From these experimental results, the fatigue limit of the suspension arm under uniaxial loading
condition and with a stress ratio R = - 0,5 is about 1 450 daN. From the above linear elastic
calculations, at this load level, the maximum Von Mises stress is 190 x 1,45 = 300 MPa which is
below the yield stress, and the corresponding tension maximum principal stress is 285 MPa. The
conclusion that a linear elastic simulation is approppriate and relevant for our study.

FATIGUE ASSESSMENT
One goal of this work was to verify the pertinence of the multiaxial fatigue model proposed by Dang
Van [4].
T(t) + a p(t) - TO > 0

(1)

Using relevant material data, it is expected to predict the actual fatigue limit on the component with
F.E. analysis. In this section, the fatigue life prediction code developed at RENAULT will be
presented. Fatigue life prediction of the component will be performed and analysed.

Fatigue analysis code
A fatigue life prediction code has been developed and used at RENAULT for almost 10 years [5].
Several multiaxial models such as Crossland [6], Sines [7] [8], Dang Van [4] [9] and Deperrois [10]
are programmed : for Dang Van criterion, both the critical plane and the hypersphere procedures [9]
are implemented. This latter procedure is most of the time preferred due to shorter computation time.
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Fatigue life prediction results.
Fatigue life prediction has been performed on the test component. The result of the static linear elastic
F.E. calculation is used to generate the load cycle. This one is +1 450 daN ; 0 ; -720 daN; 0 ; +1 450
daN.
The Dang Van fatigue model was used with a material damage line, whose coefficients are :
To = 217MPa
a = -l,38
They correspond to the shot-peened material, for a life of 10^ cycles, with a probability of failure of
50%. Several stress ratios are used to identify these coefficients. Therefore any loading cycle, with
various stress ratios, can be predicted with these coefficients using the Dan Van model.
The result of the calculation is a value of a so called safety factor (Sf). This factor can be defined as the
normalised smallest distance of the loading path in the (T ; p) Dang Van diagram to the damage line.
When Sf is greater than 1 the component is supposed to be safe. On the contruary when Sf of some
elements become less than unity, failure may occur.
Isovalues of the safety factors are presented on Fig. 7 for the overmentionned fatigue test on the
component.

C « t f f i « i * i i t 4m »*«ijixit«

Fig. 7. Isovalues of the safety factors for the suspension arm tested in fatigue.

http://simcongroup.ir

Fatigue Life Assessment Methodology for Automotive Components

25

The minimum value of the safety factor on the part is located in the area where the failure occured on
the test rig. Its value is 1,02. This result exhibits a very good correlation between the experiment and
the fatigue life prediction since the theoretical value of 1 and the actual safety factor are very close.
Several damage lines representative of the various surface finish have been tested for the predicition of
the safety factors associated to the fatigue life. It was shown that the safety factors obtained are highly
dependent on the material data. The best results were derived from material data representative of the
exact surface finish of the part, namely shot-peened.

CONCLUSION
A fatigue life assessment methodology for automotive components has been presented.
This one is based on a static F.E. linear alstic anlaysis of the component followed by a fatigue analysis
using the Dang Van fatigue life prediction model. On the basis of material fatigue data, the safety
factor can be estimated for every element of the model.
To validate this methodology, fatigue tests on real components have been performed. For one loading
case, an endurance limit on the component was evaluated. Using relevant material fatigue data, safety
factor on the suspension arm were computed. A very good correlation was found between the
predicition of the model and the actual tests results on the component.
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FATIGUE STRENGTH PREDICTION FOR GREY CAST IRON
COMPONENTS OF COMPLEX GEOMETRY
D.H.Allen, P.M.Hughes
GEC ALSTHOM Power Generation, Mechanical Engineering Centre,
Cambridge Road, Whetstone, Leicester, LE8 6LH

ABSTRACT
A methodology for fatigue design assessments of complex cast iron components is presented. The
approach is based on the concept that the fatigue strength of a component is dependent on whether or
not a crack will grow out of a very localised high stress field. The need to define a nominal stress or Kt
factor is avoided, and so allows the direct use of finite element analysis results.
Comparisons between predicted and actual test specimen fatigue strengths appear quite favourable.
The need for further work is identified in order to: (a) gain confidence in the procedures, and (b)
generalise it to other materials.

KEYWORDS
crack growth, fatigue, grey cast iron, finite element analysis, notches.

NOMENCLATURE
a

a

El Haddad short crack parameter [1]; the crack length at which the value of stress range
needed to create a AK value equal to AKt^ is the same as the fatigue limit of the uncracked
material.
Size below which cracks have no effect on the fatigue limit.

Fg
¥Q
F
Kf
Kt
^K^app,th

K correction factor for ellipticity
K correction factor for non-uniform stress field
K correction factor for free surface
Ratio of fatigue strengths: Smooth specimens/Notched specimens
Elastic stress concentration factor
Apparent short crack growth threshold (crack size dependent)
27
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INTRODUCTION
Fatigue cracking in engineering components is generally found to initiate at regions of stress
concentration. Modem stress analysis techniques such as the finite element method provide the
capability to accurately determine stress and strain fields around such features. However, when it
comes to predicting the fatigue strength, it becomes apparent that existing fatigue design methods
which utilise K^, Kf and uniaxial nominal stress can be inadequate and have become out of step with
current stress analysis methods. In a typical engineering component the stresses will vary
continuously, and a corresponding nominal stress will be difficult if not impossible to define.
What is required are methods based on the complete stress and strain field local to the stress
concentration. In other words, a method based on what is actually controlling the fatigue cracking
process. Smith and Miller [2] identified two regimes for notched fatigue specimens: (i) below a certain
Kt the fatigue strength depends on the local surface stress level, (ii) above this, notches behave the
same as sharp cracks of the same depth as the notch. In a typical engineering component however, it is
often difficult, if not impossible to define a notch depth at a stress concentration. The estimation of the
value of a stress intensity factor which is applicable to the stress concentration in question will
therefore also be difficult.
This paper describes an attempt to develop a method to predict the high cycle fatigue strength of
engineering components of complex geometry. Specifically, engine components in grey cast iron for
which detailed finite element analysis results are available. The method has been applied to three
different specimen geometries at different mean stress levels, and the results have been compared with
the experimentally measured values.
The work which was carried out involved a combination of experimental testing of notched fatigue
specimens, and theoretical analysis based on the finite element method. The experimental procedure is
described below, followed by a section describing the theoretical model which is proposed. The results
are then presented and discussed.

EXPERIMENTAL PROCEDURE
The material used for the fatigue tests was grade 17 (260 MPa) flake graphite cast iron, obtained from
50mm diameter cast test bars. The graphite flake structure was Type A in a pearlitic matrix. High
cycle fatigue tests were carried out at ambient temperature on both plain and notched specimen
geometries, using an Amsler vibrophore resonance machine at a frequency of 100 Hz and various mean
stress levels.
Three notch geometries were considered; two circumferentially grooved specimens as shown in Figs.
1(a) and 1(b), and a specimen with a shoulder fillet shown in Fig. 1(c). The latter was intended to be
more representative of actual component details, while retaining the simplicity of a compact axial test
piece. 18, 12 and 23 tests were performed on each of the notched geometries respectively. Testing was
continued on each specimen until complete fracture or an endurance of 3 x 10 cycles, whichever was
sooner. Fatigue crack growth threshold (AKt^) tests were also carried out using compact tension
specimens at several R-ratios.
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(a) K, = 2.1

R 3.175

(b) K, = 5.6

R0.3

(c) K, = 3.8

Fig. 1 Test specimen geometries
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DESCRIPTION OF CRACK GROWTH BASED PREDICTIVE MODEL
Under cyclic loading, particularly at high tensile stresses, deformation of the matrix material occurs
and critically oriented graphite flakes crack or debond from the matrix to form crack-like features.
This has been observed by Fash et al [3] and Jianchun [4] using surface replication techniques. Many
cracks are observed to form over the surface, and these appear to grow by coalescence. Castillo and
Baker [5] have studied grey cast iron in fatigue using plain specimens. They concluded from their work
that the fatigue limit is dominated by the graphite eutectic cell size and is insensitive to the
microstructure of the matrix, and a fracture mechanics model can be used to predict the fatigue limit
based on an initiating defect which is determined by the eutectic cell size, and the threshold stress
intensity for propagation.
Of interest in this work is whether or not the cracks will grow to failure. The Kitagawa-Takahashi plot
[6] has been shown to describe the effect of short crack size on the threshold stress level [1]. This work
has sought to extend the use of this model to the complex stress fields around stress concentrations.

A Model for a Crack in a Notch
It is assumed that the localised high surface stresses which are experienced at the notch root (see Fig.
2) will cause many of the graphite flakes at the surface to crack open and form an array of surface
cracks. It is further assumed that if the crack driving force under cyclic loading exceeds the threshold
condition for growth to occur, then each of these will grow in size until a point is reached when many
will coalesce. The resulting continuous surface crack will experience a significantly higher crack
driving force, the critical period is therefore likely to be just prior to the formation of a continuous
surface crack by coalescence. Let a^ denote the crack depth at this point.

Kt = 2.2
Kt = 5.6
Net section nominal (140 MPa)

0.5

1

1.5

2

2.5

3

3.5

DISTANCE FROM NOTCH SURFACE (mm)

Fig. 2 Comparison of elastic stress distributions below the surface of two of the geometries
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The proposed assessment procedure for a component subjected to a given cyclic load is to determine
whether the AK value for a growing crack is exceeded by the apparent short crack threshold AK^h
before the crack geometry transforms into a continuous surface crack by coalescence (see Fig. 3):
a)

For several crack sizes up to a^
- Estimate AK due to the applied load (LEFM assumed)
- Estimate the local crack growth threshold value.

b)

Define the fatigue strength reserve factor as the maximum value of:
i?F = ^

(1)

AK
Increasing load
(Long crack)

Apparent short
crack threshold

Crack depth
Fig. 3 Schematic ofdJC versus crack length compared with crack growth threshold
Estimation of l^for a Notch Root Surface Crack
The solution for the stress intensity factor of a surface crack subjected to non-uniform distributed
stresses is given in the form as described by Albrecht and Yamada [7]:
K= Fp • F^ -FQ-(5yfna

(2)

In which F^ is a correction factor for ellipticity, and is equal to 0.65 for a semi-circular crack. F is a
free surface correction factor (=1.12), and ¥Q is a crack size dependent factor to account for the nonuniform stress field.
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Comparisons with three-dimensional finite element crack analyses of these notch geometries indicated
that an approximate solution may be obtained using the simple expression:
FQ = Uncracked body stress at deepest point
Uncracked body stress at surface

(3)

The effective R-ratio at a point on the crack front will be influenced by plasticity during initial load-up.
This effect was estimated at the deepest point on the crack front using a Neuber approximation, taking
into account the multiaxial stress state. Several three-dimensional finite element crack analyses with
superimposed residual stress fields have indicated that this approximation is not unreasonable.
However a more complete validation of this procedure is still required.

Estimation of Crack Growth Threshold
Crack sizes of interest in this work are relatively short. By reformulating the conventional KitagawaTakahashi plot [6] of short crack threshold stress with crack size, in terms of an apparent short crack
threshold (AKth), the following equation can be used:
ni/2
A^app,,/, = A ^ , *

a-a. + an

(4)

This is based on the equation proposed by Lukas and Kunz [8] to account for non-damaging cracks
below a size given by a . The parameter ao represents the intersection point of the plain fatigue limit
with the long crack threshold (AKt^) line.

EXPERIMENTAL AND PREDICTIVE RESULTS
For each of the three specimen geometries which were tested, predictions of fatigue strength were
made. In each case, the use of a nominal stress and Kt value was avoided to ensure that only
information typically available in an actual component assessment was used. For comparison, two
approaches have been used:
(a)
The proposed short crack growth based approach
(b)
The conventional local surface stress-strain based approach using the plain specimen
fatigue strength.
Two different graphite flake sizes have been considered for approach (a) to illustrate sensitivity and
likely bounds on the solution. Jianchun [4] estimated an average flake size of 0.12mm for this material.
Results are also presented for an assumed flake size of 0.3mm. In each case, the value of a^ is taken as
double these values, with the assumption that in these dense arrays of graphite flakes, if each flake
grows, they will coalesce at twice their original size.
Figures 4 and 5 show the results for the circumferentially grooved specimens (Kt = 2.1 and 5.6) in
terms of nominal net section stresses. Fig. 6 shows the results for the specimen with the shoulder fillet
(Kt = 3.8) in terms of applied load.
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DISCUSSION
The short crack growth based predictions provide more realistic estimates of the fatigue strengths than
the predictions based on the local surface stresses. The latter are clearly highly pessimistic for the
sharper notches. When based on the estimated average flake size, the short crack predictions lie within
all the failure points for this data and are therefore conservative. The flake size of 0.3mm is likely to be
an upper bound, and apart from at high mean stresses, lies at the upper edge of the run-out data points.
At high mean stresses, plasticity due to the initial loading will be significant, particularly close to the
notch surface. The present predictions have attempted to account for the effects of sub-surface
plasticity on the effective R-ratio at the deepest point on a crack. At the surface however, it can be
speculated that extensive yielding and the resulting residual stress field may cause premature crack
closure. This type of effect has not been included in the model. At high mean stresses the present
model significantly underpredicts the strength.
A major assumption made in the present work has been that because the notch surface stresses will be
very high, many of the graphite flakes at the surface will fracture to form a dense array of cracks, and
that these will coalesce to form a continuous surface crack once they have grown to approximately
twice the flake size. For flake iron, this needs to be tested on other grades where the flake size differs
significantly from the present grade.
Flake graphite cast iron is peculiar in that a large number of cracks are formed. In other materials, such
as spheroidal graphite cast iron, the crack density at the notch root is likely to be significantly different.
Therefore, whether crack growth is considered in isolation, or whether coalescence is an important
factor would require careful consideration for this type of mechanistic model.
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CONCLUSIONS
A crack growth based methodology has been proposed for predicting the fatigue strength of
engineering components. It addresses the problem of carrying out fatigue assessments directly from
finite element analysis results for which a nominal stress and K^ cannot be defined.
Comparisons have been made between predictions and test results for three test specimen geometries
in grey cast iron. For estimated average graphite flake sizes, the predicted fatigue strengths are
conservative and lie below all failure data points.
The proposed methodology provides significantly improved estimates of fatigue strength compared
with predictions based on local surface stresses. Further work is required, however, to generalise it to
other materials.
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DEFECT SENSITIVITY IN NODULAR CAST IRON FOR SAFETY CRITICAL COMPONENTS

KENNETH HAMBERG, BENGT JOHANNESSON AND ANDERS ROBERTSON

AB Volvo, Technological Development
Goteborg, Sweden

ABSTRACT
In this investigation the defect sensitivity of nodular cast iron in fatigue loading has been analysed. All
specimens have been taken from components with an as cast surface marred by clearly visible surface
defects. The study and the calculations made are based on fracture mechanics, and constant amplitude
loading. A computer program has been designed to calculate the fatigue life for the specimens based on
Paris law. The calculations show good agreement with actual cycles to failure. The results show that
visible surface defects with a magnitude of a=0.8 mm (depth) and c=2.3 mm (half width), which often
lead to rejection of a component, do not lower the fatigue life noticeably.

KEYWORDS
Nodular cast iron, defects, life time prediction, fatigue testing, S-N-curve,

INTRODUCTION
Nodular cast iron is a material that has found a increasing number of applications in the automotive
industry during the last decade. It has a static strength comparable to cast steels and a greater fatigue
strength and ductility than grey irons. Castability and machinability is good, and all these properties
makes it an economic alternative for medium stressed components and for safety critical applications.
A reduction of 30% or more in component cost can be made when nodular iron is substituted for cast
or forged steel [1]. Nodular iron is however a material that contains different kinds of defects, such as
inclusions, dross, surface defects, slag stringers and micro shrinkage pores. It has been found that
cracks will initiate and propagate from these defects. The degree to which these different defects will
lower a components service life is not fully investigated [2, 3]. A rule of thumb is that the rough cast
surface lowers the fatigue performance to the same level independently of the grade of the material.
The present work is a study of the lifetime for test specimens in nodular cast iron with an as cast
surface marred by surface defects. The analysis and calculations are based on fracture mechanics.
37
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EXPERIMENTS
Material
Specimens have been produced from two different components which had sHghtly different matrix and
will be called material A and B. Before any testing was made, the specimens were divided into two
different groups. Group OK declared free from surface defects, group D for specimens declared defect
from a visual inspection point of view. To be declared defect a specimen had to contain a surface
defect in the size of approximately 2-3 mm. All specimens are tested with a "real" cast surface that is
shot blasted.

Chemical analysis
The chemical analysis for material A and B are shown in Table 1.
Table 1. Chemical analysis of material A and B.
Mtrl
A
B

C
3,65
3,49

Si
2,59
2,35

Mn
0,36
0,32

P
0,010
0,013

S
0,005
0,012

Cr
0,06
0,06

Ni
0,08
0,07

Mo
0,01
0,02

Cu
0,19
0,09

Matrix and micro structure
There exists a pearlite rim at the surface of the component with a depth of about 0.07-0.15 mm.
Microstructural constituents of the bulk material are given in Table 2.

#.

Figure 1. Optical micrograph of material B (Neg nr 78232 (lOOX)).
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Table 2. Microstructural data for material A and B.
Material A
64
22
200
27
26

Ferrite (%)
Pearlite (%)
Nodule count/mm^
Nodule 0 (jLim)
Ferritic grain size (|Lim)

Material B
53
27
220
20
30

Tensile test and residual stress measurements
Tensile tests have been carried out on each material and a mean value from at least three specimens is
presented in Table 3.
Table 3. Mechanical properties for material A and B.
Material A
512±11
337±14
12.0±1.0

Rm (MPa)
Rp0,2 (MPa)
A
(%)

Material B
476±13
310±10
14.3±3,3

An analysis was made on specimen 0 K 2 A and D I O B to get an apprehension on the residual stress
situation on the as cast surface The results are shown in Table 4.
Table 4. Residual stress on specimen

0K2A

Normal stress (MPa)
Shear stress (MPa)

and DIOB at the as cast surface.
0K2A

DIOB

-345±14
0

-250±14
20±3

Fatigue crack simulation
To calculate the fatigue life for the specimens a computer program has been designed. The program is
based on stress intensity factor calculations made on the defects that initiate the fractures and on Paris
law. The stress intensity factor equations used are derived by Newman and Raju [4], who have applied
the finite-element method to produce an approximate analytical method. It has been noticed that even
when R>0 a crack might be partially closed during part of the loading cycle [5]. As a result the applied
stress intensity has to be adjusted to an effective one, AKefj^Kmax-f^op- At low AK values the R ratio
becomes increasingly important for the crack propagation. In this crack growth regime, different crack
closure mechanisms have been identified to influence Kop levels and associated AKeff values. The
values for nodular iron found in the literature on the effective AKth, ^=0, range from 6 to 8.5 MPaVm
for long cracks in bending, see Fig 2. The lower values represents a pearlitic matrix and higher values a
ferritic [6,7]. The sensitivity of AKth to R ratio for a given material depends on the observed level of
crack closure.
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for long cracks [7].
The wide scatter of the material constants C and m complicates the fatigue life calculations [7,8,9]. All
calculations in this study are made with C=3.1*10"l^ mm/cycle and m=3.9. These values are taken
from [10], representing a ferritic-pearlitic matrix.

Short Cracks
If a fatigue crack initiates and propagates from a small defect or a micropore, the problem of short
cracks come into focus. Short cracks (a<0.5 mm) tend to propagate faster than would be inferred from
crack propagation data determined from long cracks (a>0.5 mm). This has been the conclusion from
growth experiments carried out on cracks that initiated at "natural" sites such as inclusions and pores
[11,12,13]. It was observed that at equivalent AK values the short cracks tend to grow faster than the
long ones. This can be seen in Fig. 3 where the results from long cracks are included for comparison.
Moreover, the short cracks can propagate below the threshold determined for long cracks.
Consequently it follows that long crack data may provide an overly optimistic assessment of a
materials fatigue crack propagation (FCP) resistance.
Kop is an increasing function of crack length and the value for long cracks is reached only when the
small cracks extends over a distance of about 1,5 mm. The value for long cracks is 4.1 MPaVm.
According to Pineau [6], Kop for small cracks is an increasing function of crack length. Pineau has
shown that the data can be fitted to the function below:
K,p = 5.2a-1.97a' + 0.24a' -0.32
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The derived formula is used in the computer code mentioned above. The program was designed to
work in a way of cycle by cycle calculation, dN=l. One way of decreasing the computing time is to
enlarge dN; this however introduces an error in the calculation. After some tests a decision was taken
that all calculations should be made with dN-\000.
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Figure 3. Crack growth rate as a function of AK. Plain curve for large specimens, dotted lines for small
crack specimen [6].

Fatigue testing
For these tests a 4-point bending fixture was used. The distance between the outer jaws where 60 mm.
Between the inner jaws (1=40 mm) the specimen is exposed to a constant bending moment. A large
portion of the cast surface and the defects in connection with the surface is exposed to maximum load.
All fatigue tests have been made with a load ratio of R=0. The stress amplitude has been held in the
range 140-237 MPa. This is a normal range for chassis components where single peaks might reach
250 MPa.

RESULTS
Fatigue testing
The results from the fatigue tests are shown in Table 5. Specimens where the surface defect initiated
fracture are marked with (*). On the other specimens fracture were caused by inclusions, slag stringers
or micro shrinkage pores.
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Table 5. Amplitude stress, cycles to failure, size of initial defect, fatigue fracture and surface defect.

D3A*
DlA
D6A
D17B
D15B
D14B
DIOB
D13B
0K2A
0K6A

0K7A

Nf
103
53
130
791
1.555
544
484
804
723
1.206
863
956

aa
MPa
237
228
182
180
180
180
180
180
180
180
180

ai
mm
0,45
0,45
0,53
0,23
0,45
1,30
2,05
1,65
0,75
0,55
0,21

ci
mm
1,38
0,62
0,45
0,17
0,23
0,84
0,98
0,54
0,31
0,61
0,20

af
mm
4,54
5,74
5,21
5,36
5,33
5,26
5,10
5,02
4,55
3,92
4,31

cf
mm
14,11
15,36
14,04
15,48
14,31
15,79
12,68
15,02
10,31
7,61
8,37

as
mm
0,42
0,35
0,37
0,80
0,42
0,62
0,74
0,62
-

cs
mm
0,92
0,69
0,92
1,60
1,05
1,00
1,22
1,02
-

Computer calculations
Table 6 shows the results from the computer calculations. The initial defect size, au c/, fatigue fracture
size along with the stress amplitude are inputs to the program. The calculated fatigue life A^^ is the
output. Table 6 also shows the calculated effective initial stress intensity at the depth and the width of
the defect.
Stress amplitude (aa)» cycles to failure (Nf), calculated cycles to failure (N^), calculation error (Nf/N^),
initial defect size (ai and ci) and initial stress intensity for computable specimens are shown in table 6.
The stress intensity is computed in a and c directions ( AKai and AK ci.)

Table 6. Results from fatigue tests
CTa
D3A

DlA
D6A
D17B
D15B
D14B
DIOB
D13B
0K2A
0K6A

0K7A

MPa
237
228
182
180
180
180
180
180
180
180
180

Nf
103
53
130
791
1.55
544
484
804
723
1.20
863
956

Nc
10^
117
95
900
1.85
1.32
488
660
884
1.54
697
1.76

Nf/N
c
0,45
1,37
0,88
0,83
0,41
0,99
1,22
0,82
0,78
1,24
0,54

ai
mm
0,45
0,45
0,53
0,23
0,45
1,30
2,05
1,65
0,75
0,55
0,21

Ci

mm
1,38
0,62
0,45
0,17
0,23
0,84
0,98
0,54
0,31
0,61
0,20

AKai
MPaVm
16,3
14,8
5,8
4,2
4,0
4,4
3,4
2,8
4,4
7,4
4,8
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MPaVm
10,3
13,2
7,2
5,2
6,4
9,8
18,3
18,2
11,9
7,6
5,1
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As can be seen in Table 6 the factor that shows computed error is 0.4 l<Nf/Nc< 1.37, this can also be
seen in Fig. 4 which shows the calculated lifetime, Nc versus cycles to failure, Nf for the computable
specimens. The calculations are most often overestimated.
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Figure 4. Calculated lifetime versus actual lifetime.
Computable specimens are specimens with a sizeable surface defect. An example of specimen that can
not be used is a test bar with multiple starting points as the code stands today.

DISCUSSION
Fatigue Testing
The fatigue testing clearly showed that the surface defects initiated fracture only in one case, specimen
D3A- The most likely cause for this occurrence is the fact that the specimen contained no slag defects
in the rim zone, only the surface defect. All cast components are shot blasted, which removes the dross
or the sand grains and leaves a crater on the surface of the component. Underneath the crater
compressive stresses are present and restrict crack initiation. Consequently, it is not necessary to reject
a component only because of its visible surface defects, provided that the size of the defect is within
normal foundry practice, i.e. a<0.8 mm and c<2.5 mm. Surface defects slightly larger than this will not
reduce the fatigue life noticeably. This is a very important observation that can lower the number of
rejections made from surface defects. The other type of defects in the rim zone, the slag or graphite
stringer is more harmful. The depth of the stringer is so large that the compressive stresses can not
penetrate at these depth, therefore the defect is most harmful. It is also important to develop more
effective none destructive testing methods to sort out components containing crucial defects, such as
different types of stringer. As can be seen from the results in table 6 the stringers grater than 0,5 mm in
depth (a-value) is injurious.
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With the designed computer program it is possible to investigate the behaviour of different parameters
during the FCP calculation. Outputs from calculations made on specimen D I O B be seen in Fig. 4, 5
and 6.
DIO

E
E

200000

400000
Nf (cycles)

600000

800000

Figure 4. Calculated crack propagation in direction a (depth) for specimen DIOB (fl/=2.03 mm, af=5A
mm).
Figure 4 shows the FCP in direction a (depth). The gradient is low at the initiation stage of the FCP and
increases as the crack propagates. Towards the end of the fatigue life the gradient increases rapidly and
final fracture becomes apparent. The gradient of the FCP in direction c is larger at the initiation stage
than after a number of cycles. This behaviour can also be studied in Fig. 5 where the stress intensity in
direction c is large at first, AKc,ejf -'^^-'^ MPaVm and then decreases to 13 MPaVm after which it
begins to increase as the crack propagates. The reason for this is the configuration of the defect. From
Table 6 it becomes apparent that the initiation defect in specimen D I O B is more than twice as deep as
it is wide. Observed behaviour can be expected because of multiple reasons. First a surface flaw tends
to grow into a semicircle, at least in theory. Second the fact that for bending, the stress has its
maximum at the surface. These two circumstances in combination with a short crack phenomena leads
to the observed phenomena. Consequently the crack will propagate more in direction c, at the surface,
than in direction a.
Figure 6 shows the calculated fatigue crack growth rate, da/dN as a function of the effective stress
intensity. The typical appearance of Paris law prevails. The crack propagates below the threshold for
long cracks, AKth =7MPaVm, in this case the propagation rate is very small (10'^ mm/cycle equals
lA/cycle). This propagation rate represents a mean FCP rate. At high stress intensities the function
seems to deviate away from the expected behaviour. This is because the program has not at all been
designed to take into account high stress intensities.
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D10

Ka
Kc

(MPaVm)
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Figure 5. Variation of stress intensity factors in direction a and c through the fatigue life calculation for
specimen Dl OB .

D10

2Ka,eff (MPa!m)

Figure 6. Calculated fatigue crack growth rate da/dN as a function of effective stress intensity factor
range AK for specimen DIOB-

Results from the fatigue life calculations and experiments is shown in the form of a S-N-curve in fig. 7.
Squared symbols marks the result of the actual fatigue test. The difference between calculated and
actual test result is very small.
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Figure 7. Calculations on some defects along with fatigue test results.

CONCLUSION
Visible surface defects in a magnitude of a = 0.8 mm and c = 2.3 mm, that often lead to rejection of
components do not lower the fatigue life noticeable. The most likely reason for this is the compressive
stress that is built in by the shot peening in these defects.
Dross defects and sand grains in connection with the as cast surface are the type of defects that most
often lead to fracture, even if they are much smaller than the surface defects.
Fatigue crack propagation calculations based on fracture mechanics and Paris law in nodular cast iron
can show good agreement with actual cycles to failure, if short cracks, stress ratio R and three
dimensional constraint is taken into consideration.
It is possible to calculate the fatigue life for a specimen/component with the designed program within a
reasonable time, even with normal computer power. This is done by a developed cycle by cycle
calculation.
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FATIGUE DESIGN AND QUALITY CONTROL OF FLAPPER VALVES
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Toyoda Automatic Loom Works, Ltd. Kariya, 448 Japan
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ABSTRACT
Quality control of materials and final mass production parts from the viewpoint of development
and fatigue design is performed using a combination of a new inclusion rating method, based on
the statistics of extreme, and the V area parameter model. The fatigue strength of mass production
parts is predicted based on Vickers hardness and inclusion size. A reliable safety factor is defined
by the proposed method.

KEYWORDS
Safety factor, fatigue limit prediction, statistics of extreme values, non-metallic inclusions, quality
control, fatigue design
INTRODUCTION
Our company manufactures 6 million compressors for automobile airconditioners per year. Every
customer requires higher reliability. Therefore, an improved method to guarantee the reliability of
mass production parts is needed. Fatigue design and quality control methods that allow the
development of new products with higher quality, lower cost and in a shorter time than present
must be studied. The need to offer inexpensive products in a timely fashion is increasing.
For high strength steels used as flapper valves for the suction and discharge valves of compressors,
non-metallic inclusions have a detrimental effect on fatigue strength and cause scatter in the
fatigue strength due to inclusion size and position. Figure 1 is a photograph of a damaged valve. In
Fig. 2 there are two flow charts, one is a conventional design flow chart and the other is a new
fatigue design chart utilising the statistics of extremes and the V area parameter model. The
conventional fatigue limit, Gwexp, was determined from experimental results on 10 to 20 pieces and
the safety factor, S, was based on the stress during service loading, Gmax, using the relation S =
(cTwexp / CTmax)- This mcthod has two questions. One is that the scatter of fatigue strength is not
considered. Another is that the safety factor is inaccurate and, consequently, parts tended to be
over-designed with increasing cost. During mass production, the loss of balance between cost and
quality is magnified.
In this paper, a new fatigue design method is proposed to predict the lower limits of the scatter of
fatigue strength for 6 million samples. As the final result we get reliable and accurate safety factor
for 6 million components.
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Fig. 1 Photograph of a damaged valve.

Conventional Design
Flow Chart
Fatigue Tests
for IQ —20 Specimen
S - N Curve

Fatigue Limit Aawexp

New Design
Flow Chart
Varea Parameter Model
Measurement of -/ area^
from Sample
Predicted V areamu
for 60 Million Sample
The Predicted Lower Limit
of Fatigue Strength for
60 Million Samples ACTWI

Maximum Stress
Aam.x
Safety Factor
S = Aawexp/A(7m.x

S : Reliable ?

Safety Factor
for 60 Million Samples
S=Acrwi/Aam.,
S : Reliable Safety Factor

Fig. 2. Conventional and new fatigue design chart.

STRESSES ON THE SUCTION AND DISCHARGE VALVES
The suction and discharge valve operation models are given in Fig. 3. Pressure difference between
the piston bore and the suction or discharge chamber opens or closes the valves. There are three
types of stresses on the valves: (1) a bending stress on the root of the valves when the valves open,
(2) a bending stress on the centre of the ports when the valves close, and (3) an impact stress
during the impact moment. Cyclic loading in cases (1) and (2) is pulsating stress. In this paper we
report the prediction method of the lower limits of the scatter of fatigue strength and safety factor
for 6 million samples for cases (1) and (2) of a discharge valve.
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(7 Stress When Valves Open )
Discharge Port
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/
the Root of Valve ^^'"--^ ^^ Tl 1/
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Valve Stopper

Valve Plate

(^Stress When Valves Close )
Bending Stress at
the Center of Port

PO]
Fig. 3. Stress at discharge valve.

MATERIALS AND MEASUREMENTS

Materials
Chemical composition, surface roughness, residual stress, and mechanical properties are given in
Tables 1 and 2. Figure 4 shows the conditions of specimen surface and corner, and Fig. 5 presents
the microstructure.
Table 1. Chemical composition of the specimens (wt%)
sample
A
B
C

C
1.00
1.00
1.00

Si
0.19
0.23
0.23

Mn
0.44
0.44
0.45

P
0.006
0.008
0.007

Cr
0.13
0.21
0.13

Mo
<0.01
0.03
<0.01

(N/mm^)

elongation
(%)

1970
1955
1945

5.5
4.9
5.4

Young's
modulus
(N/mm^)
205000
203000
203000

S
0.006
0.010
0.007

Table 2. Surface roughness. residual stress, and mechanical properties
sample

roughness
Rmax (|Llm)

A
B
C

1.00
0.92
0.90

hardness
Hv(5)
(kgf/mm^)
562
566
562

residual
stress
(N/mm^)
584
639
621

C^ult

Three metal samples were prepared by different factories. Then each sample was blanking-pressed
from a strip and tumbled.
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(a) side view of specimen

(b) section of specimen

Fig. 4. Conditions of specimen surface and corner.

Fig. 5. Microstructure.

Equipment and methods

Method of Bending Fatigue Test. Figure 6 shows the equipment used for the bending fatigue test.
Cyclic loads are applied to the specimens by oil pressure, the magnitude of which is controlled by
the oil pressure sensor. Figure 7 shows the relationship between oil pressure and stress. Maximum
stress is determined by oil pressure based on Fig. 7. Figure 8 shows the shape and dimensions of
the specimens. A sample size of 20 pieces was used and the fatigue tests were stopped at 5 x 10^
cycles.
^Specimen
Oil Pressure
Sensor

A Cyclic Load (Oil Pressure)

20

:-^;
Amplifier
•[Oil Pumpl—I Control Machine

Thickness : 0.254
Specimen
Profile

Fig. 6. Equipment for bending fatigue test.
loeo

11500

ftoo

1400
tl300
1200

noo^
1000^

y

/

/

/

/
^

/
4

6

8

L

10

oil oressure (MPa)

Fig. 7. Relationship between oil pressure and stress.

t = 0.254

Fig. 8. Shape and dimensions
of specimen.
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Measurement of ^ Areamaxl Size of Inclusions [1 - 2]: Inclusion size is defined by the square root
of the area projected on the plane perpendicular to the stress axis. The procedure for the
measurement of V area is as follows: a surface perpendicular to the direction of metal flow was
polished with #2000 emery paper, and then finished with buff. The measurement of V areamax was
done on 40 different places with the standard inspection area So, So = 0.0064 mm^. Three kinds of
samples were checked, samples A - C. An additional 8 samples, Al - A8, manufactured over a 2
year period at the same factory as sample A were also checked.

RESULT AND DISCUSSION

Result of Fatigue Tests and the Result of Measurement of ^Areamax
Fatigue test results are shown in Fig. 9. Figure 9 indicates that the fatigue strength for all samples
evaluated using a small number of test pieces are approximately the same. Figures 10 and 11 show
the distributed of the maximum non-metallic inclusions in standard inspection area size, V areamax,
plotted on the sheet of statistics of extreme.

Comparison of the Experimental Fatigue Strength with the Prediction by the ^Area Parameter
To predict the fatigue strength of mass production parts, the method based on statistics of extreme
and the V area parameter model is applied. The prediction method is as follows. First, the square
root of the maximum projected area of inclusions, V areamax of these specimens is predicted from
Fig. 10. Table 3 shows V areamax of inclusion for 43 samples of A, B and C.
Table 3. V areamax of inclusion for 43 samples of A-C.
sample

best fit line

N

Vs

T(N)

Y

A
B
C

0.4828Y+1.2145
0.5692Y+1.2061
0.5749Y+1.4107

43
43
43

0.316
0.316
0.316

83588
83588
83588

11.3336
11.3336
11.3336

^f areamax
(|Lim)

6.69
7.66
7.93

The return period, T(N), for N samples is computed using
T(N) = N-Vs/Vo

(1)

where Vs is the critically stressed volume for the test specimens (range in a / Gmax ^ 0.9, see
Fig. 12), Vo is the standard volume (0.0064 mm X 0.1 X 0.254 mm = 1.6256 x 10""^), and N is the
number of specimens.
The return period T and standard reduced variate Y are related by
Y = -In(-In(T(N)-l)/T(N))
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The lower limit of the scatter of fatigue strength, Gwi, is calculated by Eq. (3) [3, 4].
Gwi = 1.41 • (Hv + 120) / (V area^ax) ^^^ • ((l-R/2)"

(3)

where R = amin / CJmax, ex = 0.226 + Hv x lO'"^, Hv is Vickers hardness, and Vareamax is for N
samples and has dimensions jLim.
Table 4 compares the results of fatigue tests and the predicted fatigue strength from Table 3 and
Eq. (3) for each test piece. The predictions are in good agreement with the experimental results
showing the validity of the proposed method.
Table 4. Comparison of the fatigue tests and the predicted fatigue strength
sample

A
B
C

V areamax
(|Lim)

Hv
(kgf/mm^)

6.69
7.66
7.93

562
566
562

residual
stress
(MPa)
-584
-639
-621

Aawi
(MPa)

^^wexp

1350
1356
1336

1300
1300
1300

Aawl/AGwexp

(MPa)
0.963
0.959
0.973

Lower Limits of the Scatter of Fatigue Strength and the Safety Factor for 6 Million Parts
To predict the lower limits of the scatter of fatigue strength, we consider the lower limits of the
hardness and residual stress. The equation for the best fit line for C is used because sample C has
the largest V area among samples A-C. Table 5 shows the predicted V areamax- Table 6 shows the
lower limits of the scatter of fatigue strength and the safety factors defined by (AGWI/ AOmax) in
conventional and new design method. The number of parts is assumed N = 60 million, because
each compressor has ten valves. It has been empirically recommended that the safety factor of the
functional parts to be 2.0 in the conventional design, because we can not predict all scatter. The
safety factor on the position of valve centre in Table 6 is 1.66 in the conventional design. Based on
the conventional design concept for this case, we had judged it was necessary to have a higher
fatigue strength. With the new fatigue design method, the safety factor is 1.41. That is lower than
the conventional one, but this is an accurate and reliable safety factor. We can conclude that the
safety factor of the new fatigue design method is useful because we have had no trouble with this
valve over the past ten years. Applicability of the new fatigue design method to future productions
is supported.
Table 5. Predicted V areamax for 60 million parts.
situation

best fit line

N

Vv*

T(N)

Y

(l)root of the valve
(2) centre of the valve

0.4828Y+1.2145
0.5749Y+1.4107

6x10^
6x10^

1.8300
0.2422

5.625x10^^
7.455x10^^

27.0556
25.0334

Vv is the critical volume for the valve defined in Fig. 12.
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(a) specimen

(b) discharge value
Fig. 12. Critical volume

Table 6. Lower limit of fatigue strength and safety factor for 60 million parts.
design
method

situation

new
design
conventional
design

root of the valve
centre of the valve
root of the valve
centre of the valve

Vareamax

Hv

(|Lim)

16.96
14.39
-

545
545
-

residual
stress
(MPa)
-399
-399
-

AOwl/Aawexp

AGWI

(MPa)

(MPa)

1084
1110
1300
1300

490
785
490
785

2.21
1.41
2.65
1.66

Scatter of Production
To investigate the scatter of production for 500 thousand units for one month production, V areamax
of sample Al - A8 is predicted from Fig. 11, and results are shown in Table 7. We have confirmed
that the scatter of the quality of mass production is small, because V areamax = 16.54 jim is less than
16.96 |Lim that is the predicted upper limits of the scatter of inclusion size for 6 million units.
Table 7. Scatter of mass production (Vv = 1.83, T(5xlO^) = 4.687x10^^ Y = 24.5706).
best fit line

sample
No.
Al
A2
A3
A4
A5
A6
A7
A8

product month
92/5
92/10
93/2
93/12
94/3
94/5
94/10
94/11

0.6034Y+1.2354
0.5424Y+1.3545
0.5901 Y+1.2110
0.5876Y+1.3248
0.5336Y+1.2670
0.5474Y+1.4127
0.6210Y+1.2830
0.4828Y+1.2145
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Vareamax (|xm)
root of the valve
16.06
14.68
14.50
15.76
14.38
14.86
16.54
13.08

Fatigue Design and Quality Control of Flapper Valves
CONCLUSION
The V area parameter model and the inclusion rating method based on statistics of extreme were
applied to the fatigue design of mass production parts; compressor flapper valves. The conclusions
are summarised in the followings;
1. The predicted fatigue strength by the V area parameter model is in good agreement with the
experimental result.
2. An accurate and reliable safety factor was determined by the new fatigue design method
considering the scatter of fatigue strength caused by the scatter of inclusion size and position.
The new fatigue design method is very useful to confirm the fatigue reliability of mass
production parts.
3. The inclusion rating based on the statistics of extreme is useful for the quality control of
materials used for mass production parts.
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DURABILITY ASSESSMENTS OF STRADDLE CARRIER
WHEEL SUPPORTS
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VTT Manufacturing Technology, P. O. Box 1705, FIN 02044 VTT, Finland
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Sisu Terminal Systems, Inc., P. O. Box 387, FIN-33101 Tampere, Finland

ABSTRACT
This paper describes the analytical and experimental durability assessments of a straddle carrier
wheel supports. Field measurements were conducted and the multiaxial road inputs were quantified
for subsequent Finite Element analyses and laboratory service simulation tests to compare two
different design alternatives. The results of this study will be implemented in the next generation of
wheel supports.

INTRODUCTION
In 1993, VTT Manufacturing Technology and representatives from Finnish and Swedish transportation
and steel industries initiated a research project KONSPRO ("Optimised Constructions Using High
Strength Weldable Steels''), which is a part of an inter-Nordic research program NORDLIST (Nordic
Research and Development of Light Structures). The Finnish part of the ongoing KONSPRO-project
("Optimisation of Weight and Endurance of Vehicle Structures ") is focused on on-road and off-road
transportation industry. Among the primary objectives of the Finnish project are: i) to reduce
vehicular weight via the use of higher strength weldable materials while ensuring adequate fatigue
strength; ii) to expand the conventional hot spot-method [1-3] to multiaxial loading situations and Hi)
to integrate the new multiaxial hot spot-approach to an existing FE-post-processor. The main benefits
to be gained from the project results are: i) enhanced structural reliability, ii) reduced material and
production costs and Hi) improved technological competitiveness.
Extensive and systematic field measurements have been used to capture the "duty cycles" [e.g. 4] and
to quantify multiaxiality of the structural nominal and hot spot strain responses. These field
measurements form a realistic basis for subsequent and on-going analyses, which are carried out for
the case-studies of the participating Finnish industry: Sisu Defence Oy (heavy-duty off-road truck
axle; welded construction), Sisu Terminal Systems Inc. (straddle carrier; cast wheel support) and O;^
Ndrko Ab (freight trailer frame & bogie; welded constructions). Selected case-study components are
also being fatigue tested using multiaxial and phase-related recorded road-load data [5].
59
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Additional fatigue tests will be conducted on a rectangular hollow section tube-to-plate welded
cantilever beam-type geometry manufactured by Rautaruukki Oy Metform. The baseline fatigue test
data will be gathered by conducting a series of bending only and torsion only constant amplitude
fatigue tests. Once the degree of multiaxiality during typical duty-cycle events has been
experimentally documented from the above case-studies, the in-phase and out-of-phase combined
bending-torsion constant amplitude fatigue tests will be conducted using the cantilever square hollow
section tube-to-plate as-welded component [6]. This paper briefly describes one of the case studies
within the Finnish project concerning the cast wheel support of a straddle carrier manufactured by
Sisu Terminal Systems Inc. of Tampere, Finland. The study was aimed at quantifying the road inputs
for subsequent structural analyses and laboratory service simulation tests to analytically and
experimentally compare two different design alternatives.

OVERVIEW OF THE WHEEL SUPPORT
Following e.g. the unloading of the cargo containers from overseas cargo vessels using either
quayside cranes {Lo-Lo ships) or terminal tractors (Ro-Ro ships), the containers are temporarily
stacked within the perimeter of container yards of harbour cargo terminals for subsequent road/rail
freight transportation. Figure 1 shows an overview of a straddle carrier. Vehicles of this type are
commonly used in harbour environments to pick, carry and stack cargo containers.

Fig. 1. An 8-wheel steer, 4-wheel drive straddle carrier in operation by a quayside crane in the Port of
Helsinki.
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The engines within the side beams of the vehicle supply the torque to the inner two wheels on both
sides of the vehicle. Each steerable torque-powered wheel is connected to an adjacent free running
and also steerable wheel. The cast wheel support is one of the primary load carrying components of
the straddle carrier. Because its fatigue strength is of primary concern for the reasons of safety and
uninterrupted production, the wheel support was selected as the object of this study. The wheel
support sustains a variety of operational loads (Fig. 2): A vertical wheel load (FVER), resulting from
the container lifting and rough surface (railroad tracks, pallets, potholes etc.) manoeuvring
operations; a longitudinal wheel load (FLON)? resulting from acceleration and braking operations; and
a lateral wheel load (FLAT)? resulting from left and right turns of the vehicle. The support reaction
forces within the wheel support (from the bearing support points of the chain-type and gear wheeltype final drives) were ignored in the analyses.

Fig. 2. Schematic of the cast wheel support and the assumed external operational wheel load
components.
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AIM AND SCOPE
The ultimate goal of this case study was to experimentally verify the adequate fatigue strength of a
new design concept of the wheel support (i.e. gear wheel-type final drive) without increasing
component weight or manufacturing costs and while maintaining interchangeability with existing
models of the wheel support (i.e. chain-type final drive). To ensure the adequate fatigue strength of
the new wheel support, an integrated design strategy [7] involving both experiments and analysis was
implemented.
Within the framework of the above requirements, field measurements were conducted with the
existing cast component and operational duty cycle data combined with static component calibrations
for subsequent analyses were collected. Finite element (FE) analyses were then performed to quantify
the differences between the existing and the new design of the wheel support. Finally, both designs
of the wheel support were laboratory proof tested to experimentally verify the analytical analysis
results.

FIELD MEASUREMENTS
Strain gages (s), accelerometers (a), steering angle angular displacement transducers (<) and pressure
transducers (p) were fixed to selected locations of the vehicle. All transducer signals were recorded
with an instrument recorder such that all instrumentation hardware was installed in the operator cab
of the straddle carrier, Fig. 3a.
Prior to the field measurements, extensive component calibrations were implemented by loading the
wheel support using known FL^^-, Fy^R- and FLQN" ^^^^^ components. Fig. 3b. The purpose of the
component calibrations was to obtain a measured relationship between the known input forces and
the resulting responses (s VER J S L^^ , S LON ) for parallel FE-analyses and subsequent laboratory proof
tests.
Field measurements were collected during typical service usage on the container yard of the Port of
Helsinki. Different operators were employed during the field measurements to include operatorinduced differences in the measured responses [8]. The duty cycles were captured during winter
conditions to include the "stick-slip" -type tire inputs due to occasionally icy driving surfaces (Fig.
1). Each duty cycle consisted of the following steps: i) manoeuvring without a container into close
proximity of a new container by the quayside crane; ii) lifting a container to 1'^ floor using the
carrier's own hoist system and the telescopic spreader; iii) manoeuvring container onboard (including
brakings, accelerations, curves, railroad crossings, snow banks, pallets etc.) to a free location within
the harbour's container yard; iv) stop manoeuvring while container onboard; set the container to V\
2nd Qj. ^rd £|QQJ. (^i e on top of other containers); and v) repeat step (i).
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Fig. 3. (a) Overview of the field measurement set-up showing some of the instrumentation; (b)
schematic of the static component caHbrations prior to duty cycle documentation in actual field
conditions.
During the field measurements that consisted of approximately 100 containers, the individual
container weight data (when available) was real-time radioed from the command centre of the Port of
Helsinki to the operator cab and subsequently read to the voice channel of the recorder together with
relevant manoeuvring events. The average duration of a duty cycle containing of the above steps (ii)(iv) was approximately 4 minutes.
In addition to the captured response signals (s, a, <, p), statistics of the container weight distribution,
number of left/right turns, brakings, accelerations and full stops were among the data produced. The
data were then compared to the database of Sisu Terminal Systems Inc. such that a representative
duty cycle for the cast components' laboratory proof tests could be constructed.
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FINITE ELEMENT (FE) ANALYSES
All FE-models were created using PATRAN pre-processor [9]. Due to the experimentally observed
multiaxial and out-of-phase nature of the operational loads (FVER, FLAT, FLON), three-dimensional solid
element models were created from the instrumented components. The first model was created from
the steering arm (connecting the wheel support to the carrier steel frame) to analytically study the
nodal strain distribution in the vicinity of the 8 VER , e LAT , and 8 LON -strain gages of the field
measurements, Fig. 4. By comparing the FE-analysis nodal strain resuhs to th^ component
calibration measured strain results, initial estimates of the external wheel load magnitudes (FVER,
FLAT, FLON) were obtained.

Fig. 4. An example of the FE-model and the analysis results of the steering arm.
Also three-dimensional FE-models of the entire wheel support were created using shell elements
(coarse model of the chain-type final drive design), and a 20-node quadratic brick element model of
the gear wheel-type design. The purpose of the FE-models was to identify most critical regions of the
wheel supports, i.e. maximum stress regions. Again, nodal strain quantities were compared to the
measured quantities captured during the component calibrations and duty cycle measurements. In
these FE-models, there were approximately 8 000 nodes, 1 400 elements and 24 000 degrees of
freedom. ABAQUS/Standard structural analysis code [10] was used for the analyses. An example of
the FE-analysis results from one combined load case is presented in Fig. 5.
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dXJsdyadZsrO

Fig. 5. Overview of an FE-model of the gear wheel-type final drive cast wheel support, boundary
conditions and a schematic of the assumed wheel loads and the analysis results for one combined
loading case.

SERVICE SIMULATION FATIGUE TESTS
A service simulation test system was built onto the tension floor of VTT Structural Engineering
Laboratory. There were three orthogonally placed hydraulic actuators such that each actuator
produced one individual wheel load component (FVER, FLAU FLON)? Fig. 6. Due to the actuator swivel
head mounting arrangement on the wheel spindle, all longitudinal wheel loads (FLQN) were
transmitted as "±braking forces". For this reason the bearing support reactions within the cast
component were ignored in the comparison FE-analyses. To simulate realistic boundary conditions,
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the wheel support was bolted to the steering arm flange (Fig. 4), which was attached inside a rigidly
mounted steel box, which in turn simulated the stiffness of the steel frame of the straddle carrier.

Fig. 6. Overview of the laboratory proof test set-up for the fatigue tests of the wheel supports. A
similar two-actuator service simulation test system was employed in the experimental durability
assessment concerning the heavy-duty off-road axle housings of Sisu Defence Oy.
Prior to the final proof tests, a series of component calibrations were again performed to compare the
results to those conducted experimentally in field conditions (Fig. 3b) and analytically (FEA) in the
laboratory (Figs. 4 and 5). The laboratory duty-cycle was based on selected typical events from the
field measurements. The final laboratory duty-cycle contained 336 hauling operations such that a
representative number of left/right turns, brakings and accelerations with and without containers of a
desired statistical weight distribution were included.
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measurements (8LAT<^ ^LON)' (t>) the corresponding compressed (peak sliced) and desired strain time
histories for the CRPC iteration scheme.
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During the field measurements, the average container handhng duration was approximately 4
minutes. In order to carry out the laboratory proof tests within a reasonable testing time, the average
container handling duration was reduced to approximately 4 seconds per hauling operation. The
laboratory duty-cycles were compressed by removing all smooth driving events from the measured
strain responses. In other words, only the original large-amplitude strain responses from typical and
often experienced driving events were considered (Fig. 7a), which were then compressed using a
peak slicing technique similar to that reported elsewhere [11]. In the manual peak slicing technique,
the absolute maxima and minima per strain channel were stored while simultaneously storing the
instantaneous strain values from the other strain channels of interest. A half sine wave was then fitted
between the selected strain-time points. As a result, the desired strain responses for the CRPC
(Component Remote Parameter Control) iteration scheme [12] were obtained. Fig. 7b. Significant
time savings were obtained; over 10 years' service usage of the wheel support could be simulated in
approximately 2 months of continuous testing time (i.e. 24 hours per day).
To iterate the hydraulic actuator-induced external wheel load time-histories in the laboratory, strain
gages were instrumented to identical locations of the cast wheel support in view of the field
measurement strain gage locations. The iterated wheel load and the resulting strain time-histories
were then Rainflow counted [13], compared to those of the original field measurement results and
used in fatigue life predictions. Magnetic particle method was among the methods employed to
monitor possible surface crack formation throughout the load controlled proof tests. Both proof tests
were continued beyond the design fatigue life to check the reserve limit e.g. for the purposes of
maintenance period determination.

DISCUSSION
During the contract operation of the instrumented straddle carrier, there was no time to load road/rail
freight cars for subsequent transportation. Instead, all containers were briskly hauled away from the
quayside crane and piled to a temporary location. In view of the experimentally captured operational
responses of the wheel support, manoeuvring without a container produced comparable responses to
those conducted while container onboard (there are as many manoeuvring events with and without a
container onboard)! A container onboard prevents the operators from racing in a similar manner as
commonly occurs while manoeuvring without a container (this was manifested by a frequent warning
tone of the standard safety unit monitoring the vehicle's accelerations). Further, the operators
followed the manufacturer's instructions in that the containers were always held at the T^ floor during
manoeuvring events. For these reasons, the laboratory duty-cycle consisted of events with and
without a container onboard on the T^ floor. The laboratory duty-cycle therefore represented the
normal service usage of the straddle carrier.
In contrast to the laboratory duty-cycle, there are many harbours where containers are held at the 2""^
or even J^ floor during manoeuvring operations, which immediately affects to the magnitude and
distribution of the measured responses and therefore to the experimental and analytical fatigue life,
not to mention the safety aspects. Therefore, additional field measurements (preferably longer in
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duration) should be conducted in these extreme conditions to capture the " 1 % driver" [8]. The known
container weights should also be emphasised, since only approximately 50% of the containers carried
during the field measurements were of known weight.
The frequency content (PSD) of the strain responses during the final laboratory duty-cycle (test
spectrum) was similar to that captured in field conditions (service spectrum). Further, owing to the
nature of the CRPC scheme, the maximum ranges of the Rainflow-counted strain responses were
similar between the test and service spectra. However, due to the peak slicing technique employed,
the number of large strain cycles in the test spectrum was somewhat higher than that of the service
spectrum. For the same reason, the test spectrum contained a smaller number of small and
intermediate strain ranges than the service spectrum. Therefore, the shape of the test spectrum was
more severe than the service spectrum, but the maximum strains were similar between the two
spectra. The fatigue life predictions of the wheel support using the test spectrum and the service
spectrum are underway. Also, the cast material's small-scale specimen fatigue test data are being
analysed using fracture mechanics.

CONCLUSIONS
This paper has outlined the integrated design strategy [7] to experimentally and analytically compare
two design alternatives of a cast wheel support of a straddle carrier. Conclusions of this study can be
summarised.
(1)

Field measurement results from the normal service usage of an existing straddle carrier wheel
support (chain-type final drive) provided the basis for realistic durability assessments.

(2)

Structural analyses using FE-analysis and service simulation fatigue tests were essential in
comparing both analytically and experimentally the durability of chain-type and gear wheeltype final drive wheel supports subjected to identical multi-channel and phase-related road
data.

(3)

Both designs of the wheel support exceeded the analytical and experimental durability
requirements defined by Sisu Terminal Systems Inc.

(4)

The results of this case-study will be implemented in future design such that the existing chaintype final drive will be replaced by the gear wheel-type final drive in the next generation of cast
wheel support components.
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FATIGUE DESIGN OF PRESSED STEEL SHEET
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Swedish Institute for Metals Research
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S-114 28 Stockholm
Sweden
Abstract
The present work is devoted to the fatigue design of pressed steel sheet structures as used in e.g. auto
bodies. In pressed parts areas exist with more or less sharp curvatures. Characteristics of the fatigue
process for such parts are crack inititiation in a highly strained area due to the forming of the sheet and
a loading mode that is predominantly bending of the thin sheet.
The topic is addressed from two viewpoints. In the first instance, fatigue test procedures are discussed
and results are presented for a common deep drawing steel and a high strength dual-phase sheet steel.
Secondly, fatigue life estimation based on finite element simulation of both the forming and the
following fatigue loading are presented.
The results indicate an advantage of using higher strength steels for pressed parts. Furthermore, the
local strain aproach is reliable for fatigue life estimations. However, the predictions are improved by
considering also fatigue crack growth.
Keywords: fatigue, sheet steels, finite elements, sheet metals forming, local strain approach

1. INTRODUCTION
With the overall aim to reduce panel weight of sheet auto body components, shallow pressed parts,
often referred to as coinings, are introduced in order to either increase the panel stiffness or to facilitate
attachments such as welds or nuts. Fig. 1 shows an example of such a pressed panel. However, the
introduction of such pressings also raises the question of fatigue. This is so since the pressing operation
as such influences the fatigue properties of the gauge material by thickness reduction and strain
hardening. Furthermore, the formed geometry often introduces fatigue critical stress concentrations in
the panel where a transition takes place from a pressed coining to the plane sheet.
73
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Fig. 1. Example of a pressed panel. The arrows indicate several coinings as discussed in this paper.
By the forming operation the sheet is locally strained as much as up to about 20% in the end portion of
the coining where fatigue cracking is liable to occur. The effect on the fatigue properties of such levels
of prestraining has been investigated earlier [4,7,8,13,17]. The conclusion from these investigations
was that the gain in fatigue strength was proportional to that of the tensile strength if high degrees of
prestraining was considered. Increases of the tensile stength by some 20-30% have been noted.
However, for small degrees of prestraining, i.e. less than about 10%, small increments in fatigue
strength were reported although considerable gain in tensile strength can be noticed [7].
This paper discusses the influence of geometrical stress concentration and forming strains of pressed
sheet panels on the fatigue strength. . In the first instance the test method is introduced and fatigue life
results are presented for a conventional deep-drawing sheet steel (DDQ) and a high strength dual-phase
sheet steel (DP400). Next, finite element simulations of both the forming operation and the subsequent
fatigue loading are discussed. Finally, with the finite element simulations as a basis fatigue life
predictions for the two sheet steels tested are presented. Both predictions for the fatigue crack initiation
and the fatige crack propagation stages are discussed.

2. MATERIALS AND EXPERIMENTAL INVESTIGATION
The two materials investigated were a conventional deep drawing sheet steel (DDQ) and a high
strength dual-phase sheet steel (DP400). The sheet thickness was about 1.2 mm. The chemical
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composition is given in Table 1. The tensile properties were for DDQ Rpo.2=188 MPa, Rm=314 MPa
and Ai5=0.47. For DP400 Rpo.2=267 MPa, Rni=444 MPa and Ai5=0.43.
Table 1.

Fig. 2.

Chemical composition of investigated materials (in weight per cent)
N

Cr

Material

C

Si

Mn

P

DP400

0.069

0.01

0.19

0.08

DDQ

0.053

0.004

0.212 0.011 0.018 0.004 0.015

0.012 0.003 0.03

Ni

Cu

Al

0.010 0.03

0.044

0.021 0.008

0.049

Photograph of the upper side the fatigue test specimen. The length of the specimen was 300
mm and the width 91 mm. At the arrows at the end portions of the coining fatigue cracks
appeared as desired.

The fatigue specimen used in the present investigation is shown in Fig. 2. The specimens were formed
using a conventional servohydraulic sheet forming press with the tool geometry displayed in Fig. 3.
This tool has a punch and two dies which allows a blank holder pressure to be applied. During forming
the specimen is pressed to a depth of about 5.7 mm. The surfaces of the sheet were lubricated using
conventional deep-drawing oil. After forming the specimens were heat treated at 190°C for 15 minutes
which simulates the paint baking operation of the auto panels.
Clearance 1.75 mn
Die

R3

'R3

25 mm R21.5
76.5 mm
Fig. 3.

Dimensions of the tools used to press the fatigue specimens.
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The fatigue tests were performed in fully reversed four point bending in the test set-up shown in Fig. 4
[5,6]. The specimen were clamped at four locations where the distance between the two inner supports
was 150 mm. Between the inner and outer support was a gap of 40 mm.

Fig. 4. Fatigue test set-up for fully reversed four point bend testing of coined sheet samples.
In order to monitor the bending moment applied to the specimen the bending strains were recorded by
applying a 5 mm long strain gauge half-way between the inner support and the end portion of the
coining. This measurement provides a non-linear relation between the applied load and the nominal
bending strain t^Q^ due to pick up of bending moment in the supporting points [5]. The bending
moment of the specimen can be calculated from conventional bending theory as

-

6-(l-v^)

^^

where b is the specimen width, t the sheet thickness and E=210 GPa is the Youngs' modulus.
For the determination of fatigue failure a certain stiffness criterion was used. This criterion was based
upon the continous recording of the applied load (constant) and the simultaneous stroke of the loading
piston. When the fatigue crack appears the stiffness of the specimen is reduced. The criterion was so
formulated that when the stiffness had decreased by 3% from the stable level as recorded up to about
half the fatigue life, then fatigue failure was defined to occur. This check was performed after the test
was conducted in order to avoid false stops of the tests due to occasional peaks in the recorded signals.
Fatigue cracking was found to initiate at the end portion of the coining. The crack initiated on the
upper side of the sheet, Fig. 2, and gradually grew through the thickness and along the coining perifery.
By inspection of the crack length at a few specimens it could be established to be about 20 mm at the
fullfilment of the failure crieria.
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Fig. 5 shows the fatigue life curves for the two materials investigated in terms of nominal bending
moment vs number of cycles to failure (3% stiffness drop criterion). Clearly, the benefits of the higher
tensile strength of DP400 also are maintained throughout the fatigue testing range considered here (10"^
to 10^ cycles). The increment in fatigue life is about a factor of 4 for DP400 compared to DDQ.
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Fig. 5. Four point bend fatigue test results for DP400 and DDQ.

3. FINITE ELEMENT SIMULATIONS
For simulation of the forming operation an elastoplastic material description based on a non-linear
kinematic hardening model was used [5,10]. The material parameters used were obtained by numerical
fitting to tensile test data. For the fatigue loading case only elastic calculations are presented here.

Fig. 6. Finite element mesh as seen after forming simulation.
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A finite element mesh consisting of one layer of 24 nodes brick elements were used. The quarter model
used due to symmetries is shown in Fig. 6 after the simulation of the forming stage. In the subsequent
fatigue loading a uniform bending moment was applied to the edge of the mesh corresponding to the
inner support of the test set-up.
The results for the fatigue calculations are only presented for DDQ. The results for DP400 were
similar. Fig. 7 shows the distribution of the effective strain (von Mises) along the x coordinate running
along the symmetry axis of the specimen from the midsection; to the left in the figure is the midsection
and the top of the coining, to the right is the inner loading support at x=75 mm. The two strain peaks
shown in the figure correspond to the bend on the top of the coining and to the bend at the end portion
of the coining where fatigue cracks occured. Clearly, the highest forming strains were obtained on the
upper side of the top bend. In the lower bend, on the upper side of the sheet the forming strains were
less than 0.05. This indicates that we cannot expect big influences of strain hardening at the fatigue
critical location at the end portion of the coining on the upper side of the sheet [7].
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Fig. 7.

Distribution of effective forming strains.

Fig. 8 in turn shows the sheet thickness distribution along the x axis after forming. The two extreme
values of the thickness correspond to the strain peaks shown in Fig. 9. For comparison an experimental
value of the sheet thickness in the fatigue critical area is shown. The agreement between the numerical
value and the experimental is good although the finite element simulation underestimates the thickness
reduction.
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Distribution of sheet thickness after forming simulation.
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Fig. 9. Distribution of effective strain ranges during fatigue load
simulation.
Fig. 9 shows the effective strain range along the x axis of the sheet during fatigue loading. The peak
strain range is higher on the upper side of the sheet than on the lower side. The peak occurres at the end
portion of the coining. The largest peak is thus obtained in the location where crack were found to
initiate in the experiments. The elastic strain concentration factor (=peak strain/nominal strain) was
found to be 2.2.
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4. FATIGUE LIFE PREDICTION
The fatigue life was predicted by using the local strain aproach for the fatigue crack initation life
[1,12,15] and fracture mechanics for the subsequent fatigue crack growth [2,3].
The essential feature of the local strain aproach is to estimate the local strain in fatigue critical area.
This can be done for instance by non-linear finite element calculation or by the application of strain
gauges to the critical area. Here, the traditional aproach suggested by Neuber [12] has been adopted.
The point with this analysis is that it requires only a linear elastic calculation of the stress concentration
factor. A modern interpretation of this analysis is that the total strain energy is the same for the elastic
case and the requested cyclically non-linear case [9]. For ease of use the fatigue life data obtained from
smooth specimens subjected to fully reversed strain control is established by using the Neuber
parameter (left hand side) and is expressed as

V£AaAi = Z)-A^^^

(2)

the fitting parameters D and d used were 5169 and -0.204 for DDQ and 4210 and -0.173 for DP400.
The requested initation fatigue life was obtained by calculating the linear elastic peak strain by
multiplying the nominal strain with the stress concentration factor of 2.2 established in the finite
element simulations. The elastic peak strain and stress was inserted into the left hand side of Eq. (2).
Fig. 10 shows the predicted fatigue life vs the experimentally determined fatigue lives of Fig. 7. A
perfect relation between predicted and experimental lives follow the solid diagonal in the figure. We
can see that local strain aproach for prediction of the initiation fatigue life is conservative with about a
factor of 5.
In addition to the fatigue life initiation estimate, a fatigue crack growth analysis was performed. This
was performed by integrating Paris' law [14] from an initial crack length of 0.6 mm to a final crack
length of 20 mm. The parameters in Paris' law was C=3.63* 10-13 and m=4.1 [16]. The parameters does
not vary much for the two materials. The initial crack length chosen is close to the threshold crack
length typical for sheet steels, AKth=4.1-4.6 MPa-N/in [16]. The final crack length corresponds to the
crack length observed at termination of the fatigue tests. The stress intensity solution for the crack was
that for through the thickness crack in a plate subjected to pure bending [11]. Since the crack in the
case of the coined geometry grows in the stress concentration area the bending stress of the stress
intensity solution was multiplied by the stress concentration factor.
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Fig. 10. Evaluation ofpredicted fatigue lives using either the local strain
aproach for fatigue crack initiation life (INIT) or the local strain aproach plus
fatigue crack growth analysis for the total fatigue life (TOT).
In Fig. 10 also the predicted life obtained by superposing the crack growth life to the initiation life can
be seen. The predicted fatigue life is improved by adding the fatigue crack growth; within a factor of 3
in life.

5. CONCLUSIONS
From the present investigation on the fatigue behaviour and fatigue life prediction of coined sheet
components the following conclusions can be made
• There is an advantage to utilize higher strength sheet materials than conventional forming steels.
Here an increase in fatigue life of about a factor of 4 was noticed when comparing a conventional
deep-drawing steel (DDQ) to a high-strength dual-phase sheet steel (DP400).
• The presented finite element calculations were shown to produce a realistic forming simulation. It
was shown that the calculated sheet thickness reduction in the fatigue critical area was close to the
experimentally determined one.
• Fatigue life predictions based on fatigue life data for smooth specimens subjected to fully reversed
strain controlled testing and local strain ranges from finite element calculations were shown to be
overly conservative - about a factor of 5 in life. This prediction corresponds to fatigue crack
initiation.
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• A fatigue crack growth correction for the fatigue life estimation were able to explain the
conservativeness of the crack initation estimate.

6. ACKNOWLEDGEMENTS
The following organizations are acknowledged for their financial support: NUTEK, SSAB Tunnplat
AB, Volvo Cars and Trucks.

7. REFERENCES
[I]
[2]
[3]

[4]
[5]

[6]
[7]
[8]
[9]

[10]

[II]
[12]

DOWLING, N, A Discussion of Methods for Estimating Fatgiue Life, (1982) Proc. SAE
Fatigue Conf., P 109, Society of Automative Engineers, Warrendale, PA, pp 161-174.
EWALDS, H.L. and WANHILL, R.J.H., (1984), Fracture Mechanics, Edward
Arnold/Delftse Uitgevers Maatschappij.
GUSTAVSSON, A.L, Variable Amplitude Fatigue of Notched Sheet Steels - An
Overview of Mechanisms and Mechanical Models, (1992), Swedish Institute for Metals
Research, IM-2869, Stockholm, Sweden.
GUSTAVSSON, A. and LARSSON, M., Fatigue Of Coined Sheet Steels. Part 1: Strain
Controlled Fatigue Testing Of Different Low Carbon Sheet Steels, (1993), Swedish
Institute for Metals Research, IM-2930, Stockholm, Sweden.
GUSTAVSSON, A., LARSSON, M. and MELANDER, A., New Techniques To Test
Fatigue Properties Of Coined Sheet Specimens Part Three: Fatigue Testing And
Analysis Of A Component Like Coining In Sheet Steel Materials, (1994), IM-3146,
Swedish Institute for Metals Research, Stockholm, Sweden.
GUSTAVSSON, A. and MELANDER, A., New Techniques To Test Fatigue Properties
Of Coined Sheet Specimens Part Four: Development Of Experimental Techniques,
(1994), IM-3147, Swedish Institute for Metals Research, Stockholm, Sweden.
GUSTAVSSON, A. and MELANDER, A., Fatigue of a Highly Prestrained Dual-Phase
Sheet Steel, (1995), Fatigue Fract. of Engng Mater. Struct. 18(2), pp 201-210.
HOLT, J.M. and CHARPENTIER, P.L., Effect of Cold Forming on the StrainControlled Fatigue Properties of HSLA Steel Sheets, (1983), Proc. Int Conf. on
Technology and Applications of HSLA Steels, Philadelphia, pp 209-222.
MOFTAKHAR, A., BUCZYNSKI, A., and GLINKA, G., Calculation fo Elasto-Plastic
Srains and Stresses in Notched Bodies under Multiaxial Cyclic Loading, (1993), Proc.
5th Int. Conf. Fatigue and Fracture, 3-7 May 1993, Montreial, Canada, EMAS, pp 441452.
MOOSBRUGGER J C and MCDOWELL D L ,A rate dependent bounding surface
model with a generalized image point for cyclic nonproportional viscoplasticity, (1990),
J Mech Phys Solids 38, 627-656.
MURAKAMI, Y., Stress intensity factor handbook. Vol. 2, (1987), Pergamon Press.
NEUBER, H., Theory of Stress Concentration for Shear-Strained Prismatical Bodies
with Arbitrary Stress-Strain Law, (1961), J Appl Mech, Dec, pp 544-550.

http://simcongroup.ir

Fatigue Design of Pressed Steel Sheet
[13]
[14]
[15]
[16]
[17]

83

PARKER, T.E. and MONTGOMERY, G.L., Effect of Balanced Biaxial Stretching on
the Low-Cycle Fatigue Behaviour of SAE 1008 Hot Rolled Low Carbon Steel, (1975),
S AE Automotive Engineering Congress and Exposition, Paper No. 750048, Detroit.
PARIS, P.C, GOMEZ, M.P. and ANDERSON, W.E., A Raional An^ytic Thedry of
Fatigue, (1961), The Trend in Engineering, pp9-14.
SHERRATT, F., and EATON, O., Fatigue Life Estimation by Local Stress-Strain
Methods, (1983), J. Society of Env. Eng., Sept., pp 28-36.
WASEN, J., Fatigue Crack Growth and Fracture in Steely (1988), thesis, Chalmers
University of Technology, Department of Engineering Metals.
WEI, D.C., Structure-Fatigue Corrections for Dual Phase HSLA Steels, (1981), SAMPE
quarterly 12(4), pp 24-31.

http://simcongroup.ir

This Page Intentionally Left Blank

http://simcongroup.ir

A MULTIAXIAL FATIGUE LIFE PREDICTION PROGRAM
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ABSTRACT

A step-by-step process for multiaxial fatigue life prediction is outlined. The approach is built
from existing models and methods, modified to fit into integrated software. The process begins
with an elastic finite element analysis to determine geometry factors, continues with stress-strain
calculation via notch correction/plasticity, and finishes with critical plane damage estimation to
assess fatigue lives. The use of FEA and notch correction/plasticity to calculate local stressstrain behavior is discussed and critical plane methods are reviewed. As an example of the
complete process, the integrated method is used to generate life predictions for the Society of
Automotive Engineers (SAE) notched shaft from a sample load history.

KEYWORDS

Multiaxial Fatigue, Multiaxial Notch Correction, Multiaxial Plasticity, Critical Plane Analysis,
SAE Shaft

NOMENCLATURE
5, a deviatoric stress tensor, deviatoric backstress tensor
e,e strain tensor, deviatoric strain tensor
6^, %^ plastic strain tensor, non-linear part of the fictitious (elastically calculated) strain
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a, ^G equivalent stress, equivalentfictitiousstress
€, ^€ equivalent strain, equivalentfictitiousstrain
e^, ^e^ equivalent plastic strain, non-linear part of the equivalent fictitious strain
C, XJ generalized plastic modulus,fictitiousgeneralized plastic modulus
Dt, Ds tensile, ^hear damage
or^, Ty tensile, shear fatigue strength coefficient
e|, 7y tensile, shear fatigue ductility coefficient
Umax miximum stress normal to the plane

INTRODUCTION

Mo$t eflgineers in the grourtd vehicle indtlstries today rely dti uniaxial analysis in the context
of the local strairt approach to predict fatigue life. These methods have proven to be effective
in correlating fatigue life for many parts whose loading can be assumed uniaxial. However,
the interest in multiaxial methods has grown as the ability to measure multiaxial loading histories and perforiti three dimensional stress analysis becomes more routine. Designers frequently
^sk: why do we do uniaxial fatigue analysis when we measure and compute multiaxial loads,
stresses, aiid strains?
While researchers have demonstrated the ability of multiaxial methods to correlate crack nucleation life and direction [13], it is not clear that multiaxial methods, which come with a large
comf)utational price, are worth the added complexity. It is not the purpose of this study to
definitively demonstrate the superiority of multiaxial methods; rather, the purpose is to show,
by outlining a step-by-step process, how multiaxial fatigue life prediction can be performed on
a real part and discuss the possible benefits of such an analysis.
The strength of multiaxial methods lies in their ability to account for behavior that is otherwise
ignored when one performs a uniaxial analysis. There are cases—an axle is a good example—
where the multiaxial state of stress is critical, loading is far from proportional, and crack initiation direction is important because subsequent loads may grow these cracks to failure. For
these, a multiaxial analysis is appropriate.
Figure 1 shows the proposed multiaxial life prediction process schematically. Both notch correction and plasticity are used to calculate the stress-strain state in the notch. Several notch
correction models have been developed for multiaxial stress-strain states [1,7,8,11]. Likewise,
many researchers have proposed successful plasticity models for use in fatigue [4,9,10]. Critical plane methods, first developed by Findley [6] and later extended to strain by Brown and
Miller [2], are used to estimate the fatigue life. Note that the method requires three major inputs: loads, geometry information in the form of elastic FEA, and material properties. Analysts
can readily characterize the material properties using well-established uniaxial test procedures.
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Fig. 1. Multiaxial Life Prediction Overview

METHODOLOGY
Influence Matrix
In order to begin a fatigue life analysis, something must be known about a part's service history;
most often, this information comes in the form of load histories measured during simulations or
during actual use. Although it could be experimentally determined or analytically derived, an
influence matrix relating loads to in-plane elastic strains in the notch is most often found using
elastic FEA,
L Pj

(1)

where Pj is the vector of loads, L is the influence matrix, and % is a vector of elastically
calculated in-plane notch strains. For the example shaft problem shown in Figure 2, the influence
matrix is determined thus:
(i) Identify the number of different loads, usually corresponding to the number of load channels in a service history (e.g. P = {B T}', where B is the bending moment and T is the
torque)
(ii) Establish a suitable mesh in the elastic FEM software of choice
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360mm
40mm

150mm
•llo

ol

63 mm

Fig. 2. SAE Notched Shaft
(iii) For each load type (channel), apply a singular unit load (two load cases for Figure 2,
P^ = {10yandP^ = {0iy)
(iv) Solve for the elastic stresses and strains in the area of interest; these strains are the components of the influence matrix. For the bending moment

(2)

yy

(v) By application of superposition, assemble the components into the final influence matrix
B

T

XX

XX

1 ^yy > —

yy

yy

1 ^xy

B
xy

T
xy

(3)

T

Using the influence matrix, it is easy to find the elastically calculated notch strains for any
loading combination.
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Notch Correction/Plasticity

Once the elastically calculated strains are known, a notch correction/plasticity model is used
to find the elastic-plastic stress-strain state. Our approach to plasticity and notch correction is
based on the following observations: 1) multiple-surface Mroz models do a good job estimating
response to proportional loading [10], 2) two-surface models predict nonproportional material
response accurately [9], and 3) correction models used to find notch strains usually employ a
plasticity model in stress control [1]. The first two observations led to the choice of a modified
Mroz-type plasticity model with a limit surface. The third led to the incorporation of Kottgen's
t notch correction method [8] into the plasticity model.
Loading conditions are divided into two areas: proportional and nonproportional. Proportional
loading is best characterized by kinematic hardening whereas nonproportional material response, especially neutral loading, can be described by limit behavior. Here we use Chu's Mroz
plasticity model [3] for kinematic hardening effects. For cases where the input equivalent strains
do not change, the equivalent stress should not grow when the model assumes stabilized behavior. The Mroz model [10] has some difficulty dealing with this loading scenario; a limit surface
is used to constrain the equivalent stresses when loading is nonproportional. The limit surface
size is chosen according to the largest equivalent strain in a history.
Each increment of input elastically calculated strain, d^e, is broken into a two-step process that
amounts to simultaneous numerical integration. The process is detailed below.
A:

' d% ^ ds

used%^-^(7 s - a

, A^e = ;^, V

• numerically integrate ds =
B:

2

da

fs\^,s,a]

- ds => de
' ust deP = ^ g(s^-a]

, Ae = ^,

C

2 da_
3 deP

• numerically integrate de = fe (C, s,a]

Critical Plane Analysis
The critical plane approach tries to do analytically what the test engineer does experimentally.
To analyze a failure, a test engineer finds the location of crack nucleation and places a strain
gauge at that location in a direction perpendicular to the observed crack and measures the strain
history. Analytically, the location and direction are unknown and all possiblities must be evaluated. It is assumed that the plane and direction having the most computed damage will be the
first one to nucleate a crack.
As yet, there is no consensus among researchers as to which damage model is best and this
paper will not add to this debate. Nevertheless, we may observe that successful models have
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features that
-

account for plasticity using a strain-based parameter
account for nonproportional hardening using a stress range or maximum stress parameter
model mean stress effects with a mean stress or maximum stress parameter
account for different failure modes by characterizing damage as tensile or shear related

No single method meets all of these requirements, the most difficult being the ability to distinguish between tensile and shear damage modes.
Shear damage is estimated using

A =^

(4)

where A^c is found from
^

^1 +

fc^j

= ii2N,f

+ ^;(2Ar)^

(5)

This model was first proposed by Fatemi and Socie [5]. The right-hand side is the strain-life
curve generated from torsion testing. The terms on the left-hand side represent the loading
parameters defined on a given plane.
The Smith-Watson-Topper (SWT) model [12] is used to compute the tejisile damage:

A=^

(6)

where AJ is found by solving

~2 ~ ~Y'

(^(2iV,)^ + 6;(27V,r)

(7)

The right-hand side of the equation is the SWT parameter {Gmax^^l'^) for fully reversed uniaxial loading case in terms of the strain-life curve. The left-hand side of the equation represents
the loading parameters. In this paper we have used a simple but effective strategy: compute
shear and tensile damage on each plane and add the damage together to obtain an estimate of
component life, N\
^ =^ +^
N
Nt N,

(8)
^'

Because the tensile and shear cracking modes do not often occur simultaneously, summing the
tensile and shear damage leads to a conservative estimate for the fatigue life.
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Table 1. Comparison of Uniaxial and Multiaxial Notch Correction Procedures
nominal

fictitious

notch

strain (/xe) strain (/xe) strain (//e)

notch
stress (MPa)

Kf = 1.0
uniaxial

2690

2690

3190

467

multiaxial

2690

2690

3130

476

uniaxial

2690

5380

9030

660

multiaxial

2690

5380

8945

697

Kf = 2.0

Summary of Methodology

In summary, the integrated approach takes this form:
(i) Identify the regions of interest and the inputs
(ii) Determine the influence matrix with use of elastic FEA
(iii) Feed the notch correction/plasticity model the separate channels of the load history to find
the appropriate stress-strain states
(iv) Rainflow count the resulting stress-strain history, resolved on a plane, using the damage
model of choice
(v) Calculate the final life by identifying the most damaged plane

COMPARISON TO EXPERIMENT

It is important to verify that the multiaxial stress-strain predictions agree with the uniaxial methods on which they are based. Shown in Table 1 are the results of simple uniaxial loading with
notch correction. Note that the multiaxial method reduces to expected behavior in uniaxial tension. The comparison is made between a uniaxial Neuber's analysis and the integrated notch
correction/plasticity model for SAE 1045 steel, hardened to Rockwell C 29.
Figure 3 represents computed and experimental data for a simple tension (Sxx = 296MPa) and
torsion (S^y = 193MPa) loading of a circumferential notched shaft. The nominal quantities are
computed from the applied torque, T, and the applied axial load P as S^x — P/A and S^y =
TR/J, where A is the cross-sectional area, R is the nominal radius, and J is the rotational
moment of inertia. Note that the coupling between the shear and axial loading is captured by
the model. The notch shear strain increases during the tensile loading portion of the loading
cycle even though the nominal shear stress is held constant during this loading segment.
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SAMPLE ANALYSIS OF SAE NOTCHED SHAFT

The SAE notched shaft is shown in Figure 2. The step-by-step analysis procedure will be detailed here by example. Step numbers refer to the summary procedure in Section Summary of
Methodology.
STEP 1

The shaft is loaded by torsion and one plane of bending. These represent the two load channels
for this case, P = {B T}'. A mesh is chosen with sufficient refinement in the area of the notch
to determine the location with the largest strains.
STEP 2

An elastic FEA for two load cases—one with a lOOONm bending load and no torque, the other
with a lOOONm torsion load and no bending—locates the largest strain approximately 15° up in
the notch root for both load cases. In the rotated local coordinate system shown in Figure 2, the
resulting strains are:

1176
1 yy

> = <• - 1 2 8 > f i e <

0

0

^xx

yy

> = <

0

> /de

641
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Fig. 4. SAE Notched Shaft Measured and Predicted Strains
The influence matrix for a INm load can be assembled:
1.176

0.0

-0.128 0.0
0.0

0.641

STEP 3

Figure 4 shows the predicted and measured notch strains for the SAE shaft. An elastic test was
used to determine an experimental influence matrix because of the inability to place the gauge
at the location of highest strain predicted by FEA and thereby make a fair comparison.
STEP 4 & STEP 5

The resulting damage map is shown in Figure 5, where 0 and 6 locate the normal to the plane,
n, as shown (the z-axis is normal to the surface of the shaft as in Fig ure 2) and D is the fatigue
damage. The method estimates a fatigue life of 65 blocks on the critical plane 0 = 170"^, 6 =
QO''. Each block consists often repetitions of the load history.

DISCUSSION
The advantage of the multiaxial method lies in its ability to describe nonproportional loading
while reducing to expected behavior in proportional loading. Our particular method combines
into one step the solution of the notch strains and stresses, unlike many proposed methods that
separate the two. This integration saves computation time.
The loading history used in this example turns out to be a very challenging test of the notch
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Fig. 5. Predicted Damage Distribution for Nonproportional Loading of SAE Shaft
correction/plasticity methodology. It contains mostly out-of-phase loading, while our approach
was developed with an emphasis on accurately matching response to uniaxial and in-phase
loading. This is, in some sense, a worst case analysis, although an important one, since the
history contains many features common to loadings on components like axles.
The uniaxial properties we used for this analysis are based on the work of Fatemi [5], who reported stress-strain response for tubes loaded in out-of-phase torsion and axial tension/compression.
The cyclically stabilized axial stress vs. axial strain corresponding to zero torsion was fit to give
k' = 3644 MPa and n' = 0.3112, with a modulus of 206519 MPa.
As shown in Figure 4, our estimates of the notch strains show somewhat more ratcheting behavior than is actually observed. The comparison is shown for the second highest load level tested
(T = 1795Nm, B = 1735Nm) because there was evidence of strain gage de-bonding when the
final highest load level test (T = 2200Nm, B = 2100Nm) was completed. This highest load
level was run until part failure.
The predicted life of 65 blocks compares favorably to the measured life of 102 blocks. The
experimental life corresponds to complete failure of the specimen into two pieces; the actual
life to crack initiation is closer to the 65 block prediction.

CONCLUSIONS
An integrated procedure for multiaxial fatigue analysis has been outlined. The notch correction/plasticity model has been shown to qualitatively capture material behavior and the total
process from input loads to final life estimation detailed for the SAE notched shaft. Life estimates within a factor of two were obtained for the notched shaft subjected to nonproportional
loading.
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FATIGUE FAILURE OF A CONNECTING ROD
ROGER RABB
Wartsila Diesel International Ltd, PO Box 244, FIN - 65101, Vaasa, Finland
{Received 12 September 1995)
Abstract—This paper describes the analysis of a fatigue failure of a connecting rod
medium-speed diesel engine. The difficulties in making a sufficiently good FE model
exact geometry of fine details and with all important nonUnearities are explained. Fatigue
of the material in the connecting rod were also carried out. The FE analyses and fatigue
led to an improved design of connecting rod.

in a
with
tests
data

1. BACKGROUND
In 1989, an 18-cylinder diesel engine experienced a connecting rod failure at a steel
mill. The purpose of the engine was to run an electric generator that provided the
electric furnaces with current. The consequences were disastrous: the engine block
was smashed in two and the crankshaft was ruined, i.e. the whole engine was
destroyed. Fortunately nobody was hurt, but the economic consequences were
serious. The connecting rod design is shown in Fig. 1.
An examination of the fracture surfaces (Figs 2 and 3) revealed that the cause of
the failure was fatigue and that the crack had initiated in the upper connecting rod ,

Fig. 1. Connecting rod.
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Fig. 2. Broken shaft of the failed connecting rod.

Fig. 3. Fracture surface of the connecting rod.

threads. The initiation point was in the root of the fifth thread from the end of the
engagement.
A measurement of the form of the thread profile showed that the root radius of the
thread in the connecting rod had not been specified, as could be concluded from the
working drawings. The standards do not require any root radius for the thread of a
nut. The result was that the root radius of the thread in the connecting rod varied
from about 0.1mm to about 0.2 mm. The root radius in the connecting rod screw
was, in accordance with the appropriate standard, equal to 0.3 mm.
It was obvious that the stresses in the connecting rod in the threaded area had to be
checked with a demanding FE analysis. The calculations made at the design stage had
not been exact enough to calculate the stresses in the zone where the crack had
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initiated. Although we had a powerful FE program (ADINA) our computer resources
were a Hmiting factor. In a nonlinear analysis it was necessary to restrict the size of
the model to about 20,000 DOFs, which was insufficient. We therefore had to look to
a consultant for increased computing power. The FE model would have to involve
nonhnearities Uke contact between the flanks of the threads, and details such as the
threads would have to be modelled accurately. The consultant chosen had a Convex
CI minisuper computer with the well-known FE program ABAQUS.

2. CHOICE OF GOALS FOR THE ANALYSIS
The size of FE model needed would have reached the Hmits of the consultant's
computer. It was, therefore, necessary to simpUfy the model and its boundary
conditions, and to consider whether it was really important to include a given
nonhnearity in the model. In the first analysis commissioned it was decided that the
only nonhnearity to be included would be contact without friction. As the first results
had shown that considerable shp occurred between some engaged flanks, it was
decided that friction had to be included. When the results of the first fatigue analysis
revealed large failure probabihties, it was clear that the load equalizing influence of
thread root plasticity had to be included in the model. Finally, with plasticity and
friction in the model, it was necessary to give load cases in sequence and to repeat the
load sequences to reach the steady-state situation.
The following were established for the original analysis:
(a) Load cases (not given in sequence).
• Apphcation of prestress in the connecting rod screws.
• Apphcation of a diametrical interference fit between the bearing sleeve and the big
end of the connecting rod together with the prestress in the screws.
• Apphcation of inertia forces together with the action from the interference fit and
the screw prestress.
• Apphcation of the combined effect of maximum combustion pressure and the
inertia forces together with the interference fit and the screw prestress.
(b) Boundary conditions.
• The supporting effect of the crank pin was correctly taken into account as a contact
problem by modelling the pin with the appropriate diametrical clearance. Friction
effects were neglected at this location.
The aim of this first analysis was to see the differences in stress amphtudes and
mean stresses with a root radius in the connecting rod thread of 0.15 mm and with an
appropriately specified root radius of 0.3 mm. It was assumed that a linear material
model would suffice for this comparison. Our experience of failure analysis was based
on the use of a nominal stress and a corresponding stress concentration factor. This
approach is not well suited for FE analyses, where real stresses are calculated and the
definition of a nominal stress is difficult.

3. THE FIRST FE MODEL
3.1. An axisymmetric FE analysis
The benefit of an axisymmetric FE model is that it is easy to modify and run. It is
also easier to agree upon some nominal stress. The axisymmetric FE model is shown
in Figs 4 and 5. Figure 6 shows the effective stress distribution in some of the first
threads in engagement when a force acts at the end of the screw shank. Initially, it
was decided to use the stress concentration factors obtained with the axisymmetric
model for a tension force through the outer cyhndrical part. This is a rather
conservative estimate, although it was considered accurate enough to allow comparison between different alternatives. The screw dimension was M45 x 3 and the
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Fig. 4. Axisymmetric FE model to determine stress concentration factor.

M(0C*>4^U«O-^00 > 0 0 — K>Oi*i>0»0
I I I I I • I • I I t I « I

Fig. 5. Threads of the axisymmetric FE model.

'6&MfB:

Fig. 6. Effective stresses when a force is acting at the end of the screw shank.
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calculated stress concentration factors were Ki = 3.7, for a bottom radius of 0.15 mm,
and ATt = 2.7, for a bottom radius of 0.3 mm.
As expected, the ratio of these two stress concentration factors is approximately
equal to the square root of the inverse of the ratio of the bottom radii. The results
also showed that the maximum principal stress was dominant. Hence, the fatigue
analysis could, with sufficient accuracy, be based on a uniaxial stress assumption and
maximum principal stress at the surface.
3.2. Global FE analysis
Because of the complexity of the analysis, it was conducted in two steps. The first
step was to create a global model of the entire connecting rod with Hnear 3D
elements for modeUing even the fine details of the threads. The global model was
built of the following substructures:
• Substructure zlOl. This substructure contains the crack pin modelled with 3D
elements with quadratic interpolation formulation.
• Substructure zl02. This substructure contains the bearing of the big end of the
connecting rod. It is modelled with 3D elements with quadratic interpolation
formulation.
• Substructure zl03. This substructure contains the connecting rod screw modelled
with 3D elements with hnear interpolation formulation.
• Substructure zl04. This substructure contains the connecting rod modelled with 3D
elements with quadratic interpolation formulation everywhere except for a cyUndrical zone with an outer radius of 30 mm which contains the threads of the
connecting rod. In this cyhndrical area 3D elements with hnear interpolation
formulation are used.
Thus, the global model consists mainly of 20-node isoparametric 3D elements. The
model takes into account the clearance between the crank pin and the connecting rod
bearing. This global FE model is shown in Figs 7 and 8. Nodes on the nonconformical
parts of substructure zl04 are connected to the rest of the connecting rod with
constraint equations.
The second step was to create a local FE model of the threaded area of the
connecting rod and the connecting rod screw by using substructures zl03 and zl04,
but now there were 3D elements with quadratic interpolation formulation in the
substructure zl04 of the threaded region. This local model was fine enough to allow
an exact modelHng of the threads (Figs 9 and 10). During the first runs, the
engagement of the threads of the connecting rod and the screw was treated as a
nonhnear contact problem without friction. Later on, the friction between the flanks
was included in the model and later plasticity and load cycHng were included as well.
The load appHed to this model was the displacement load that was found interpolated
with the global model and the tension in the shaft of the screw. The big difference in
the size of the elements of the global model and the local model naturally introduced
accuracy problems when the global model displacements were interpolated to the
locations of the corresponding nodes on the "outer" surface of the local model.
In ABAQUS one can choose either a total Lagrangian or a penalty function
approach to solve a nonUnear contact problem. The penalty function approach was
chosen because this algorithm converges faster. The method has a disadvantage in
having to define the elastic slip if friction is involved. Making a suitable choice of
elastic slip is difficult and can introduce some arbitrariness into the analysis. On a
physical level one can assume that the elastic slip corresponds to elastic displacements
in the surface roughness. The wrong choice of elastic slip can considerably influence
the results of the analysis.
The purpose of the first runs was to examine how much a specified radius of
0.3 mm in the thread bottom of the connecting rod would increase the safety factors
in comparison to the original design of a bottom radius of 0.15 mm. Tables 1 to 4
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Fig. 7. Nonlinear global FE model of the connecting rod with a local cordinate system for the
threads.

Fig. 8. Global FE model.

show the maximum principal stresses and nominal stresses in the root of the threads
of the connecting rod and in the direction of the small end of the rod. The
corresponding mean stresses and stress ampUtudes are also shown. The type of steel
used is forged 34CrMo4 TQ+T ISO 683-1, with a minimum tensile strength, R^, of
750 MPa, and a minimum yield strength, 7?po.2, of 500 MPa.
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Fig. 9. Local model of the threads made from the substructures zl03 and zl04.

Fig 10. View from Fig. 9. The thread mesh.

The calculations give rise to the following comments:
The negative influence of a thread without bottom radius is clearly shown. The
calculated stresses decrease considerably if a bottom radius of 0.3 mm is used.
The yield stress is reached in many threads, especially in the beginning of the
engagement. The load distribution between the threads is, of course, influenced
considerably by this yielding, and an elastoplastic material model will be used in
subsequent analyses.
The calculated shps between thread flanks in engagement are very high when
friction is neglected (52-58/im). A microscopic study of the flanks revealed the
truth (Fig. 11): the flanks had been damaged by fretting. It was therefore possible
that the first crack was initiated by fretting rather than by an excessive stress
amphtude. It was therefore necessary to bring friction into the analysis.
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Table 1. Original design (0.15 mm radius)
Peak stress (MPa)

Flank no.

Prestress

Prestress and
inertia forces

Prestress and
combustion

1
2
3
4
5
6
7
8
9
10
11
12
13
14

2904
1161
991
890
809
728
677
629
579
538
531
534
645
1311

2869
1156
987
886
804
722
668
619
567
525
515
516
624
1278

3188
1535
1354
1250
1165
1091
1040
996
945
913
912
940
1131
2245

Table 2. The original design (0.15 mm radius)
Nominal stress (MPa)

Real stress (MPa)
R a n k no.

Om

CTa

1
2
3
4
5
6
7
8
9
10
11
12
13
14

3028.5
1345.5
1170.5
1068.0
984.5
906.5
854.0
807.5
756.0
719.0
713.5
728.0
877.5
1761.5

159.5
189.5
183.5
182.0
180.5
184.5
186.0
188.5
189.0
194.0
198.5
212.0
253.5
483.5

""

5a =

3.7

^
3.7

43.11
51.22
49.69
45.19
48.78
49.86
50.27
50.95
51.08
52.43
53.65
57.30
68.51
130.68

818.5 > 500
363.6
316.4
288.6
266.1
245.0
230.8
218.2
204.3
194.3
192.8
196.8
237.2
476.1

Table 3. Modified design (0.3 mm radius)
Peak stress (MPa)

Flank no

Prestress

Prestress and
inertia forces

Prestress and
combustion

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

1260
893
747
667
614
561
522
475
440
405
378
350
327
333
364

1258
895
749
669
615
561
527
477
442
406
377
348
321
325
354

1527
1098
944
864
812
762
733
686
656
623
599
572
550
568
638
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Table 4. Modified design (0.3 mm radius)
Real stress (MPa)
Flank no.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Om

1392.5
995.5
845.5
765.5
713.0
661.5
627.5
580.5
548.0
514.0
488.0
460.0
435.5
446.5
496.0

C^a

134.5
102.6
98.5
98.5
99.0
100.5
105.5
105.5
108.0
109.0
111.0
112.0
114.0
121.5
142.0

Nominal stress (MPa)
'Jm —

2?7

515.7 > 500
368.7
313.1
283.5
264.1
245.0
232.4
215.0
203.0
190.4
180.7
170.4
161.3
165.4
183.7

5a =

^

2.7
49.81
37.96
36.48
36.48
36.67
37.22
39.07
39.07
40.00
40.37
41.11
41.48
42.41
45.00
52.59

Fig. 11. Fretting wear damage on the thread flanks.

4. FATIGUE TESTING OF 34CrMo4 TQ-+-T STEEL
The fatigue testing of the steel of the connecting rod had several aims:
To determine the ratio of the fatigue limit in alternating tension/compression for a
smooth test bar to the ultimate tensile stress.
To determine the fatigue hmit of a notched test bar both with alternating
tension/compression and with a nominal mean stress equal to the yield stress.
To find the notch sensitivity of this steel.
To find if there were any signs of material anisotropy (Fig. 12).
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Fig. 12. Material grain flow in the area of the threads.

According to the quality instruction for drop forging of the connecting rod, the
steel to be used can also be 34CrNiMo6 TQ+T EN 10083-1. In fact, most of the
fatigue testing was done on this steel. Test bars were cut from the forging. For testing
the anisotropy, they were cut in the same direction as the grain flow and perpendicular to it. According to the quahty instruction steel 34CrNiMo6 has a tensile strength
of 850-1000 MPa and a minimum yield strength of 700 MPa. Test results on material
used for the tests gave mean tensile and yield strength values of 904 and 757 MPa,
respectively.

4.1. Testing for anisotropy
These tests were carried out on smooth test bars made from 34CrNiMo4 TQ+T
ISO 683-1. The results of the tests are summarized in Fig. 13.
As can be seen from Fig. 13, there is no clear indication of material anisotropy.

4.2. Fatigue limit for an unnotched bar
A small number of bars was used to examine the fatigue hmit in alternating tension
compression for an unnotched test bar. The results are shown in Fig. 14. The mean
fatigue limit is given by
= ^aO +

^

A = 470 + 30 • - = 506 MPa.

(1)

The standard deviation is given by
s^ = d-

F'B - A" = 30(F-l)-F

5-10-6^
= 25 MPa.
(5-1).5
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Fig. 13. Material anisotropy in drop-forged 34CrMo4 TQ+T.
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Fig. 14. Staircase test with unnotched test bars of 34CrNiMo6. Alternating tension/compression.

4.3. Fatigue limit for a notched test bar
The notch radius was 0.3 mm as in the root of the modified thread. The theoretical
stress concentration factor was 3.63. Figure 15 shows a typical specimen. The fatigue
hmit was determined for both alternating tension/compression and for a (nominal)
mean stress of 750 MPa, which is slightly higher than the minimum required yield
stress of 700 MPa. For alternating tension compression with the notched bar we
obtained the results in Fig. 16. The mean fatigue hmit is given by
^C50 = 5ao + ^ • — = 135 + 5 • — = 150 MPa.
18
The standard deviation is given by
s^ = d-

F'B

- A"-

(F-1)'F

= 5-

18 • 225 - 53^

= 10 MPa.

17-18

(3)

(4)

Figure 17 gives the results for a (nominal) mean stress of 750 MPa in the notched bar.
The mean fatigue Hmit is given by
^C50 — ^aO + ^ '

The standard deviation is given by

70 + 3 • — = 74 MPa.
10
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Fig. 15. Notched test bar.
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' • • / /
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5
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5
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4 2

8

32

150

3 3

9
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2 4

8

16

140

1 4

4

4

135

0

1

0

0

18

53
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F

A

B

O run out
• failure
Q fictitious

r

d = 5 N/mm^

Fig. 16. Test with notched test bars of 34CrNiMo6. Alternating tension/compression.

S^ =

d-

FB - A'
1)'F

= 3-

10 • 25 - 13^
= 3 MPa.
9-10

(6)

4.4. Summary of fatigue results
The ratio of the mean fatigue Hmit in alternating tension/compression to the
ultimate tensile stress is estimated as approximately
Sc5o

506
= 0.56.
904

(7)

The notch fatigue factor is given by
=

^csoK^ - ^

= 506 ^ 3 33
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The notch sensitivity factor is given by
Kf-1

_ 3.38 - 1
= 0.905.
(9)
3.63 - 1
Figure 17 shows that the use of Gerber's parabola and the rules for constructing a
Haigh diagram give close agreement with the results of the tests. The value for the
fatigue limit at a nominal mean stress of 750 MPa is 74 MPa, according to the Haigh
diagram in Fig. 18, while the value found from the fatigue tests is also 74 MPa. Thus,
the agreement is good, and we have obtained the somewhat surprising result that
even with a nominal mean stress equal to the yield stress, our structure can be
subjected to a considerable cychc load.

n = K, - 1

5. DEVELOPMENT OF THE FE ANALYSIS
Friction and plasticity were introduced in later runs and many different alternatives
were examined. The FE analysis yielded principal stresses shown in Table 5. The
corresponding mean stresses and stress ampUtudes are given in Table 6. A comparison with Tables 3 and 4 reveals the importance of introducing plasticity and strain
hardening. There are no longer principal stresses far beyond the yield stress.

200
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Theoretical stress concentration factor = 3.63

100
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Fig. 18. Haigh diagram constructed with the aid of Gerber's parabola.

900

no

R. Rabb
Table 5. Modified design (0.3 mm radius)
Peak stress (MPa)
Flank no.

Prestress

Prestress and
inertia forces

Unloaded

Prestress and
combustion

Unloaded

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

789
719
640
571
502
439
386
336
301
270
241
230
210
198
225
416

789
720
644
575
507
443
389
339
308
279
248
233
211
197
219
405

785
714
637
568
500
437
384
335
300
269
240
230
209
198
225
416

725
643
600
577
544
513
487
454
434
411
385
380
364
371
432
671

810
732
689
657
563
490
430
380
334
298
266
255
235
222
249
329

Table 6. Modified design (0.3 mm radius)
Real stress (MPa)
Flank no.

Om

CXa

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

767.5
687.5
644.5
617.0
553.5
501.5
458.5
417.0
384.0
354.5
325.5
317.5
299.5
296.5
340.5
500.0

42.5
47.5
48.0
48.5
9.5
11.5
28.5
37.0
50.0
56.5
59.5
62.5
64.5
74.5
94.4
176.5

Nominal stress (MPa)
2.7
284.3
254.6
238.7
228.5
205.0
185.7
169.8
154.4
142.2
131.3
120.6
117.6
110.9
109.8
126.1
185.2

2.7
15.74
17.59
17.78
17.96
3.52
4.26
10.56
13.70
18.52
20.93
22.04
23.15
23.89
27.59
35.00
65.37

Figure 19 clearly shows the negative effect of too few load steps. The steady-state
situation has not been reached and it remains unclear how to calculate the mean
stress and the stress amplitude.
6. APPLICATION OF ANALYSIS WITH LOAD CYCLING
Load cycHng was introduced into the analyses when a similar connecting rod was
designed for a new engine. The number of additional load steps needed to achieve
steady state was checked. Some results of this calculation are given below. Friction
and plasticity were included. Figure 20 shows that steps 3 and 7 give the same stress
level for the inertia load. In other words, we can conclude that the steady state has
already been achieved by adding the load steps combustion and unloading to the load
sequence. Note that due to friction, unloading from combustion and from inertia do
not give the same stress level. Mean stress and stress amphtude in the steady-state
situation is determined from load steps 5-7 as can be concluded from Fig. 20.
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Fig. 19. Negative effect of insufficient load cycling.
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7. CONCLUSIONS
The FE analyses and the results of fatigue testing led to the following solutions to
the fatigue problem:
(a) The screw thread profile was modified to incorporate a root radius specified
equal to 0.3 mm.
(b) The material of the connecting rod was changed to 34CrNiMo6TQ-l-T EN
100f3-l because of its increased fatigue strength.
(c) The screws were phosphated in order to reduce the risk of fretting.
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NOTCH STRESS-STRAIN ANALYSIS IN MULTIAXIAL FATIGUE
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Abstract. An analytical method for calculating notch tip stresses and strains in elastic-plastic isotropic
bodies subjected to multiaxial non-proportional loading sequences is presented. The key elements of
the two proposed models for monotonic loading are generalized relationships between fictitious elastic
and elastic-plastic strain energy densities, and the material constitutive relations. Each method consists
of a set of seven linear algebraic relations that can easily be solved for elastic-plastic strain and stress
increments knowing the hypothetical notch tip elastic stress history and the material stress-strain curve.
Results of the validation show that the proposed methods compare well with finite element data and
that each solution set forms the limits of a band within which actual notch tip strains fall. The use of
the proposed models in conjunction with cyclic plasticity models is discussed for application to
notched bodies subjected to cyclic loading sequences.
Keywords. Notch Analysis, Neuber's Rule, Strain Energy Density Method, Multiaxial Fatigue,
Nonproportional Loading, Cyclic Plasticity, Mroz Model.

INTRODUCTION
Fatigue durability and strength analysis of machine components and structures subjected to multiaxial
cyclic loads requires the determination of elastic-plastic strains and the fatigue damage accumulated at
the point of the highest stress concentration. For this purpose, models that efficiently simulate notch
tip stress-strain histories due to externally applied cyclic loads are required. Once developed, the
resulting histories can be used to determine the amount of fatigue damage at the notch, providing that
an appropriate damage parameter is available.
The most frequently used methods for calculating the notch tip stress-strain field due to cyclic loads
are Neuber's rule [1] which has been extended to fatigue problems by Topper et. al [2] and the
equivalent strain energy density (ESED) method [3] [4]. An extension of Neuber's rule for multiaxial
stress states has been proposed by Hoffman and Seeger [5] and recently by Barkey and Socie [6]. A
more general extension of Neuber's rule and the ESED method for multiaxial loading has been
proposed by Moftakhar et. al. [7] [8]. The method proposed in [7] and [8] is based on strain energy
113
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density considerations and is governed by the assumption that the multiaxial loads are applied in a
proportional manner. A similar formulation, appropriate for notched bodies subjected to multiaxial
non-proportional loads applied monotonically, can be found in references [9] and [10].
In this paper, the incremental models given in [9] and [10] for monotonic loading are discussed and the
method by which they can be applied to notched bodies subjected to non-proportional loading where
both loading and imloading reversals occur is presented.

STRAIN ENERGY DENSITY MODELS FOR MULTIAXIAL NON-PROPORTIONAL
LOADING

Basic Assumptions and Relations
If the body dimensions and external loads are such that the body is in the state of plane stress, the
stress state at the notch tip is imiaxial (Fig. la). Four independent relations are required to define the
unknown notch tip stress and three strain components. Similarly if the notched body is in the plane
strain state (Fig. lb), four relations are needed to determine the four unknown notch tip strain and
stress components. Three independent relations can be defined by the material constitutive equations
and thus only one additional relation is required.

0
aii = 0

0

aij = 0 a22

0

0

0

8n 0

0

0

eij =

0 0

0 0
CJ22

0
0

822 0
0 E33

a)

0

0
0
a33

C7ij =

s„ 0 0
Sii =

0

0

S22

0

0 0

0 0 0
0 cr22 CJ23
0 cr32 ^33
Sii

Sij =

b)

0
0

0 0
S22

823

£32

833

c)

Fig. 1: State of Stress at the Notch Tip a) Plane Stress, b) Plane Strain, c) In General
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The additional energy relation required for the plane stress or plane strain state is generally defined by
either Neuber's rule [1] or the ESED [3] relation given respectively as:

a22S22

-(^22822

=

a22S22 5

(1)

Ja22dS22,

(2)

where the superscripts N and E refer to elastic-plastic values estimated by Neuber's rule and the ESED
method respectively. Both models relate the fictitious "linear elastic" strains and stresses at the notch
tip (aij^Sij^) to the elastic-plastic strains and stresses (aij,Sjj), as shown in Fig. 2.

p,

p,

Fig. 2: Geometrically Identical Elastic and Elastic-Plastic Bodies Subjected to the Same
Boundary Conditions.
In the case of a general multiaxial loading applied to a notched body, the stress state near the notch tip
is triaxial, and at the notch tip, biaxial due to the free surface (Fig. Ic). Since equilibrium of the
element at the notch tip has to be observed, then components (52^ = cy^j ^^^ ^23 ^ ^32? ^^^ there are seven
unknowns at the notch tip: three stress and four strain components. Therefore, a set of seven
independent equations is required to completely define the stress-strain state at the notch tip. The
material constitutive relations provide four equations, and thus three additional relations are required.
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In the case of plastic deformation, the final stress-strain state is dependent on the loading path. As
such, relations that define the local stress-strain state in a notched body subjected to a multiaxial
loading system must be developed in an incremental form. In other words, three stress increments and
four strain increments have to be found for each load increment. The constitutive incremental
equations form four independent equations. The remaining three equations necessary for a complete
formulation of the notch tip problem can be determined by using the strain energy criteria discussed in
references [9] and [10], and presented below.

Material Constitutive Model
The most frequently used material constitutive model used when external loads are applied such that
the stresses are increased in a body in a nonproportional manner is the Prandtl-Reuss relation. For an
isotropic body, the Prandtl-Reuss relations can be expressed as:
1 + V
V
Asij = — = — A a . j - —AakkSij +

1

.

SijSij ;

p _
ASeq

-

Sij -

3 ASe'q
Sy,

(3)

1
Qij -

(

df(aeq)
—

ACTeq,

daeq

for any stress strain relation such as: 8eq = f (aeq). Here, i, j = 1, 2, 3, and the summation convention
applies.

Generalized Strain Energy Relations
Simplified models [1]-[11] generally make use of fictitious elastic notch tip stress-strain data to predict
the actual elastic-plastic notch tip behaviour. Two models are proposed here to address notched bodies
subjected to multiaxial non-proportional loads.
Equivalent Strain Energy Density (ESED) Relations. If an increment of load is applied to a body,
there will be a corresponding incremental increase in the actual strain energy in the body. Consider the
notch tip element shown in Figure Ic. Assume that (i) the remote stresses are elastic, (ii) the notch tip
strains are elastic-plastic, and (iii) the notch tip behaviour is largely controlled by the surrounding
elastic field. Under these assumptions, it is proposed that for a given increment of external load, the
corresponding increment in the strain energy density at the notch tip in an elastic-plastic body can be
approximated by that which would be obtained if the body was to hypothetically remain elastic
throughout the loading history. This hypothesis can be expressed as:
A W = AW^
or
a^AsJ = ajAsJ.
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Equation (4) is called the incremental equivalent strain energy density method since it reduces to the
original form of the ESED method (eqn. 2) for uniaxial notch tip stress states. Furthermore, it
represents a statement of equality between the increment of notch tip strain energy density obtained
from a linear elastic solution and that obtained from an elastic-plastic analysis. A graphical
representation of the incremental ESED method is shown in Figure 3 a.
The four constitutive relations used in conjunction with the generalized ESED equation will only be
sufficient to formulate a set of five equations. Therefore, two more independent equations are required
to completely define the notch tip stress-strain increments for a given increment in the applied load.
Therefore, the following hypothesis is made that states that the equality of energies applies also to all
corresponding stress and strain components:
<7ap^Sap

= CTapASap.

(5)

Note that in eqn. (5), the indices a, p = 1, 2, 3, and summation is not implied. The three relations
implied by eqn. (5) and the four by the constitutive equations are sufficient to determine the three
unknown stress and four unknown strain increments. A similar formulation of the generalized ESED
method has also been proposed by Chu and Conle [11].
Generalized Neuber's Rule. If a load increment is applied to a body, there will be a corresponding
incremental increase in the total strain energy in the body. The total strain energy refers to the sum of
the strain energy density (as described above) and the complementary strain energy density. Consider
the notch tip element shown in Figure Ic. Assume that the nominal remote stresses are elastic, the
notch tip strains are elastic-plastic, and the notch tip behaviour is largely controlled by the surrounding
elastic field. Under these assumptions, it is proposed that for a given increment in an external load, the
corresponding increment in the total strain energy density at the notch tip in an elastic-plastic body can
be approximated by that which would be obtained if the body was to hypothetically remain elastic
throughout the loading history. Mathematically, this can be written as:
AQ^ = AQ^
or

(6)

a^As^ + c^Aa^ = a^As?;^ + sj-Aa|?.
Equation (6) is called the incremental Neuber's relation since it reduces to Neuber's rule in its original
form (eqn.l) for uniaxial notch tip stress states. Furthermore, it represents a statement of equality
between the increment in the notch tip total strain energy density obtained from a linear elastic solution
and that obtained from an elastic-plastic analysis. A graphical representation of the incremental
Neuber's rule is shown in Fig. 3b.
The four constitutive relations used in conjunction with the generalized Neuber's rule (eqn. 6) will only
be sufficient to describe five of the seven unknown notch tip stress-strain increments. Therefore, two
more independent equations are required to completely define the notch tip stress-strain increments for
a given increment in the applied load. Again, it is proposed that the contribution of each elastic-plastic
stress-strain component to the total strain energy density at the notch tip is the same as the contribution
of analogous stress-strain component to the total strain energy density at the notch tip assuming that
the body was to remain elastic during the loading history. This proposal can be expressed as:

http://simcongroup.ir

118

M. N. K. Singh et al.
Jap

A s ap
:

-ap

Aa^B = Gap A s aP

N

A

S aaP
p ^

N

^a\.
ap-

(7)

The three relations impHed by eqn.(7) and four constitutive equations form a set of seven independent
equations sufficient for determining the unknown increments Aajj^ and ASjj^.
In order to determine the notch tip elastic-plastic strains and stresses at the end of the loading history,
they must first be evaluated for each increment in the applied load. Initially, the first reference state is
taken as the point at which yielding occurs at the notch tip since it can be found from an elastic
analysis of the body. For each increment in external load, the increments in the elastic-plastic notch tip
strains and stresses are computed from either eqns. (3) and (5), or eqns. (3) and (7) with the knowledge
of the hypothetical elastic notch tip stress-strain history and the material stress-strain curve. The stress
and strain states at the end of given load increment is then computed using:

(8)
k=l
n-1

(9)
where n denotes the number of the load increment.

Fig. 3: Graphical Representation of the a) Incremental ESED Method and b) Incremental
Neuber*s Rule

INCREMENTAL CYCLIC PLASTICITY MODEL
The set of equations defined by the incremental Neuber's rule and ESED method can be solved only if
the relation between the equivalent plastic strain increment lS£,^^ and the equivalent stress Aa^q is
known during the application of given load increment. However, it is known that the current lS£^^ -
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Aa^q relation depends on the previous load path and therefore the use of the incremental Neuber's rule
or the ESED method has to be associated with a plasticity model dealing with path dependent material
constitutive behaviour. Several models [12]-[15] are available in the literature of which the model
proposed by Mroz [12] and recently improved by Garud [13] are the most popular.
Mroz [12] has proposed that the uniaxial stress-strain material curve can be represented by a set of
plasticity surfaces in three-dimensional stress space (Fig. 4). In the case of a two-dimensional stress
state, as it is at the notch tip, the plasticity surfaces reduce to ellipses on the plane of principal stresses
described by:

= V^

(5x(52

+

2

(10)

The load path dependent memory effects are modelled by prescribing a translation rule for the ellipses
moving with respect to each other over distances given by the stress increments. It is also assumed
that the ellipses move inside each other and they do not intersect. If two ellipses come in contact with
one other they move together as one rigid body.

Fig. 4: Piecewise Linearization of the Material a-s Curve and the Corresponding Elliptical
Plasticity Surfaces
The translation rule proposed by Garud [13] avoids the intersection of the ellipses that could occur in
some cases in the original Mroz [12] model. The Garud translation rule is illustrated in Fig. 5 and can
be described by a model having, for simplicity, only two plastic surfaces (two ellipses).
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Fig. 5: Geometrical Illustration of the Mroz-Garud Incremental Plasticity Model
In order to model material response due to the stress increment Aa, the following steps are to be
followed.
1.

Extend the line of action of the stress increment Aa to intersect the external non-active plastic
surface i^ ^^ point B2.

2.

Connect point B2 and the centre O2 of the plastic surface (ellipse) f2.

3.

Draw through the centre O, of the smaller active ellipse a line parallel to the line O2B2 to find
point Bi on the plastic surface f,.

4.

Connect the conjugate points B, and B2 by line B,B2.

5.

Translate ellipse fj from point O, to 0 / in such a way that vector 0 , 0 / is parallel to the line
B,B2. The translation is completed when the end of the vector Aa is found on the translated
ellipse f/.

The translation rule described above assures that the two ellipses are tangential with the common point
B,B2 without intersecting each other. Two or more tangent ellipses translate together as rigid bodies
and the largest moving ellipse (Fig. 4) indicates which constitutive relation (which linear piece) should
be used for a given stress increment.
In most publications, the plasticity models are described as algorithms for calculating strain increments
due to given stress increments or vice versa. However, in the case of the incremental Neuber or ESED
method, both the strain and stress increments are determined. Therefore, the plasticity model is needed
only for indication which ellipse is going to be active during the next notch tip stress increment due to
the fictitious elastic stress increments Aajj^ This can be determined based on the actual configuration
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of all plastic surfaces and the increment or decrement of the equivalent elastic stress Aaeq^ which can
be determined as a differential from eqn. (3). Therefore, the use of the multi-surface plasticity model
can be reduced to an appropriate translation of the plastic surfaces after each load increment.
The Garud model [13] was chosen here as an illustration but any other plasticity model can be
associated with the incremental Neuber and ESED method.

VALIDATION OF PROPOSED MODELS
The accuracy of the proposed incremental ESED method and incremental Neuber's rule are assessed by
comparing notch tip stress-strain histories obtained using the models to those obtained using elasticplastic finite element data [16]. The FEM data was generated using the incremental flow rule and the
equivalent stress throughout the body was increasing under the given loads. The geometry of the
chosen model is that of the circumferentially notched bar shown in Fig. 6a. Loads applied to the bar
were chosen to be tension and torsion, applied along various non-proportional monotonic loading
paths. Here, results are presented only for the path shown in Fig. 6b. The applied torsional x^ s and
tensile a,, ^ stress are determined as follows for the net cross section and they represent the applied
loads:
2T
Cln.s

b)

a)

p

7i(R - t r

7r(R - t r

^

p / t = 0 . 3 R/t = 7
Fig. 6: Numerical Assessment a) Geometry of Model, b) Loading Path
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The material of the cylinder was chosen to be the SAE 1045 steel having the cyclic stress-strain curve
given by Ramberg-Osgood relation:

with parameters E = 202 GPa, u = 0.3, Sy = 202 MPa, n' = 0.208, and K' = 1258 MPa.
The elastic notch tip stress histories were determined by a simple elastic finite element analysis. In
doing so, it was found that for any given nominal tensile stress a„ s., or any given nominal torsional
stress, T„,, the resulting elastic notch tip stress components were: a22^ = 3.3la„ ^, a^^^ = 0.94a„^, and
C^2/=1.94T,,S.

The maximum applied torsional load (Fig. 6) was chosen to be 50% higher than would be required to
cause yielding at the notch tip (T„ ^^ = 90 MPa). The torsional load was then reduced and the tensile
load was increased in a manner such that the equivalent elastic notch tip stress remained constant and
equal to V3(l .94)T„ g/ for the remainder of the loading history.
The notch tip elastic stress histories induced by the load path shown in Fig. 6 were used in eqns. (3)
and (5) (ESED) and (3) and (7) (Neuber's) to calculate the notch tip elastic-plastic strains and stresses.
A short computer program was written for this purpose. The largest stress G22, ^23, (Fig ^^^b) ^^^ strain
S22 and S23 (Fig 8a,b) components determined using the incremental solution sets and the elastic-plastic
finite element model, are plotted together against the normalized nominal equivalent stress defined as:

Oy

Oy

It is noted that, both models and the finite element results are identical in the elastic range. This is
expected since in the elastic range, all models converge to the elastic solution. Just after the onset of
plastic yielding at the notch tip, the strain results predicted using each proposed model and the finite
element results begin to diverge. The divergence becomes more pronounced with the increase of the
nominal equivalent stress S^q.
In the notch tip stress plots (Fig. 7), it can be immediately noted that both simplified models predict the
general trend of the finite element stress history. In both plots, it is further noted that the incremental
Neuber's solution set provides a better prediction of the finite element results than does the generalized
ESED solution set. However, the largest error occurs at the end of the loading paths, where the
assumption of localized plasticity is violated.
The notch tip strain plots (Fig. 8) show that the incremental solution sets predict the general trend in
the finite element strain histories. It is noted that the generalized Neuber's model predicts higher
strains than does the generalized ESED method and the models bound the finite element results. It can
be then said that in the case of strain components, Neuber's rule predicts an upper bound, and the
generalized ESED method, a lower bound approximation to the actual notch tip strains. This
conclusion is consistent with numerous other numerical validation models conducted.
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CONCLUSIONS
The proposed solution methodologies enable the complete elastic-plastic notch tip stress-strain state in
a body subjected to a non-proportional loading sequence to be estimated based on the material's
uniaxial stress-strain curve, and the elastic notch tip stress-strain history. The benefits of the proposed
models are
They can be applied to notched bodies subjected to uniaxial, multiaxial proportional,
and multiaxial non-proportional loading paths.
The equations are linear, and they are easy for numerical analysis.
The models predict the general trend in the actual stress-strain results.
The models provide an upper and lower bound solution on the actual strains and the
resulting band is relatively narrow. The efficiency of the strain results is particularly
important for use with fatigue life prediction models.
Finally, it is shown that the simplified models presented can be used with relative ease in conjunction
with any chosen cyclic plasticity model to predict the notch tip stress-strain history in a body subjected
to a multiaxial non-proportional cyclic load.
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F R A C T U R E M E C H A N I C A L FATIGUE ANALYSIS
OF R A I L W A Y W H E E L S W I T H ROLLING D E F E C T S

K . - 0 . Edel and G. Boudnitski
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D-14770 Brandenburg an der Havel, Germany

ABSTRACT
Reusable solid railway wheels manufactured of the old wheel steel BV 1 (nearly equivalent to the solid
or monobloc wheel steel R l according to the new nomenclature) show in some cases rolling defects on
the surface of the wheel disc. The fatigue behaviour of such defects is analysed by means of the linearelastic fracture mechanics and Monte Carlo simulation and assessed to be able to derive the allowable
defect size for the non-destructive testing.

KEYWORDS
fracture mechanics, fatigue, threshold ranges of the stress intensity factor, railway wheel, rolling defects, Monte Carlo simulation, safety factors, allowable defect size.

NOMENCLATURE
r
r„^^„,
s^
s^

radial coordinate
normal distributed random number with the mean 0 and the standard deviation 1
standard deviation of the braking stresses in radial direction
standard deviation of the residual stresses in radial direction

or

/„„,
a
^brake
a^„^.

thickness of the rim of the solid wheel
inclination angle between the crack area and the surface of the wheel disc
braking stress in radial direction
residual stress in radial direction

INTRODUCTION
The rolling stock of the railways usually has a limited service life of some decades. At the end of their
life the waggons will be scrapped. But not all parts of the railway structures will be unusable at this
time. In many cases the wheels show only a very small wear on the tread so that the wheel sets are
reusable.
125
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At the reconditioning of the reusable wheel sets the wheels will be tested non destructively. Circumferentially and radially directed surface defects on the wheel disc were found in some cases. According to
metallographic micro slices these defects are rolling defects with a finite or infinitely small tip radius.

Fig. 1. The different kinds of rolling defects on the surface of the wheel disc.

Fig. 2. Micro slice transverse to the defect [1].
For the following investigations the rolling defects are assumed as cracklike defects with an infinitely
small crack tip radius. Under this realistic assumption it is possible to use the linear elastic fracture
mechanics to analyse and to assess the behaviour of these defects.
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GEOMETRY OF DEFECTS
The tangentially directed defects which are of special interest show a length L of up to 600 mm. The
inclined crack size a under the surface of the wheel disc has a size of up to about 10 mm. The correlation between the defect length L on the surface and the crack size a under the surface is given in Fig. 3.
12.0

10.0

8.0

£
E

6.0

A

4.0

A

-

A

•

A

A

2.0

•

A
0.0
0.0

1

1

1

40.0

80.0

1

120.0

160.

L(mm)
Fig. 3. Correlations between the inclined crack size a and the defect length L on the surface of the
wheel disc.
The inclination of the crack area against the surface of the wheel disc lies between 0° and 90° with a
mean value of about 25°. The probability of the inclination angle is approximated by the equation
P{a) = 1 - exp

a-8.46°
18.01°

(1)

STRESSES AND STRESS INTENSITY FACTORS
Stresses in the Wheel Disc [2]
The wheel force components which act on the rim of the wheel depend on the track and rail geometry.
The vertical wheel force component FQ acts on the tread. It has a size of up to 170 ^A^ for a load ca-
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pacity of the wheel set of 20 tons. The horizontal wheel force component Fy acts either on the flange
{Fy>0) or on the inner side of the rim {FyO). It is scattered in the range of -23 up to 55 kN for the
same load capacity.
The stresses in the wheel disc are measured under static conditions for predetermined wheel force
components. The positioning of the strain gauges -in the 0°-position - were between the wheel set axle
and the contact point with the rail. The stresses are given for the calculations by the equations
c^^o" =(^Q'FQ+Cy'Fy

G^,^^. =

and

-Cy • Fy.

(2),

Residual stresses in the disc of some solid wheels have been measured by means of strain gauges. Depending on the radius r of the position of the strain gauge, the residual stresses are approximated by the
equation
c^re.=<yresir = 0) + ^ - r + s^-r„„^

(3)

with the regression coefficients given in Table 1. The radius r is limited to values between 171 mm and
317 mm corresponding to the extreme positions of the strain gauges.
Table 1. Coefficients for describing the residual stresses in solid wheels.
surface
^ . . ( ^ = 0)
do-,,,/dr
^ar
0.7375 MPa/mm
SO MPa
outher
-inASMPa
inner
+249.59 MPa
-\2AUMPa/mm
SO MPa
Thermal stresses in the disc of tread braked solid wheels have been calculated for a differently shaped
wheel under usual stop brakings [3]. The thermal stresses are strongly influenced by the thickness of
the rim of the wheel. For the calculation of the braking stresses in the disc the following rough
approximation is used

^brake

~ ^brake V rim = 0 ) + ——

/ „ „ , + S^

• r^orm.

(4)

rim

with the coefficients given in Table 2 and the thicknesses of the rim between 16 and 93 mm.
Table 2. Coefficients for describing the braking stresses in radial direction.
^brake \Kim

~

^)

229.74 MPa

^^brake/^Kim

A.233S MPa/mm

^ab

22.4 MPa

Stress Intensity Factors
Solutions for the plane problem of straight inclined edge cracks loaded by constant tension (membrane
stresses) and bending stresses are given in the handbook published by MURAKAMI [4]. The most
complete solution of the mixed mode problem is given by BOWIE [5] for membrane stresses. The solutions to the equivalent bending problem show a reduction of the calibration factors of up to 50 per
cent for the same nominal stresses.
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^

^
Fig. 4. Fracture mechanical idealization of the rolling defects as straight inclined edge cracks under the
action of membrane and bending stresses.
To calculate the stress intensity factors the thickness ^ of the wheel disc must be known. With r und W
in mm the thickness is approximated by
^ = 38.2-0.447. r.

(5)

Fig. 5 Fracture mechanical idealization of the rolling defects to investigate the influence of the defect
curvature.
Test calculations using the crack model given in Fig. 5 show for crack tip angles /? < 45° a reduction
of the equivalent stress intensity factor compared with the straight crack and for crack tip angles
P > 45° an increase of up to about 3 per cent over that value of straight cracks. For crack tip directions
which tends towards parallel to the surface the model of the straight inclined crack is conservative. For
crack tip directions which tends towards transverse to the surface the model of the straight inclined
crack is a little bit unsafe.

THRESHOLD VALUES A^, OF WHEEL STEEL Rl
Only a few published threshold ranges AA^^^ of the stress intensity factor for solid wheel steel are
known [6]. Most investigations are related to the steels R7 and R9 which are used for wheels with
quenched rims [7]. Because of the different carbon content and the heat treatment of the steels investigated before and the old not heat treated steel Rl it is necessary to determine the threshold values AA^,;,
of the steel Rl. The results l^Ji^^ of about 60 tests are given in Fig. 6 against the stress ratio R.
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x:

^

0.0

stress ratio R

Fig. 6. Mean value and standard deviation of the threshold range AA^,;, of the stress intensity factor of
the solid wheel steel BV 1 (or Rl).
Table 3. Chemical composition of wheel steels [8, 9].
steel
chemical composition in weight per cent
Si
Mn
P
C
...
0.50
BVl [8]
1.20
0.05
0.50
0.90
0.035
Rl [9]
0.48
0.80
R7 [9]
0.52
0.40
0.035
0.80
0.40
0.035
0.60
R9 [9]

S
0.05
0.035
0.035
0.035

MONTE CARLO SIMULATION OF FATIGUE
To compare the material loading with the fracture mechanical properties the stress intensity factors of
the mode I and II can be summed up to an equivalent value of the stress intensity factors. Fracture tests
[10] and crack growth tests show a good result using the equation

K,y=yr[K,+4K]+6-Kiy

(6)

It can be assumed that the above mentioned equation is also suited for the case of not growing cracks.
The fatigue strength condition is then
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(7)

^I,V=^,H-

The fracture mechanical calculations of the crack size a at which the cyclic growth begins are performed with random values of the essential properties, parameters, and dimensions. The calculations are
repeated 5000 times for the same assumptions to get the probability distribution. As it is unknown how
large the membrane stress part and the bending stress part are in the disc the simulation is performed
for two extreme assumptions: on the one hand for pure membrane stresses and on the other hand for
pure bending stresses (with the same stress values but a calibration factor in the equations for the stress
intensity factors which is reduzed to 50 per cent compared with that of the membrane stresses).
The Monte Carlo simulation gives three different results:
• For stresses in the pressure range it can be assumed that the cracklike defects cannot grow. (The
effect of the small Kjj will be neglected.) This case won't diminish the safety of the wheels under
practical conditions.
• For low stresses in the tension range the threshold crack size can exceed the thickness of the wheel
disc. This case likewise won't diminish the safety of the wheels under practical conditions.
• For relatively high stresses in the tension range there exists a threshold crack size between nongrowing and growing.
All possible cases are considered appropriate to their probability to get the survival probability of the
wheels (Fig. 7). To get a representative value of the non-growing defect size that defect size is selected
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Fig. 7. Probability distribution of the size of non growing defects under service conditions.
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from the simulated probability distribution which has a survival probability of 90 per cent. To be independent of the assumptions related to the stress distribution the results of the membrane stress and
bending stress calculations are averaged. But this assumption ist conservative. More realistic is the
assumption of a state of bending stresses. Consequently, on the inner surface of the wheel disc follows

[7,0 mm for the mean of membrane and bending stresses
a{Pj, = 90%) = \
^
.
I 8,2 mm for bending stresses

(8)

ASSESSMENT OF THE SIMULATION RESULTS
Safety factors to guarantee the durability of cyclic loaded structures which are usually related to the
stresses are given in Table 4. For the use in fracture mechanical calculations and assessments, the
safety factors must be modified according to the relation
Sa=Sl

(9)

to get safety factors which are related to the crack size.
Table 4. Safety factors S^ for cyclic loaded structures manufactured of rolled steel [11].
consequences of failure
large
small
large welded structures with not considered residual stresses:
not periodical NDT
1.9
1.6
periodical NDT
1.7
1.5
other cases of structures:
not periodical NDT
1.5
1.3
periodical NDT
1.35
1.2
The necessary safety factor to assess the rolling defects has a size of 1,35^ = 1,82 . The use of the before mentioned safety factor to the representative minimum value of the not growing defects leads to the
allowable crack size
a(P^ = 90%)
""'
S^

f3.8 mm for the mean of membrane and bending stresses
[4.5 mm for bending stresses.

CONCLUSIONS
The allowable value of the crack size a, which was calculated by means of the LEFM, is not very suitable for the non-destructive testing of the surface of the wheel disc. The length L of the defect on the
surface is essentially better suited for the NDT than the inclined crack size a. Starting from the above
derived allowable crack size a the allowable value of the crack length L is derived by means of the
border line in Fig. 3 to about 40 mm but not smaller than 30 mm. The assessment of rolling defects by
means of this allowable defect length does not requires the determination of the defect size below the
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surface of the wheel disc. The explained method to derive the allowable defect size can likewise be
applied to other cyclic loaded structures.
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A NOVEL FATIGUE ANALYSIS APPROACH FOR TUBULAR WELDED JOINTS
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P.O.Box 20, FIN-53851, Lappeenranta, Finland

ABSTRACT
A novel approach is proposed for fatigue analysis of tubular joints. A local value of nominal stress can
be determined using an effective cross-sectional area, or an effective section modulus, derived from
known formulae for static strength. The hot spot (or "geometric") stress for fatigue analysis can be
calculated using these effective cross-sectional properties with an appropriate stress concentration
factor, Ks. The fatigue analysis is then based on a known hot spot S-N curve. Several different joint
cases have been studied. It is shown that the factor K^ is similar in the joints and loading cases studied.
For initial screening purposes, the use of a constant K^ value of 2.0 appears to be sufficient.

KEYWORDS
Tubular Joints, Fatigue, Nominal Stress, Hot Spot Stress, Novel Approach.

NOMENCLATURE
A
Acff
C
E
/y
F
FR
ATs
m
M
MR
n
A'^
A^exp
A^Ks
A^scF

Area of cross-section
Effective area of cross-section
S-N curve constant
Elastic modulus
Yield strength used in design
Axial force in a branch member
Axial force capacity
Structural stress concentration factor (present method)
S-N curve exponent
Bending moment in a branch member
Bending moment capacity
Number of tests
Number of cycles to failure
Experimental fatigue life
Fatigue life predicted using the present method with ^g = 2.0
Fatigue life predicted using stress concentration factor, SCF
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MiNCF
R
SCF
SNCF
Sx
Wcfi
Xm
^£iiom
A (prefix)
^cre,nom
zlcTe^hs
zlohs
^Oiom

E. Niemi and P. Yrjold
Fatigue life predicted using strain concentration factor, SNCF
Stress ratio
Stress concentration factor (based on finite element analysis)
Strain concentration factor, (based on strain measurements)
Standard deviation of X
Effective section modulus
Mean value of Jf
Nominal strain range
Range
Local nominal stress range resolved using the present method
Hot spot stress range resolved using the present method
Hot spot stress range at the site of crack initiation
Nominal stress range based on gross cross-section

INTRODUCTION
Circular (CHS) and rectangular (RHS) hollow sections are widely used in both offshore and onshore
structures. Welded joints between chords and branch members are often prone to fatigue failure due
to the uneven stiffness distribution and high stress concentrations which exist. The most common
fatigue analysis method used in this field is based on hot spot stresses [5]. The stress concentration
factor, SCF, varies principally with the width and thickness ratios of the members, as well as other
geometric parameters [1]. The conventional stress concentration factor is defined as the ratio of the
hot spot stress at the crack initiation site to the nominal stress. The latter is defined as the nominal
axial or bending stress in the branch member, depending on the case.
In the conventional hot spot fatigue analysis approach described above, the gross cross section of the
loaded member is always used for determination of the nominal stress. This is the reason why large
variations exist in the SCF values. The aependence of the stress concentration factor on the geometric
parameters of the joint is described by empirical curve-fitted equations. The required data points are
usually produced by performing numerous finite element analyses. As this is a tedious task, parametric
stress concentration formulae are available only for a few cases. In other cases, the designer must
perform finite element analyses, or make strain gauge measurements on prototypes.
In other fields of strength analysis, cases with uneven stress distribution are treated by using effective
cross sections rather than gross cross sections. The compression strength of thin-walled structures and
the shear lag effect in wide flange beams are examples of such cases. The question arises whether a
similar approach could also be used for fatigue analysis of tubular joints. As our goal is to develop an
easy-to-use method, the establishment of parametric equations for the ratio A^fJA is out of the
question. Another, more easy way, is to derive the effective cross-sectional area or section modulus
from the static strength formulae already available for almost all types of connection. Such formulae
have been developed either by using the yield line theory, experimental testing [9], or non-linear finite
element analyses.
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Attempts to relate the fatigue strength to the static strength of the joint have been made, but such
methods have not achieved wide acceptance. Objections have been based e.g. on the fact that the
static strength depends on the yield strength of the material, but the fatigue strength is independent in
the as-welded condition. In the present proposal, this objection is not valid because the yield strength
is not included in the calculation procedure. The principle is to calculate a more realistic local nominal
stress, hoping that the stress concentration factor will then be practically constant, and easily
determined for various types of joint.
The main advantage of the present approach is that it is readily applicable to all types of joint for
which static strength can be determined, provided the stress concentration factor can be shown to be
relatively constant. The main drawback is that this approach does not differentiate between stresses at
different points in the joint. Therefore, it is not suitable for superimposing the effects of simultaneous
loads in different members. In such cases, the present approach is suitable for initial screening
purposes at the design stage, before more comprehensive analyses are performed, thus saving
unnecessary trial and error steps.

FATIGUE LIFE ASSESSMENT METHODS
The fatigue life of tubular joints is assessed using the so-called hot spot approach, which was
originally developed for circular hollow section joints used in offshore structures [5]. The life is
obtained from the equation:

Normally, the life is resolved as a lower bound characteristic value, representing a probability of
exceedance of about 95 %. In that case, and assuming high residual stresses in the as-welded
condition, the following constants are applicable for a material thickness of about 10 mm,
corresponding to the Fatigue Class FAT 100 [3]:
C = 2xl0^'
/w = 3 .

(2)

For welds with very smooth reinforcements, FAT 125 with C = 3.9 x 10^^ may be considered as a
good S'N curve estimate. Similarly, for fillet-welded specimens of thickness below 5 mm, FAT 112
has been chosen.
The principal difference between the conventional hot spot approach, applied to tubular joints, and the
present approach is the method of resolution of the hot spot stress range. In the conventional
approach the following methods are used:
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^^hs =^^nom

(3)

'SCF

or
^CT^=\\E^^8,,^

SNCF.

(4)

The factor 1.1 takes into account the average biaxial stress state at the weld toe. The stress and strain
concentration factors are determined at the hot spot at the weld toe either by linear or quadratic
extrapolation from two or three points. Fig. 1 shows the extrapolation principle in the linear case.
Quadratic extrapolation could result in slightly higher estimates for the hot spot stress/strain values
than linear extrapolation, depending on the magnitude of the stress/strain gradient.
Hot spot strain (extrapolated)
Nonlinear stress peak
toe
Strain gauge A
Strain gauge B

Fig. 1 Linear extrapolation of the strains measured at points A and B.
The present method is based on reduced effective cross-sections. By using an effective area or an
effective section modulus, higher local nominal stresses are obtained which are more realistic than
those used in the conventional method. Subscripts 'eff and 'e' are used to denote the quantities specific
to the present method. The hot spot stress is resolved using the following formula:
(5)

^^e,hs = ^ s A o - e ,

The local nominal stress is obtained from the following formulae:
• for axial loading

Aoi

f

AF
^eff

/v

eff

(6a)

15/v

• or for bending loading

A(Xe, nom

AM

(6b)
15/v

Thus, the efTective area of the cross-section, A^, and the effective section modulus. Weft, are defined
such that when muhipHed by 1.0/y or 1.5/y, the static strength of the joint is obtained. The latter case
applies when the static strength is governed by plastic bending, either by formation of yield lines in the
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chord or a plastic hinge in the branch member. As shown in Fig. 2, the pseudo-elastic stress reaches a
value of 1.5/y in such limit states.
1-3/y
/y

^^
Fig. 2 Pseudo-elastic bending stress at a plastic hinge.
The examples in the following sections provide a more detailed picture of the proposed method.

EXAMPLES
Fig. 3 shows the joint types studied. They have been chosen from the literature on the basis that at
least either hot spot stress data (FE analysis or measured) or fatigue testing results are available. Also
shown are formulae for^effor ^efr, as applicable. The formulae have been derived using Refs. [2, 7,
10].
Case A comprises axially-loaded RHS X-joints reported by van Wingerde [11]. Fatigue lives, A^exp,
measured strain concentration factors, SNCF, and stress concentration factors, SCF, resolved by finite
element analyses have been reported. Due to the relatively low breadth ratio, h, failure always
occurred in the chord face, governed by plate bending stresses. In the following, 11 specimens are
reanalysed; the cases which failed in fatigue testing below 2 million cycles were selected. In this
series, the parameters b, g, t (Fig. 3) were constant but the section sizes and load levels were varied.
Case B comprises axially-loaded CHS T-joints. Romeijn [8] reports SCF values obtained from
parametric formulae for 16 different joint geometries. The fatigue test results are not available.
However, the cracks were assumed to develop in the chord, governed by the shell bending stresses. In
this case, the predictions made using the conventional hot spot method and the novel method are
compared.
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Case

%

n

Effective cross-sectional properties

P=6,/6o=0.7
63
2r = ^o/i^o = 16

B

Chord feilure
,2

^-=-d^v[^^^^('-^)1
1.5 (1-^)
Chord failure:

rpi)
Hot spot

Chord failure:
W^Q = 1.33 . to • [M^O + VMO^O • ^o +^o) J

Di

P = 0.6

Chord feilure:

B iPTtr
D2

^eff = 0.667

tohI-

J

2

/;i/»o

Branch feilure:

p=1.0

Wf

hj-t,

10

ro

HJff=0.667rT(?.,-r,)- - Y ^ + ^ 7 7 - - * ,
2

"o/'o

fi

Chord failure:
5.93-^0^

:H

0.5

sm^2

Brace feilure:

viil

^efr=^2-

3,,_4,,.I^:^
^2^0

Fig. 3 Joint types studied including the formulae for resolving the effective cross-sectional properties.
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Case C comprises RHS T-joints subject to out-of-plane bending. Laitinen has conducted fatigue
testing on six joints [4]. The specimens were fabricated from square hollow sections 89 x 89 mm with
wall thicknesses of 3.7 and 4.7 mm. The length of the brace member, /, was varied from 131 mm to
313 mm. Longitudinal fatigue cracks developed on the upper face of the chord at the weld toe,
governed by the plate bending stresses due to distortion. The welds were rather flat, i.e. only very
shallow weld reinforcements were present. All specimens were equipped with one strain gauge,
located close to the hot spot in the transverse direction. The stress state was assumed to be uniaxial
i.e. the biaxiality effect was not taken into account. Therefore, estimated experimental stress ranges
are not very accurate.
Cases Di and D2 comprise RHS X-joints made of austenitic stainless steel, subject to in-plane bending
[12]. The wall thickness varied between 3 and 5 mm, and the load level was also varied. Case Di
represents a rather flexible joint with a breadth ratio b = 0.6. In this case, failure occurred in the chord
due to plate bending. In the Case D2 the breadth ratio was b= 1.0. This led to branch member failure,
governed by membrane stresses at the corners of the cross-section.
Cases El and E2 comprise RHS K-joints with gaps between the braces, subject to axial loads in the
brace members [6]. In Case Ei, the brace member thickness was equal to the chord thickness, which
led to chord failure governed by plate bending stresses in the gap area. Test results were available for
stress ratios R = -\ and R = 0.1. In the former case, 60 % of the compression amplitude was
considered as effective assuming moderate residual stresses [3]. In Case E2, the braces were relatively
thin-walled, which led to brace failure, governed by membrane stresses at the corners of the crosssection.

RESULTS
Case A
Only this case is reported here in full. Table 1 shows the results from all 11 specimens.

Statistical

analyses

Table 2 shows statistical data for all the cases. Unless stated otherwise, X indicates the difference
between the logarithm of experimental life and the logarithm of life predicted using the novel method,
i.e. X= LogA/exp- LogA^Ks.
In the proposed approach, a constant structural stress concentration value of/Ts = 2.0 was used in all
cases. If no fatigue test data were available, fatigue lives were predicted using a (gross) nominal stress
of lOOMPa.
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Table 1. Reanalysed results for 11 axially-loaded X-joints.
Spec-

SNCF

SCF

imen

v4efr

^^,noin

MPa

mm^

MPa

^Onom

A^SNCF

NsC¥

NK.

^exp

XI

5.60

6.61

52.9

291

200

57734

46727

31360

105000

X2

7.30

6.51

52.9

291

200

26063

48913

31360

150000

X5

3.80

5.53

44.5

1256

143

310339

134026

85854

280000

X6

3.00

5.53

44.5

1256

143

630700

134026

85854

310000

X7

4.50

5.53

30.0

1256

96

608903

436705

278863

665000

X8

4.15

5.53

30.0

1282

94

776322

436705

296799

1400000

X9

3.05

5.67

54.0

2282

166

336895

69795

54276

100000

XIO

3.35

5.67

54.0

2282

166

254250

69795

54276

90000

Xll

3.90

5.67

29.4

2282

90

996819

431756

338538

790000

X12

4.28

5.67

29.4

2282

90

754186

431756

338538

330000

X20

13.00

17.32

58.2

276

260

3475

1956

14154

18300

Table 2. Statistical data for the cases studied.

Case

rt

Fatigue

Remarks

^m

Sx

0.3887

0.2264

0.0222

0.4411

X = LogA^exp - LogA^SNCF

0.3268

0.2779

X = LogA^exp - LogA^scF

Class
A

11

FAT 100

B

16

FAT 100

-0.3524

0.1240

X = LogA'scF-LogA^Ks

C

6

FAT 125

0.2519
0.4989

0.0695
0.1018

X = L o g A / e x p - LogA^SNCF

0.4694

0.1550

0.3196

0.2126

0.6348

0.1638

0.4676

0.2562

X = LogA/exp - LogTVsNCF

Di

D2

El

E2

18
19

FAT 125
FAT 125

X = L o g / V e x p - LogA^SNCF

10

FAT 112

0.7687

0.3326

R = -l

8

FAT 112

0.5202

0.2780

R = 0.1

8

FAT 112

0.2396

0.3502

R = 0.1

DISCUSSION
Table 2 shows that the predicted life was usually shorter than the average experimental life, as can be
seen from the X^ values, which are greater than 0. This reflects the fact that the S-N curve yields
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characteristic lower bound values. However, there is a noticeable scatter in the Jf^ values between
different cases. This can be explained by the use of a constant structural stress concentration factor,
A^s, and by the somewhat arbitrarily chosen FAT Classes. Many of the specimens were relatively thinwalled, for which a size correction was applied when selecting the FAT Class. The FAT Classes
chosen are not ones having wide acceptance.
The use of a constant structural stress concentration factor of 2.0 resulted in acceptable conservative
results for most of the cases. Only for the T-joints (Case B), are the results apparently less
conservative. By using K^ = 2.5, this case would be brought into line with the conventional hot spot
prediction. Therefore, it appears to be necessary to study more cases in order to produce a catalogue
of stress concentration factors. However, for a certain type of joint and loading condition, a constant
structural stress concentration factor appears to be applicable.
Table 2 shows, rather surprisingly, that the standard deviation, 5x, obtained by the novel method is
always smaller than that obtained by the conventional method. This fact demonstrates the excellent
potential of the novel method in predicting the effect of variations in the geometric parameters of the
joints.
The proposed approach is very easy to use. The effective cross-sectional properties were easily
determined using well-known formulae for static strength. Special knowledge is required only in
concluding whether the static strength is governed by direct stress or by plastic bending. In
complicated joints with many potential hot spots, it would be necessary to superimpose the effects of
forces and moments in various members. In those cases a variety of K^ factors should be produced
usingfiniteelement analyses. This would bring this method close to the conventional one. However, it
is expected that much simpler K^ relations could be obtained than the conventional parametric
formulae.
The local nominal stresses can also be applied directly when the nominal stress approach is used. In
that case, the joints could be categorised in Classes between FAT 40 and FAT 64, depending on
material thickness and joint configuration.

CONCLUSIONS
Local nominal stresses were resolved for various types of hollow section joints based on effective
cross-sectional properties (area and section modulus), derived from known formulae for static
strength. Using a structural stress concentration factor of 2.0 and the conventional hot spot S-N
curves, good life predictions were obtained. In its present state, the novel method is well suited to
preliminary design work, before tedious finite element analyses are performed. The main advantages
are simplicity and the availability of the required data for practically all types of tubular joint.
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The novel approach shows good potential for development into a general method applicable even to
complex tubular joints.
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ABSTRACT
This work presents the fatigue assessment of an automobile suspension arm made of welded thin
sheets, using an original fatigue design method. The approach, which is based on the Hot Spot Stress
Concept, defines the use of a unique S-N design curve whatever the geometry of the welded structure
and the loading mode. The design stress S, defined as the maximum principal geometrical stress
amplitude at the hot spot, is calculated by means of the finite element method (FEM) using thin shell
theory. Meshing rules are established for the welded connection and can be applied methodically to any
welding situation. The calculation methodology allows the hot spot location and therefore the design
stress of any structure to be determined.

KEYWORDS
Design criteria ; Welded structures ; Hot-spot stresses ; Thin shell theory ; FE Method

NOMENCLATURE
N
S
^L

^m
ACTHS
ACTHS

2
^YS
UTS
F
F
Ca)

E-

= number of cycles to fatigue failure.
= design stress.
= actual stress at the hot spot (or local
stress).
= geometrical stress at the hot spot.
= cr^5 range.
= Gffs amplitude.
=
=
=
=

yield stress.
ultimate tensile stress.
minimum load.
maximum load.

^ = -JML = load ratio.
^max

¥[
e^^

= load in the xi direction.
= weld leg length on the plate side.

e^^
Ca
Cp

= weld leg length on the attachment side.
= thickness of the attachment.
= thickness of the plate.

.(a)

- node number i on the attachment side.

n^

= node number i on the plate side.

= shell element number i, perpendicular to the intersection curve of the shell element mean
surfaces on the attachment side.
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= shell element number i, perpendicular to the intersection curve of the shell element mean
surfaces on the plate side.

INTRODUCTION
Nowadays, numerous multiaxial fatigue criteria are applied to structures for fatigue life prediction.
However, for welded structures in particular, fatigue cracks occur in the weld zones where the stress
state is difficult to determine so that existing fatigue criteria cannot be applied. Therefore, the fatigue
design of welded structures is usually based on S-N curves [1-3] which relate a design stress S to the
number of cycles N characterising failure.
In a previous paper [4], a fatigue design criterion based on a unique S-N curve has been introduced
using the hot spot stress concept [5-7]. This design curve is independent of the geometry of the
structure and of the loading direction.
The first part of this paper describes the numerical procedure and the experimental basis which lead to
the unique design curve. Using this design method, the second part presents the fatigue assessment of a
welded automobile suspension arm.

HOT SPOT STRESS CONCEPT AND DESIGN STRESS

Hot spot stress concept
Whenever S-N curves are used for fatigue design, S and N need to be precisely defined. In fatigue, the
design stress S must be analysed in the highly stressed zones, called hot spots, where cracks initiate and
lead to failure. In the case of continuously-welded thin sheet assemblies, these cracks are usually
located at weld toes.
For a welded connection, in the vicinity of these critical areas, the stress can be described either by the
actual stress or by the geometrical stress as illustrated in Fig. 1.
The hot spot stress concept assumes that the geometrical stress at the hot spot CJ^^ is highly related to
the stress state which leads to failure, although it does not include local effects. The basic assumption
is to consider that continuous welds are of the same type from one component to another and therefore
induce comparable local effects (see [4]). In an industrial context, where welding procedures are
strictly defined by regulations or in-house codes of practice, this hypothesis is generally true.
Therefore, the fatigue design can be based on a structural stress analysis.

http://simcongroup.ir

147

Fatigue Design of Welded Thin Sheet Structures
-Fig.la-Fig.lb-

: geometrical stress
: actual stress
I Line S | i ^

Fig.l : Illustration of the hot spot stress concept for a tube welded onto a plate and subjected to alternated
bending. The following points are indicated : - hot spot location (Fig.la) and an actual and geometrical stress
distribution approaching the weld toe (the weld profile is ideally represented, without any penetration) (Fig. lb).

Numerical analysis
Amongst the numerical analysis methods available for structural calculations, the Finite Element
Method allows a fast and clear analysis of the desired information, which are the location of the hot
spots and the design stress level. Within the framework of the approach presented in this paper, a
static-elastic thin shell finite element calculation is the recommended method to determine the
expected design stress [8] [9] ; 3D modelling does not provide more accurate information.
In welded connections, crack propagation is considered as the dominant mechanism of fatigue damage.
The most significant value for the crack growth is the maximum principal stress. The design stress S is
consequently defined as the maximum principal geometrical stress amplitude at the hot spot. It can
be easily calculated by a numerical analysis.
In a thin shell finite element model, sheets are described by their mean surfaces. However, the
outstanding difficulty in using such meshes lies in the modelling of the mean surface intersection. In
fact, this zone exhibits 3D behaviour whereas a thin shell model only produces biaxial stresses.
Moreover, at the intersection of thin shells, where hot spots commonly appear, the stress gradient can
be rather steep so that stress calculations are very sensitive to the mesh size. It is therefore necessary to
define a meshing methodology which can be systematically applied to any welded connection. The
meshing rules must reproduce :
(l)The local rigidity induced by the weld size to the structure,
(2)The stress flow from one sheet to another throughout the weld.
To that purpose, rigid body elements are used to link the two shells.
The size of the elements at the intersection area has been defined such that the geometrical stress is
calculated at the weld toe and the weld root without interpolation at nodes, i.e., at the elements' centre
of gravity, as shown in Fig.2.
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Following these rules, the fatigue design stress of any continuously-welded thin sheet structure can be
calculated.

elements' centres of gravity
attachment mesh
attachment

Fig.2b
E2 's centre of gravity

E2 's centre of gravity

- 0 - : node
- • " : centre of gravity
l^Bl: rigid element
four nodes shell element

Fig.2. Meshing rules using thin shell elements at the intersection of an attachment welded onto a plate
Experimental basis
The experimental basis concerns automatic MAG welding used for most arc-welding assemblies in the
automobile industry. The fatigue curve, or S-N line, is derived from fatigue tests on elementary
structures (Fig.3), submitted to several kinds of periodic loadings (see [4] for details). These
elementary structures are made of commonly used automotive serial brackets welded onto 2 mm thick
low strength steel sheets (ays=170 MPa) and 2.5 mm thick high strength steel tubes (ays =450 MPa).
They represent various situations including continuous-welded zones and weld ends with different
multiaxial stress states.

Fig.3. Elementary structures defined for fatigue tests: (1) Tube welded onto a plate. (2) Attachment welded
onto a plate. (3) U shape bracket welded onto a plate. (4) U shape bracket welded onto a tube.
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A fatigue crack monitoring system was performed with strain gauges at the hot spots. The gauge signal
allows the crack depth to be determined. For all testing, a crack depth equal to half of the sheet
thickness was defined as the failure criterion N.
Results are shown in a S-N diagram (Fig.4) where the design stress S is calculated by the
recommended numerical analysis, and N is the failure criterion. Under these conditions, all the
experimental data fall within the same scatter band around a unique S-N curve.
Furthermore, as far as the fatigue crack growth characteristics of all structural steels are roughly the
same, one can admit that this S-N curve does not depend on the mechanical properties of the material.
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Fig.4 : S-N design curve giving the design stress S versus the number of cycles to failure for continuouslywelded structures.
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APPLICATION TO AN AUTOMOBILE COMPONENT.
Component, material and loading
The automobile component calculated and tested in fatigue is a front suspension arm (Fig.5). It is made
of stamped steel sheets assembled by automatic MAG welding. The rear articulation is a forged steel
axle welded onto the two main shells.
Loading is applied through a ball joint and is such that F(t) = Fj^ +Fa sin cot where ¥^ and F^ are
respectively the mean load and the load amplitude.
The sheets are made from high strength steel, HLE 335 (according to AFNOR std) with UTS =450
MPa and ays =335 MPa. Their thickness' are 3 mm for the lower shell, 2.5 mm for the upper shell and
2.5 mm for the attachments.

|Z

/
/

I AREA 2 ;175 MPa |

^x^^ ^;"
^^

\
I AREA 1:160 MPa I

,

/•;x
'/

/
I

I AREA 3 ; 165 MPa I

\

,
I AREA 4 :185 MPa I

Fig. 5 M a x i m u m principal stress amplitude at the Hot Spots

Numerical model
The numerical model is made of 5808 nodes and 5230 linear integration elements. The representativity
of the finite element model boundary conditions has been verified by comparison of the strain
calculated at different nodes with the strain gauge measurements. Linear elastic calculation were
performed with the MSC/NASTRAN finite element code. The material constants are E = 206,000 MPa
and V = 0.29.
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Fatigue life prediction

Prediction. The fatigue criterion requires that the fatigue cycle is described by the amplitude of the
applied load. In the present case, it is given by F^. The calculated value of the design stress displayed
on the graphic output, Fig.5, is the maximum principal stress amplitude.
Several hot spots appear in the component with design stresses ranking between 160 and 185 MPa for
the applied loading F^ . These results, according to the design curve, indicate that, for this loading, the
fatigue life at 50% of survival probability of the component can be estimated respectively between
8x10 and 1.75x10 cycles. The fatigue cracks will initiate at the described hot spots (area 1, 2, 3
and 4) with a level of probability which can be derived from the design curve.
In a finite element static-elastic calculation, the stress is proportional to the applied load F^ . Therefore,
the stress state for any load level proportional to the reference load F^, can be determined from the
calculation performed with F^. For the four load levels presented in Table 1, with respect to the
stresses calculated at the hot spots and according to the S-N curve, the fatigue life at 50% of survival
probability can be consequently estimated between two number of cycles.
Experimental validation.FaiigUQ tests have been performed at four loading levels with a solicitation
equal to F „ ± F , ,
F^il.lF,,
F„±1.2F,, and
F„±1.4F,.
The suspension arm test results presented in Table 1 and in Fig.4 give the number of cycles to the first
visible crack. They are in good agreement with the prediction. Cracks initiate at the hot spots which are
identified by the calculation, and the fatigue lives correspond to the expected values according to the
design curve.
Table 1. Experimental results on the suspension arm.

LOADING

Fm±Fa
F^ll.lF,
F^±1.2Fa
F +12F
F +12F
1 F. l i 5+_1_4_F a

FATIGUE LIFE
(number of cycles)
Prediction
800,000-1,750,000
450,000-1,050,000
250,000 - 640,000
250,000 - 640,000
250,000 - 640,000
80,000 - 240,000

Test results
1,000,000
1,000,000
880,000
960,000

|
(Failure area)
|
(area 4)
(area 3)
(areas 2 and 4)
(area 4)

790,000
229,000

(area 4)
(area 2)
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CONCLUSION
The originality of the design approach presented for welded structures consists in using a unique
fatigue curve whatever the geometry of the structure. Based on the Hot Spot Stress Concept, the design
stress is calculated by thin shell modelling using a standardized methodology. Preliminary work on
elementary structures allowed a unique S-N curve to be defined.
The efficiency of the approach is shown by an example of an automobile part of complex geometry.
The fatigue strength predicted by calculation has been successfully verified by fatigue tests. It is
important to note that the use of the Hot Spot approach has the following distinct advantages :
(l)Cheaper to model using shell rather than 3D elements,
(2)Faster and easier to model with shell elements.
The final point is most important as this will enable designers, rather than only design analysts
(experts), to conduct the assessment. This will ensure its implementation on a high percentage of
welded structures and offers numerous possibilities for exploitation.
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Abstract
The majority of fatigue data for welded joints are for plate specimens under simple uniaxial direct
tension, whereas in practice, joints in large structures are frequently subjected to more complex
loading. There are very few fatigue test results for such conditions and hence design .must currently be
based on the published design curves for uniaxial stressing. The objective of the study was to produce
fatigue data for joints subjected to complex loading and to evaluate current design recommendations.
This report describes three testing methods developed to produce the following stress conditions:
i)
ii)
iii)

biaxial bending;
rotating principal stress direction under bending
in-phase and out-of-phase tension and torsion.

INTRODUCTION
The majority of fatigue tests on welded joints have been conducted on simple plate specimens
under uniaxial loading. A statistical analysis of such results for steel joints conducted in
1972^ led to the development of TWI's fatigue design curves which are now incorporated in
many codes and standards, including design codes for bridges^ pressure vessels^ and offshore
structures . In practice, joints in large structures are invariably subjected to more complex
loading which may result in biaxial or triaxial stress conditions, for example, vessel subjected
to cyclic internal pressure. In addition the principal stress direction may vary during the
loading cycle, as in the web of a girder subjected to a rolling load, for example in a road
bridge or crane runway-girder. In contrast to the wealth of experimental data on fatigue of
welded joints under unidirectional loading, the data for complex stress states is rather limited.
In recent years, sophisticated finite element stress analysis programs and data acquisition
systems have enable designers to determine these stresses accurately. The abiUty to determine
stress must be accompanied by the abihty to analyse complex stresses in order to predict
service life. In view of this, there is now an increasing need to generate data under realistic
complex stress states.
153
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The objective of the work presented in this paper was to develop testing methods and obtain
constant amplitude fatigue data for joints subjected to complex loading conditions and to
evaluate the current design recommendations in the light of the results.

2.

EXPERIMENTAL PROGRAMME
Three testing methods were developed to produce conditions of biaxial bending stresses and
rotating principal stress direction in welded plate and tubular specimens. A schematic
illustration of the tests is presented in Fig. 1. The specimens were made from steel complying
with BS 4360 Grade SOD. Chemical analysis and static tensile test results for the material are
given in Table 1 and 2 respectively.
Table 1 Chemical analysis of the materials (in wt%)

Cr 1

C

S

P

Si

Mn

Ni

Biaxial bending

0.18

0.008

0.012

0.37

1.31

0.03

0.06

Rotating principal stress in
fillet joints

0.11

0.005

0.016

0.39

1.49

0.02

0.03

Tension/torsion

0.16

0.002

0.008

0.38

1.28

0.07

0.09

Test programme

Table 2 Static tensile properties of the materials
Yield
strength,
MPa

Tensile
strength,
MPa

Elongation,
%

Reduction
of area,

Biaxial bending

396

548

27

66

Rotating principal stress in
fillet joints

390

535

29

76

Tension/torsion

398

551

31

77

Test programme

% 1

Welds were made by manual metal arc (MMA) welding using electrodes conforming to
BS 639 : 1986 E4333 R (AWS equivalent E6013).
3.

FATIGUE TESTS UNDER BIAXIAL BENDING

3.1.

EXPERIMENTAL WORK

Biaxial cyclic stresses were generated using the testing arrangement in Fig.la. The specimen
comprised a steel disc of 700mm diameter and 12.5mm thickness, simply supported around
its periphery and loaded on an annulus of 433mm diameter by a hydraulic actuator. The
loading mode is analogous to four point-bending of a beam in that the resulting bending
moment is constant within the central area. To facilitate inspection of the tension surface
during fatigue testing, observation ports were cut in the specimen support, which comprised a
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steel cylinder of 750mm diameter and 50mm wall thickness (Fig.la). Inspection was aided by
the use of an inspection lamp and a mirror.
Trial fatigue tests were conducted on disc specimens incorporating fillet welded cover plates.
It was found that in the presence of this joint, which has the effect of increasing the local
stiffness of the plate, the biaxiality ratio, (3, (=a2/ai, where Ci and a^ are the principal
stresses; a^ > (jj) was significantly affected adjacent to the joint. Whilst in the plain plate
remote from the joint, values of p were close to the unity, in the joint vicinity p varied, and
was in some cases as low as 0.4, depending on joint geometry.
A series of disc specimens were fatigue tested under biaxial bending stress conditions. The
tests were carried out using a servo-hydraulic actuator of lOOOkN capacity operating at a
frequency of 5Hz at stress ratio, R of zero. A limited number of check tests were also
conducted under uniaxial loading conditions for square cover plate joints (Fig.2). These tests
were performed in four-point bending using a 50kN actuator at a frequency of 15Hz. Load
control was adopted for all tests. The load range was set to give the required principal stress
range adjacent to the weld as indicated by foil resistance strain gauges attached to each
specimen. In every case the gauge giving the highest principal stress value was used in setting
the test load range.
Failure was taken as specimen separation in the uniaxial tests,(under four point bending) and
through-thickness cracking in the disc specimens. All specimens were inspected regularly by
eye with the aid of soap solution to detect crack initiation and thereafter to monitor crack
development.
3.2.

RESULTS AND DISCUSSION

All specimens failed by fatigue crack development at the weld toe, followed by propagation
through the plate thickness. As indicated earlier, biaxiality ratio, P adjacent to the failure site
varied significantly with specimen design. Figs. 3 and 4 show the relative magnitudes of the
principal stresses determined from the strain gauge measurements. The fatigue test results are
expressed in the form of S-N curves on logarithmic axes in Fig.5. The data are plotted in
terms of the maximum principal stress range in each specimen versus Nj (crack initiation)
and N2 (final failure). Both the uniaxial and the biaxial results are plotted in the figure. The
uniaxial specimens give a reasonably straight line when expressed in terms of N2 and
maximum principal stress range. The uniaxial N^ data are rather scattered, but this is probably
attributable to the experimental difficulties of detecting very small cracks (of the order of 12mm surface length). Although subjected to uniaxial loading, p values for these specimens
ranged from 0.27 - 0.29. For biaxial loading (under four point bending), p values were very
dependent on cover plate geometry, ranging from 0.39 - 0.45 for circular plated (Fig.4) and
0.62 - 0.78 for square plates (Fig.3). All biaxial specimens gave N2 lives significantly less
than expected on the basis of the uniaxial mean line, but there is no consistent trend in terms
of the P value. N2 values for the two specimens with circular cover plates were of the order of
five times less the uniaxial mean line, whereas the p values were only marginally higher than
those measured in the uniaxial specimens. Clearly, more results are required before realistic
conclusions can be drawn.
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FATIGUE TESTS ON NON-LOAD CARRYING FILLET WELDED PLATES UNDER
ROTATING PRINCIPAL STRESS DIRECTION
With respect to the case of rotating principal stress direction, there is concern that the method
prescribed in Ref.l may be unconservative where the direction changes with little of no
change in stress magnitude. Som.e unpublished results obtained at TWI for beams subjected
to out-of-phase four point bending loads had indicated that fatigue cracking could occur
under these circumstances, although BS 5400 would not predict any fatigue damage. An
experiment was therefore devised to reproduce such conditions as closely as possible and
hence test which design treatment is the most appropriate.

4.1.

EXPERIMENTAL WORK

A sketch of the test specimen and loading arrangement is given in Fig. 1(b). The loading was
applied 180° out-of-phase, which produces a stress condition in which the principal stress
direction changes significantly with little change in the principal stress magnitude. The
specimen was of 12.5mm thick plate (500mm x 450mm) with a fillet welded stiffener. As
shown in Figs, lb and 6, the specimen was restrained along one edge by clamping using four
bolts and supported underneath by a 25mm diameter roller.
The fatigue tests were conducted in a specially designed test rig at a frequency of 2Hz under
load control. Equal loads, both nominally at stress ratio, R, of zero were applied out of the
plane of the plate at the two unsupported comers (Fig. lb) causing the plate to bend. Two
separately controlled hydraulic actuators of 30kN capacity were used. Failure was taken
arbitrarily to be the point when a crack of the order of 10mm long could be detected visually.
Subsequent crack propagation was also monitored in some of the specimens.
4.2.

RESULTS AND DISCUSSION

The fatigue test conditions covered a number of principal stress ranges. Fatigue failures
occurred under these loading conditions. Fatigue cracks were detected on the weld cap at the
middle of the fillet weld as well as the weld toe.
The strain measurements were recorded (using rectangular rosette strain gauges 5mm away
from the weld toe. Fig.6) at various points in the load cycle: full load at position A, equal
loads at A and B, full load at B (Fig.6). The greatest variation in the maximum principal
stress range, Aai, and the angle of rotation, 0, were measured at the failure locations. The
results showed that the angle of rotation at the location of failure ranged from 33° to 41° in
different tests. Fatigue assessment, following the recommendations in BS 5400^ was made by
taking the greatest variation in the maximum principal stress in the cycle as the appropriate
stress (since the angle of rotation was less than 45°). The BS 5500 fatigue assessment was
carried out in accordance with Enquiry Case 79^. The strain measurements made at the
position nearest to the location of failure, for the loading conditions at A and B were used to
evaluate the maximum stress range Aa^ax- Fatigue assessment was then made using the
appropriate design curve for the specimen. Class F. Results are expressed in the form of an SN curve on logarithmic axes in Fig. 7.
Figure 7 shows considerable scatter in the results when expressed in terms of the maximum
principal stress range according to the BS 5400 recommendations. This implies that the
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principal stress range may not be the appropriate equivalent stress criterion. The figure
indicates that the fatigue Hfe predictions based on this code could be unsafe. It also shows
that the procedure in BS 5500 Enquiry Case 79 gave a much better fit to the data, but may
still result in unsafe fatigue life predications in the case of rotating principal stress.
5.

FATIGUE TESTS UNDER COMBINED TORSION AND TENSION
The case of combined loading of welded tubular joints has been the subject of some interest
in the recent years. Amongst the more comprehensive studies are those of Sonsino at LBF
and Lawrence et al ^'^ at the University of Illinois, both of which considered the fatigue
performance of tube-to-flange joints under combined bending and torsion. The current work
at TWI considers the case of tube-to-flange fillet welded joints under combined tension and
torsion. Some of the preliminary results are presented in this paper.

5.1.

EXPERIMENTAL WORK

A series of tube-to-flange fillet welded joints were subjected to pure tension, in-phase and
out-of-phase tension and torsion. Phase displacement of 90° was selected for the out-of-phase
loading. The combined loading tests were carried out under a range of nominal biaxiality
ratio X = x/a, where x and a are the shear and tensile stresses respectively.
The specimen geometry is shown in Fig. 8. (The tube was bored internally at the ends to
reduce the wall thickness in order to achieve the required stress ranges). The specimens were
instrumented using rosette strain gauges attached 3mm away from the weld toes. The tests
were conducted using a tension/torsion servo-hydraulic test machine with tension and torsion
load cell capacities of lOOkN and 6kNm respectively.
5.2.

RESULTS AND DISCUSSION

All the specimens failed by fatigue crack initiation at the weld toe, and predominately at the
location of the weld stop/start. In the case of combined loading the fatigue crack initiated at
the weld toe and propagated away from the weld into the tube material. The cracking
direction was perpendicular to the maximum principal stress for the in-phase loading. In the
case of out-of-phase loading multiple crack initiation occurred and the crack propagated in a
jagged mode.
The preliminary test results are presented in Fig.9. For the case of in-phase loading, the
results suggest that the use of principal stress range as the design parameter is satisfactory,
albeit conservative. The most striking feature of the results is that fatigue life under out-ofphase loading is much lower than that of in-phase loading. The current results suggest that
when expressed in terms of principal stress range (Fig.9) the fatigue endurance under out-ofphase loading is reduced by approximately a factor of 10. The figure also shows that some of
the results fall below the design line. The implication is that unlike in the case of in-phase
loading, the principal stress range may not be the appropriate design parameter for the case of
out of phase loading.
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CONCLUSIONS
Testing arrangements were developed to allow tests to be conducted under biaxial bending
and rotating principal stress conditions for non-load carrying fillet welded joints as well as
load carrying fillet welded tube-to-flange joints in steel. Preliminary results allow the
following tentative conclusions:

7.

i)

Under applied equibiaxial bending condition the biaxiality ratio adjacent to a welded
joint is strongly dependent on joint geometry. Typical values measured in this
programme were 0.39 to 0.45 for circular cover plates and 0.62 to 0.78 for square cover
plates.

ii)

Cover plates under biaxial bending gave lower fatigue endurances than those under
uniaxial loading when expressed in terms of principal stress range.

iii)

Out-of-phase torsion and tension loading can reduce the fatigue life of fillet welded
joints in comparison to that under in-phase loading. A life reduction of the order of
magnitude life reduction was noted when expressed in terms of principal stress range.

iv)

The use of maximum principal stress range as the fatigue damage parameter resulted in
satisfactory fatigue life prediction for the case of in-phase loading but showed that it
could be unsafe for the case of out-of-phase tension and torsion loading.

v)

The fatigue design methods in the current design code may not adequately predict the
fatigue life under the condition of rotating principal stress.
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c) Combined torsion and tension.

Fig. 1 Schematic illustration of testing arrangements to produce complex
loading
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L,

Flg.4 Measured principal stress distribution for circular cover plate joints under
biaxial loading.
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EFFECTIVENESS OF IMPROVEMENT METHODS FOR WELDED CONNECTIONS
SUBJECTED TO VARIABLE AMPLITUDE LOADING
V. Dubois, Swiss Federal Aircraft Factory, CH-6032 Emmen, Switzerland
M. A. Hirt, Swiss Federal Institute of Technology, CH-1015 Lausanne, Switzerland

ABSTRACT
The fatigue resistance of welded details can be increased by improvement methods. Residual stress
methods have been shown to be effective under constant amplitude loading whereas less is known
about their effectiveness under variable amplitude loading. This paper summarises the results of
research on the fatigue behaviour of longitudinal welds treated with improvement methods and under
variable amplitude loading.

KEY WORDS
Variable amplitude loading, welded connection, residual stresses, needle peening, fatigue life
improvement, crack propagation

INTRODUCTION
Welded structures are often subject to fatigue problems. Improvement methods that act on the residual
stress field can be considered to enhance fatigue strength. Despite a certain amount of research in this
area [1-4] there are no design recommendations for the use of improvement methods.
The first part of this paper summarises the results of fatigue tests under variable amplitude loading on
specimens with longitudinal attachments. The second part describes a parametric study undertaken
with the use of a computer model developed to simulate fatigue crack propagation. Finally, modified
S-N curves are proposed for the rational use of improvement methods on details subjected to variable
amplitude loading.

LABORATORY TESTING
Fatigue testing was conducted on specimens made from high strength steel of grade Fe E 355. Each
specimen consisted of a 1 metre long base plate with 200 mm long gusset plates, fillet welded onto
each side (Fig. 1). As-welded stress-relieved specimens, improved by needle peening, were tested.
Details of this improvement method can be found in [2].
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50'8-200 \

/ c=3 130*20-1'000

fatigue cracking

Fig. 1 Geometry of the test specimens (dimensions in millimetres).
Two measuring systems were installed on each specimen. One system allows monitoring of crack
propagation during the test and is based on the potential drop method [5, 6]. The other system allows
monitoring of crack-opening stress [7]. This stress is defined as the stress at which the crack is open
and thus susceptible to propagation.
Crack-opening stress indicates the effects of residual stress and plasticity at the crack tip. Two stress
spectra (Fig. 2) were chosen for studying the influence of the crack-opening stress. The characteristics
of the two spectra were determined on the basis of a parametric study [8].

TEST RESULTS
Crack Propagation
Figure 3 shows the results of crack propagation for both spectra, A (constant maximum stress) and B
(constant minimum stress). In the case of spectrum A, crack propagation is slightly faster in
unimproved details than in needle peened details. However, the difference is not significant when
dispersion is taken into account. For spectrum B, crack propagation for improved specimens is much
slower than for unimproved specimens. This illustrates the effect of the value of the constant minimum
stress value of the small stress ranges, AGS, in the spectrum.
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Fig. 2. The two spectra chosen for variable amplitude loading: spectrum A
(constant maximum stress) and spectrum B (constant minimum stress).
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A
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a [mm]
10 n

N [10^ cycles]
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Fig. 3. Crack depth (a) as a function of number of cycles (N) for spectra A and B.
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Crack-opening Stress
Figure 4 shows results of crack opening stress measurements, aop, for spectra A and B.

o

unimproved

A needle peened

a,p [N/mm1

a,p [N/mm1

180 n

180 -^

Fig. 4. Crack-opening stress (Cop) as a function of crack depth (a) for spectra A and B.
Unimproved and improved specimens show the same general relationship between crack opening
stress and crack depth for both spectra. The initial crack opening stress is quite high (160 N/mm^ for
improved specimens and 130 N/mm^ for unimproved specimens). This stress decreases rapidly and
then stabilises at a constant value. The stabilised value is approximately 50 N/mm^ and the
corresponding crack depth is 0.5 mm for unimproved specimens. For needle peened specimens, the
corresponding crack depth is 1.7 mm.

PARAMETRIC STUDY
Previously, tests were carried out on the same type of specimen under constant amplitude loading [2,
9]. For these tests, the stress range was 180 N/mm^ and the stress ration R = 0.1 (the large stress
ranges, Aa^, of spectra A and B also have these characteristics). Analysis of the results allowed
definition of the parameters for a fracture mechanics model [9]. Three values were defined: an upper
limit and a lower limit as well as an average value.
A crack propagation model was developed from the test results, including those found in the literature
[9]. This model allowed consideration of: applied loads, residual stresses and plasticity at the crack tip.
The model was then used for a parametric study with the following assumptions:
• an average distribution of residual stresses based on the results reported in [10],
• initial crack depth 0.1 mm, final crack depth 10 mm,
• angle between tangent to fillet weld and base plate equal to 45°.
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The tests have shown that the needle peening acts on the distribution of residual stresses at the weld
toe. This same effect was shown by simulations for the same spectra (Fig. 5). Residual stresses have
less effect in the case of Spectrum A (constant maximum stress) where the minimum stress of all small
stress ranges, AGS, is above the crack opening stress. For other spectra, residual stresses have more
effect.

np

un

4
3

2^
1
0

irtr"/ifLw

Fig. 5. Ratio of number of cycles to failure for needle peened specimens to that
for unimproved specimens (Nnp / Nun) and for different load spectra.
The fatigue behaviour of needle peened and unimproved specimens under variable amplitude was
further investigated with spectra consisting of various shapes of stress block. The characteristics of the
spectra were specifically chosen to study the influences of the following:
• the position of the stress block with respect to the CAFL (Constant Amplitude Fatigue Limit),
• the shape of the stress blocks,
• constant minimum or constant maximum stress.
Full details of the results [9] can be summarised as follows. The value of the constant stress in the
spectrum determines whether an improvement method can increase fatigue life. A stress spectrum with
constant maximum stress renders an improvement method less effective - in fact the entire
effectiveness may be lost. The effectiveness of an improvement method is greatest when the applied
spectrum has many small stress ranges and their maximum stress remains below the crack opening
stress.

RESISTANCE CURVES (S-N CURVES)
Improvement methods allow an increase in the number of cycles to failure of a welded detail but their
application to real structures should follow specific rules. The use of S-N curves allows consideration
of the same parameters as used for the parametric study.
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Upper and Lower Limits
The number of cycles to failure under constant amplitude loading was simulated for each stress range
using the crack propagation model with R = 0.1 and with two limits of the parameters of the fracture
mechanics model, as reported in the parametric study portion of this paper.
For both improved and unimproved specimens, the results lie within the dispersion limits given by the
fracture mechanics model (Fig. 6). The average slope constant of the two straight lines is 3 for
unimproved and 4 for the needle peened specimens. The calculated CAFL is much higher than that of
the code [11]. This is explained by the fact that the simulations were made using R = 0.1, whereas the
code takes into account test results with all R ratios.

/ no cracking

o

/ cracking at top of weld

A Ref. [7]

UNIMPROVED

NEEDLE PEENfeD

Aa [N/mm^]
200 T „

Aa [N/mm^]
200

100

100

lower limit

- ^

design code [6]

design code [6]
11

10^

upper limit

S> OA

lower limit ^^
30

Ref. [5]

10^

I

I

I I 1 I I n

10'
N [cycles]

30

111

10^

10^

I

I

I

111111

10*^
N [cycles]

t^ig. 6. Simulated S-N curves of unimproved and needle peened
specimens compared to the design code [11] and test results.
Ejfect of the Type of Improvement Method
Additional S-N curves were simulated for different types of residual stress improvement methods.
These simulations were carried out using the same hypotheses as previously. Only the lower limit of
the fracture mechanics model is shown in Fig. 7. These curves implicitly contain the effects of the
distribution of residual stresses.
The simulated S-N curves of Fig. 7 clearly show that the most effective treatment is hammer peening,
followed by needle peening and shot peening. This corresponds to the experimental findings of
previous research [2, 12, 13]. The value of the slope constant increases with increasing effectiveness as does the CAFL. The same phenomena have been observed for other geometrical arrangements [3,
12]. Hammer peening is the treatment that modifies the distribution of residual stresses the most, in
value and in depth [10]. This treatment is best for high stress ranges.
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100 A
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30
10^

10'
N [cycles]

\(f

Fig. 7. Simulated S-N curves for different improvement methods.

Effect of Maximum Stress
In order to observe the effect of the maximum stress on the S-N curve, the curves were simulated by
calculating the number of cycles to failure for each level of stress, but keeping the maximum stress
constant. Several values were chosen for the maximum stress (80, 100, 150, 200 N/mm^). The results
are shown in Figure 8. This figure also shows the results of simulations considering a constant
minimum stress equal to zero.
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NEEDLE PEENED

^^
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2
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10^

lO''
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Fig. 8. Simulated S-N curves for different values of maximum
stress for unimproved and needle peened specimens.
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There is not a significant difference between the curves for unimproved specimens. All curves
commence at an upper limit represented by the simulated S-N curve for zero minimum stress and join
the simulated curve for maximum stress equal to 200 N/mm^.
Curves for needle peened specimens differ greatly. For all values of maximum constant stress, the
curves descend rapidly and join the lower curve obtained for 200 N/mm^. The effect of constant
maximum stress must be an important consideration in the design of peened joints.
These simulations confirm the test results in [14] where an increase in average stress did not influence
the S-N curve for untreated specimens but actually decreased the fatigue resistance of peened joints.
Other results, such as in [15] confirm that in tests where the maximum stress was constant, all
beneficial effects of the treatment were lost.
To conclude, the use of an S-N curve obtained from constant maximum stress covers all test results.
For unimproved specimens the use of such a curve is justified. If this curve is used for peened
specimens, the effectiveness of the treatment is not taken into account. The curve should consider the
stress spectrum, in particular the effect of the maximum stress.

CONCLUSIONS
This study has shown that the stress range and the value of the maximum stress affect crack
propagation under variable amplitude loading. These two values must be considered in the fatigue
design of details that have been treated with residual stress methods in order to account for the
effectiveness of the improvement.
The crack propagation model has enabled three significant parameters to be taken into account: applied
stress, residual stress, and plasticity at the crack tip. The use of this model has allowed S-N curves to
be proposed that allow rational use of improvement methods under variable amplitude loading.
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INFLUENCE OF LIFE IMPROVEMENT TECHNIQUES ON DIFFERENT
STEEL GRADES UNDER FATIGUE LOADING
LUIS LOPEZ MARTINEZ ^'2 and ANDERS F. BLOM'''
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ABSTRACT
Different fatigue life improvement techniques were applied to test specimens with a non-load
carrying fillet weld. These test specimens were then tested under both constant amplitude and
variable amplitude fatigue loading.
For the as-welded specimens fatigue lives have been related to weld flaws, mainly cold laps,
detected at the fracture surfaces. The size and distribution of cold laps, which are a direct function
of plate surface quality, have shown a consistent influence on fatigue lives.
TIG-dressing of weld toe region has shown a fatigue life improvement ranging from 60% to 120%
of applied stress range. Steel grades with higher yield strength have shown larger improvement
than ordinary structural steels. The influence of blast-cleaning on fatigue properties is addressed.
Mechanisms of improvement are discussed and X-ray diffraction measurements of initial residual
stress distributions and relaxation due to fatigue loading are used to explain part of the life
extension obtained. The paper also includes fractographic studies of the broken fatigue specimens.

KEYWORDS
Improvement Methods, Random Loading, High-strength steel. Residual Stress Relaxation, Fatigue
Testing

INTRODUCTION
The increased interest in a higher pay-load in machinery, such as earth moving equipment, has
focused attention on a more widespread use of high-strength steels. High-strength steel should
allows, at least under static loading, an increase in design stresses so the plate thickness can be
reduced.
However, the design stresses are always limited by the fatigue strength of welded joints subjected
to fluctuating loads. It is a well known fact that this fatigue strength is more or less independent of
parent plate mechanical properties.
175
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It is then of main concern to improve the fatigue resistance of welded joints so that the material
can be used more effective. This improvement in the fatigue strength, should enable the design
stresses to be increased.
There are four major reasons for the reduced fatigue strength in welded joints:
The global stress concentration:
The change in plate shape always gives a concentration of the force lines in such a
way that the more pronounced the change in section, the higher the stress
concentration.
The residual stresses:
Every weld process produces tension residual stresses which are close to the level of
yield strength of the filler metal. These residual stresses reach their highest level at the
weld toe/fiision line.
Weld flaws:
Weld toes conmionly exhibit such flaws as lack of fusion, undercut, intrusions and
cold laps. These are always at the same location as the highest stress concentration
and highest residual stress.
Heat affected zone:
After welding the microstructure will be changed locally and a so-called heat affected
zone exists. Embrittlement may result, but normally the above three factors are of
much larger concern.
By applying fatigue life improvement techniques to welded joints one or more of these problems
can be almost completely remedied. One of the improvement methods presented in this paper, TIGdressing, favourably affects all of the causes mentioned above. Other methods, as shot peening or
hanmier peening, are mainly intented to induce compressive residual stresses at weld toe.
Since the fatigue life improvement techniques are sensitive to the type of fatigue load, constant- or
variable-amplitude, it is of paramount importance to understand the reciprocal influence between
some selected fatigue life improvement technique and a specific load sequence.
Ideas for improving the fatigue lives of welded joints have been the subject of many IIW
documents [1]. These focused attention on the weld toe in steels, as a prime site for fatigue cracks.
Several fatigue design standards, namely BS 7608:1993 [2] and IIW Doc XIII-1539-94 [3], mention
the possibility of increasing the design stress level if a remedial treatment of the weld toe region by
controlled machining or grinding is implemented. In the case of BS it is stated that such treatment
leads to an increase in the allowed design stress range. The SN-curve can be then improved in
strength by 30%. This is equivalent to a factor of 2.2 on life. Consequently the BS presents a clear
description of the treatment that should be carried out regarding tools, machining deep and
posterior control. The IIW document consider also the application of fatigue life improvement
techniques. The IIW document goes ftirther than BS and point out a serie of techniques to improve
fatigue resistance. Nevertheless, the IIW document point out the necessity of fatigue test in order to
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verify the actual procedure for the specific stress range^ of interest and the fatigue life improvement
used.
One of the main drawbacks in the application of fatigue life improvement methods is the variation
in the quality of the different process as well as the uncertanity of the degree of improvement.
To date it is very scarse information, if any, on fatigue life improvement methods combined with
variable amplitude fatigue loading. Most of the information available on this subject refers to
constant amplitude loading. The main task of the present paper is to illustrate the effect of different
spectrum parameters on the level of improvement obtained by using some of these methods on
different steel grades.
As some of these fatigue life improvement methods are based on the degree of compressive
residual stresses that can be induced on the weld toe region, another task is to elucidate the
influence of parent plate yield strength when the applied improvement method is based on the level
of compressive residual stresses induced.
In the former Nordic Project it has been documented [4] that weld defects are often the site for
fatigue cracks to start. The application of fatigue life improvement techniques change these
coditions. Consequently this paper includes some fracture surface analysis in order to investigate if
these defects are still the origin of fatigue cracks.

EXPERIMENTAL PROCEDURES
Materials and test specimens
The mechanical properties of the steels used in this investigation are presented in Table 1. These
steel grades include two (HSLA-steels) cold forming steels DOMEX 350YP and DOMEX 590XPE
(extra high strength steel). The present investigation also includes one quenched and tempered steel
grade, namely WELDOX 700. This is a so called martensitic steel, extra high-strength structural
plate with impact guaranteed toughness at temperatures down to -40P C (-76°F) The chemical
composition and carbon equivalent CE^w types, for the different steels grades are presented in
Table 2. The definition of carbon equivalent. CEH^, is as follows: CE = C + Mn/6 -f(Cr+Mo+V) / 5 + (Cu+Ni) / 15.
Table 1 Mechanical properties of the steel grades used in this investigation
Steel

[MPa]

As
[%]

[MPa]

Impact energy
CV(-40°C, J) 1

1 DOMEX 350YP

398

503

34

1 DOMEX 590XPE

615

747

31

27

1 WELDOX 700

780

850

12

L: 40

1
T: 27 |

^In this case the stress range includes the effect of the stress ratio on compressive residual
stresses.
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Table 2 Chemical composition and carbon equivalent (CE) for steel grades used in this
investigation
I steel

C

Si

Mn

P

S

Al

Nb

V

CE 1

1 DOMEX 350

.058

0.02

0.62

.009

0.01

.042

.014

—

0.18 1

1 DOMEX 590

.090

0.21

1.63

0.11

0.02

.030

.024

0.15

0.41 1

1 WELDOX 700

0.15

0.44

1.32

.012

.002

.099

.060

.060

0.37 1

Fatigue test specimens of the type illustrated in Figure 1, were used in all the tested series. This is
a well documented specimen containing a non-load carrying fillet weld used in several
investigations [5]-[8]. Since the thickness and shape of the present specimen is the same as in some
of the previous references, a comparison of fatigue test results can be easily done.

WELD PROCEDURE AND FATIGUE LIFE IMPROVEMENT METHODS
The weld procedure is described in Table 3 for the three steel grades tested. No pre-heat treatment
has been used. The order of weld passes has been chosen in such a way that the shape and
magnitude of the residual stresses should be comparable for all the steel grades involved.

^

4

80±l

Fig. 1. Test specimen. Dimensions in mm.
The weld on the sides of the stiffener as well as at the corners has been produced in an alternanting
diagonal sequence in order to limit the interpass temperature (<250P C). The same welder have
manufactured all the test specimens for all the test series at SSAB Oxelosund AB Laboratories, in
order to keep the scatter of weld quality under a controlled level. No root treatment or weld
preparation have been done for series not including hammer peening improvement. For this last
series it has been necessary to achieve a full penetration weld to obtain the same failure mode as
for the rest of test series. As it is demonstrated under the heading Residual Stress Measurements,
this does not affect the general shape or initial residual stress distribution for the considered fatigue
test specimens.
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As the same filler metal have been used for the different steel grades tested, a degree of
mismatching is present. The yield and tensile strengths for the used filler metal are 420 MPa and
500-570 MPa respectively. This means a degree of overmatching for DOMEX 350 as a degree of
under matching for the WELDOX grade. This aspect should have some influence on the max. level
for weld induced residual stresses.
Table 3 Weld procedure for the specimens tested in this investigation
steel

DOMEX 350
DOMEX 590
I WELDOX 700

Welding
process

Consumables

MAG

PZ 6130
Mison 25

Electrode
diam.
[mm]
1.6

Current
DC+ [A]

Voltage

185

23.5

m

Heat
imput
[kJ/mm]
1.5

The parameters for TIG-dressing are presented in Table 4. Some recommendations regarding the
way the TIG-dressing should applied have been published, [9] and [10]. Starting from these
recommendations and with our own experience we have carried out the TIG-dressing on the fatigue
test specimens for this project. The TIG-dressing operations have been done according to the
specification illustrated in Figure 2.

\mm]

I

y'Electrode

max. 1.5
Fig. 2 Tolerance boxes for TIG-dressing procedure
It is of main concern to achieve unambiguous results regarding the application of this fatigue life
improvement technique. It should be implemented in such a way that the scatter in fatigue test
results should not be influenced by the the scatter in the quality of TIG-dressing. Obviously a
deficiency in the application of the fatigue life improvement technique could be interpreted as an
example of poor efficiency in the method itself.
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Table 4 Parameters for TIG-dressing of fatigue test specimes.
Steel

DOMEX 350
DOMEX590

Side

1,2

Pass

3,4

1 WELDOX700

Electrod
diameter
[mm]

Ampere
[A]

Volt

2.4
ARGON S
12 1/min

156

14.8

Heat imput
[kJ/mm]

m

1.4

FATIGUE TESTING
The fatigue test series carried out (or on going) are presented in Table 5. The following is
included: as-welded, TIG-dressed weld toe, blast-cleaned weld toe, hammer peened weld toe. The
specimens in Table 5 have been tested in constant amplitude and under different spectrum loading
sequences.
During the fatigue testing of improved specimens a significant influence from the parent plate
surface quality on the fatigue strength has been detected. This influence has been seen both in the
as-welded condition and in the TIG-dressed condition. Therefore we supplemented the original
fatigue test programme with specimens there the parent plate have been blast-cleaned before
welding (see Table 5). As will be seen below, this operation also influences the residual stress field
at weld toe and the crack initiation site.
Table 5 Fatigue test series carried out during this investigation. The digits indicates the number of
test specimens tested for the corresponding loading type.
steel

Condition
of plate
surface

Load

DOMEX
350

Mill-scale
unremoved

DOMEX
590

As
welded

As welded +
TIG-dressed

As welded +
Blast-cleaned

As welded
Hammer
Peened

CA
SP2
SP3

9
3
7

6
On going

12

On going

Mill-scale
unremoved

CA
SP2
SP3

6

7
5
4

10

On going

DOMEX
590

Mill-scale
blastcleaned

CA
SP2
SP3

9

On going

On going

On going

WELDOX
700

Mill-scale
blastcleaned

CA
SP2
SP3

7

7

7

7

^
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SPECTRUM DESCRIPTION
In this investigation two different spectra have been used. These are summarised in Table 6. A
randomised sequence was created within each block, called SP2 and SP3, by employing a draw
without replacement routine. The blocks were then repeated without reseed until fracture occurred.
This gives an entirely randomised sequence to failure. In Table 6 the irregularity factor /, is
defined as the number of positive mean crossings divided by the total number of cycles in one
block and p is the ratio of minimun load to maximun load in a exceedance distribution according to
the Swedish Building Code, BSK [11]. In Figure 3 are plotted the range pair distribution and the
level crossing distributions for two utilised spectra.
Level Crossing for SP2
0 < R < 0.9,1=0.3

Oi

Level Crossing for SP3
R=-1, 1=1

S0.0O —i

o<w p i I niinj—I I iimij—i i iiimj—i i iiiiiij—i i iiiinj—i iniinj

.loaoo

LogN

Range pair distribution for
the two tested spectra.

LogN

Fig. 3 Range-pair and level crossing distributions for the two spectra used.
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Table 6 Spectra used in this investigation

Spectrum --e.nstr°s

Stressr.t,o

Ip

II

I .locklen,th

SP2

0.5 amax

0<R<0.9

1/6

0.3

5x10 s cycles

SP3

0

R=-I

1/6

1.0

5x10 5 cycles

R E S I D U A L STRESS M E A S L q t E M E N T S
The method used for measuring residual stresses was X-ray diffraction. The locations of the
measurement points are shown in Figure 4. The radiated area was approximately 4x6mm. For this
reason the first point is defined as being located 13 mm from the stiffener end. In the case of the
TIG-dressed specimens it is very difficult to define the exact location of the fusion line. Therefore
we have decided to measure the distance from the stiffener end in the hope we are as close as
possible to the remelted weld toe. The second point was located 10 mm out from the "weld toe" in
the previous measurement, and the rest of the points were located 10 and 30 mm out from the
correspondent previous point. In all cases the longitudinal stress component were measured.
Three measurements on five specimens have been performed. The first measurement was carried
out in the as welded condition. The second after a certain number of cycles, namely l x l 0 ~. After
another 5x105 cycles a third measurement was carried out.

I

TIG~rcssing Weld

Longitudinal direction

l ~ ; ; V : , V . ' ~ ¢.1.'.,-OK~

f

i

'

1

33~

63 r

Fig. 4. Locations of residual stress measurements points in TIG-dressed specimens.
Residual stress measurements were carried out for the steel grade and different parent plate surface
conditions as presented in Table 7. The change of residual stress level and shape due to the
application of the TIG-dressing technique and the influence of different parent plate yield strength
levels have been documented. The purpose was to find the influence of higher yield strength on the
residual stress level both in the as-welded condition, in the TIG-dressed condition and in the
hammer-peened condition.
The error in the stress calculation method is typically about 10 MPa. The error in the location of
the x-ray beam on the sample is approximately 1 mm and the measurements give a stress gradient
in the longitudinal direction about 10 MPa/mm. This gives an additional error that is superimposed
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on the previously mentioned one. Thus the total estimated error for the measurements is about +
20MPa. A thorough description of residual stress measurements can be found in [12].
Table 7 Residual stress measurements carried out under this project.

Plate
surface
condition

Weld toe

Max.

Spectrum

1~

2 nd

3 rd

condition

Load

see
Table 6

meas

meas

meas

Cycl.

Cycl.

Cycl

DOMEX

Mill-scale

TIG-dressed

None

590

BI. Clean

TIG-dressed

425

1E5

5E5

Steel

0
SP2

0

R E S U L T S AND DISCUSSIONS

Fracture surface analysis
Fracture surface analysis has been carried out for the specimens tested in constant amplitude and
spectrum loading. This analysis includes as-welded specimens as well as TIG-dressed ones. As the
parent plate surface condition plays a very important roll in the type, size and distribution of weld
defects, the fracture surface analysis includes two type of plate surface quality. One is the asdelivered (unremoved mill-scale) and the second is a blast-cleaned surface. This blast-cleaning
operation is done at the steelwork plant in SSAB Oxel6sund. For simplicity all the steel blastcleaned surfaces have been treated at the same plant, even if the DOMEX grades tested are
manufactured at the SSAB Strip Products plant at Borliinge.

As-welded specimens
For the specimens in the as-welded condition the flaws types are mostly cold laps as illustrated in
Figure 5. All these defectes are comparables to the defects reported in [4] and [13]. The size and
shapes vary and all the approximative measured values are presented in Figure 5.

Fatigue life improved specimens
The examined specimens have been TIG-dressed before fatigue testing. That means that weld toe
region is not longer easy to localise. In the case of specimens welded and TIG-dressed (parent plate
with unremoved mill-scale) the type of flaws detected are very close to those detected in the aswelded condition and with identical plate surface condition.
This situation changes radically when the parent plate has been blast-cleaned before manufacturing
the specimens. The difference on the size of weld defects can be visualised from Fig. 6.
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Specimen
Domex 350-6

I>imeiisioiis(iiiiii)

*tjpt of defect
Cold lap

<rR= 250 MPa

^\

N = 54100 c.
Domex 350-7

Several cold laps

4-^^

c^- 70 MPa

+-4-

N = 3102000 c.

"lo.s

0.8

Domex 590-1

Cold lap

<rR= 250 MPa
N = 54100 c.
Domex 590-4

O.ta - 0 . 7

'i _>.'_

Cold lap

crR= 90 MPa
N= 1023000 c.
Weldox 700-2

Cold lap

<rR= 125 MPa
N = 560000 c.
Weldox 700-8
<rR= 450 MPa
N = 20000 c.

Cold lap

>d

i-j

Fig. 5. Fracture surface inspection for AS WELDED specimens tested under constant amplitude
and spectrum loading. Defect type and orientation.

The fracture surface analysis of the specimens in which we have applied fatigue life improvements
techniques offers an unique possibility to understand the difference in the initiation life for these
cracks. However, it has been documented that cold laps still exist. In the TIG-dressed specimens,
some tenth of a millimeter under the remelted surface, some cold laps were still found. These have
in several cases acted as crack origin sites. For these fracture surface investigations we have used a
SEM6400 to clarify the influence of inclusions, plate impurities and/or if the welding consumables
interact to give rise to potential flaws. Some results are illustrated in Fig. 7.
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•Specimen ^

lNfp6 o£4^fect

Domex 590-2A

Deep crack at fusion

SP2

line

185

Dimto^ODs(min}

JTT.
<.5

(r„„= SOOMPa
N = 1.8E+6 c.
Domex 590-7A

Cold lap

SP3

o.z

cr^„= 250MPa
0.45

N = 9.63E+6C.
Domex 350-5

Several cold laps

SP3

oapr-A__yW
N = 4.99E+6 c.
Domex 590-1
SP2
<r^„= 500MPa
N = 1.8E+6 c.

Lack of fusion

O.S",

•v=^ ro.z

Fig. 6 Fracture surface inspection for TIG-dressed specimens tested under constant amplitude and
spectrum loading. Defect type and orient;itinn

Figure 7a Fracture surface inspection done with SEM for as-welded specimen
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wwmw&':
Fig. 7b Fracture surface inspection done with SEM for TIG-dressed specimen
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The degree of improvement in fatigue life for the tested steel grades and some improvement
techniques are presented in SN-diagram, Figure 8. As can be seen, the influence of material
strength is remarcable when TIG-dressing is applied to steel with higher yield strength. For this
comparison we assume the fatigue strength in the as-welded condition to be approx. the same for
the all steel grades. As will be discussed below TIG-dressing induced some degree of compressive
stresses and at the same time it improves the weld toe region. As the constant amplitude fatigue
testing does not produce any noticeable relaxation of the induced compressive residual stresses, the
degree of improvement can be assumed to depend on the yield level of the parent plate.
Degree of improyement under variable amplitude
The effect of fatigue life hnprovement techniques under spectrum loading is presented in Figure 9.
The influence of material strength is not obvious from the fatigue test results so far. Nevertheless,
some improvement of fatigue strength can sometimes be noted when results of the as-welded series
are taken into consideration. Probably this is due to the improvement of weld toe profile. Due to
relaxation of compressive stresses the effect of material strength becomes less than for constant
amplitude loading. However, if the occurrence of cold laps can be minimised in the future, crack
initiation life will increase and material strength may become more important.
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Fig. 9 Spectrum fatigue results.
Residual stress measurements previous to fatigue testing
The results of residual stress measurements are presented in Figure 10. One important result
obtained from the measurements is the level of residual stresses after TIG-dressing. This can
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explain the high degree of improvement as well as the effect of parent plate yield strength on the
TIG~dressed specimens under constant amplitude fatigue loading. Another very important result is
the possible effect of blast-cleaning of the plate surface before welding. This operation as well
understood induces always some level of compressive residual stresses on plate surface. This level
along with the type of blast-cleaning is very dependent on the mechanical properties of the parent
plate. As seen in Figure 10, the final residual stress distribution results from a combination of
blast-cleaning, welding, TIG-dressing and final shotpeening (not included here). Hence, the final
fatigue strength is partly determined by the initial blast-cleaning process. Nevertheless, the final
effect on fatigue strength appears to be mainly determined by the type of spectrum loading.
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1 Plate surf.: As delivered
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•^...j
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-500 i

10

20

30

40

50
^
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Fig. 10 Residual stress measurements for different parent plate surface conditions and improvement
methods.
Relaxation under fatigue testing
The effect of the applied load spectrum in the relaxation process of residual stresses have been
studied for DOMEX 590 steel. In ref[8] we have studied the same relaxation process for
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Fig. 11 Relaxation of residual stresses under spectrum fatigue loading
DOMEX 350 steel. The results are presented in Fig. 11. As can be seen in Fig. 11 most of the
relaxation takes place close to weld toe where the stress concentration is largest. The main part of
relaxation process occurs under the first 100.000 cycles for the tested spectrum. That is in
accordance with results in [8] there 50% or more of the initial stresses are relaxed within 8% of
the total life of the specimen.

CONCLUSIONS
The influence of weld flaws, in particular cold laps, on the fatigue strength of one pass weldements
was shown to be great even in TIG-dressed specimens. However, futher development, both in weld
quality and TIG-dressing application, is expected to substantially improve the situation.
The influence of material strength for TIG-dressed specimens is significant under constant
amplitude fatigue testing.
The parent plate surface condition is important for the number and size of weld flaws as well as for
the level and sign (compressive or tensile) of residual stresses.
No significant influence of material strength under spectrum testing has been documented for the
tested spectra so far. However, with improved TIG-dressing and in combination with subsequent
shot-peening a larger initiation life may result and material strength might become of more
importance.
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ON MULTIAXIAL FATIGUE TESTING TIME REDUCTION
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ABSTRACT
This paper discusses the problem of selecting a filter level to create an edited loading history from
rosette strain time histories. Parameters for obtaining the optimal filtering level that provide the
biggest reduction in the testing time, but not influencing the estimated fatigue life between original
and edited history (or estimated for non-edited time history) fatigue life are considered. The approach
for reduction of testing time is tested with simulated and measured on a vehicle strain-histories.

KEYWORDS
Random Loading, Fatigue Testing, Multiaxial Fatigue, Multiaxial Damage Accumulation

INTRODUCTION
Requests from industry to reduce the time to market in terms of design and testing, lead to
investigations on methodologies to reduce the testing time. The majority of structures in the
automotive, aerospace, railroad, offshore, etc. industries are subjected to multiaxial variable
amplitude service loading. Fatigue strength of structural materials is usually determined under cyclic
uniaxial loading, rarely under random loading. However, for multiaxial non-proportional loading
making predictions about fatigue life is very difficult and many papers are published elsewhere
attempting to solve this problem [1-4]. For real components or structures the majority of the
investigators carry out full-scale tests. Unfortunately, random loading biaxial and multiaxial fatigue
tests are usually expensive and time consuming. Therefore the most important target is to find
standard procedures to evaluate, in terms of damage, the load histories relevant on real component
during the real mission and to realise more efficient load mission either for the experimental testing or
in the design stage. The possibility for realising of multiaxial fatigue tests by duplication of the
measured loading or strain data sequences or by reconstruction of a rainflow cycle counting matrix
and a reduction of the testing time by computer editing out the data sequence is discussed in this
work.
In the multiaxial state of stresses and non -proportional loading at least two independent loading
histories are applied to the structure and strain gage rosette is used for fatigue data acquisition. When
193
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the measured strain sequence is edited out the major problem is that all the measured channel's
information must be considered as a whole, since an individual channel data analysis will lead to
misinterpretation of the information about the loading process.

BAPKGROUND
For the uniaxial fatigue cases of random loading techniques for generation of loading histories and
reduction of fatigue testing time are known [5-7] and they can be easily applied in proportional
multiaxial loading tests. They can be summarised as: Omission of Small Non-damaging
Cycles/levels; Omission of Stresses Lower than Fatigue Limit; Decreasing Time at Load; and
Increasing Test Load. It should be noted that every method for reduction of fatigue testing time must
be applied after previous detailed analysis and consideration of the service conditions and material
and structure behaviour, for example cyclic hardening or softening. In some cases changing of
material properties in the time of loading and crack growth should be also considered.
However for testing time reduction under random non-proportional multiaxial loading at the moment
there are not any validated methods and algorithms. Heuler and Seeger [6] suggest that for an optimal
filtering level the intrinsic fatigue level can be used. This idea is used in [7]. Thus, they ignored the
loading sequence. Fash et. al. [8] investigate five irregular bending and torsion loading sequences, for
using them in a test programme. There an approach of analysis by cycle counting method individually
on every measured data sequences is applied. Two Markov matrices (bending and torsion loading) are
presentpci fqr evfiy loading sequences. The fulfilled fatigue damage analysis shows that a larger
percent pf the damages accumulate by the medium range cycles. Low range cycles, 15-20% of
maximum range for smooth specimens and 25-30% of maximum range for notched specimens, give
less thai) 5%) of the total damage and can be omitted. Dressier et. al. [9] propose a new multiaxial
rainflow algorithm for rainflow cycle counting on every channels simultaneously plus cycle counting
on the sum and difference of every two measured data sequences. In this way the authors report that
the generation of new data sequence, that is damaging equivalent to the initial one, is possible, and it
is much better than an individual channel analysis and generation. But they have not presented enough
test results and an approach for predicting the fatigue life, which will permit the evaluation of this
new rainflow procedure, Schutz and Klatschke [10] presented results from a large research project for
developing a multiaxial loading standard for car suspensions, but it is pointed out that experiments
with standard load sequence are not appropriate to prove sufficient fatigue strength of components
for particular applications. Widely used is the possibility to duplicate tests on structures or materials
with a recorded loading history. With many problems in the past when analogue recorders have been
used, for example in determining the minimal typical length of the record, the combination of
different service modes and the lack of possibility to cut off some small amplitudes, today computers
allow the analysis of very long loading sequences and the construction of fatigue testing programmes.

THEORY FOR DAMAGE ACCUMULATION
The choice of a theory for estimation of the fatigue life is very important. It is necessary to have a
damage accumulation theory that considers non- proportional multiaxial loading. The most widely
used straiti and stress approaches for prediction of fatigue life under multiaxial loading can be used
successfully when the multiaxial loading is proportional, but new methods, which are sensitive to the
path of loading are still necessary. Such ideas have been developed by Brown and Miller[l], Socie
and co-workers [2-3], Wang and Brown [4]. Socie [2] consider that a shear stress based damage
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parameter may to be used for calculation of fatigue damages to predict the fatigue life for materials
developing shear cracks and a modified Smith-Watson-Topper parameter for materials developing
tensile cracks. Also an estimation of the accumulated damages at all possible failure planes is
suggested. Fatigue life is calculated for the plane experiencing the maxirtium damage. All necessary
material parameters can be obtained from simple tests; tension-compression and torsion, or they can
be calculated according to von Misses or Tresca theories. This approach has been tested and has
showed good results. Wang and Brown [4] proposed a path- independent parameter that can be in use
for non-proportional loading, based on Brown and Miller's critical plane theory concept [1]. Their
method is more accurate and faster but there the position of the critical plane in not of great
importance. These theories for damage accumulation use the Palmgren - Miner rule and they suppose
that the component failure will occur when the total damage is equal to 1. Unfortunately in the service
this is rarely observed and a correction is desirable. But none of the theories have been validated on
real loading histories that have thousands of data points. They have only have been used on simple
loading cases on tubular specimens. As result we really do not know how "accurate" they are.

EXPERIMENTS AND RESULTS
It seems that the easiest and simplest way to develop a testing sequence is to follow the techniques
and ideas accepted in uniaxial fatigue. For example, the procedure given in fig. 1 can be used. When a
multiaxial strain-time history is measured and stored into a computer, an editing out process starts, it
have to be capable of identifying peaks and walleyes on all channels. It must allpw the storage,
simulation long loading histories, including randomising of different loading blocks or amplitudes
and omission of non-damaging events. This algorithm gives possibility of identifying important
parameters in the loading path and leads to a reduction of testing time. In general, the concepts used
for uniaxial loading reductions are simply extended to multiaxial loading but some modifications are
necessary. If it is accepted that the material has a loading path dependent behaviour, it must to affect
r
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programme. At any time one channel reaches a peak, values of all other channels must be stored. Also
it is important that the stored data for all channels be in the same sequence according to the time [4].
As in uniaxial and multiaxial proportional loading cases, here is assumed that the small amplitudes
are not damaging and they can be omitted. Therefore an editing procedure Should edit out the small
cycles while maintain the time sequence of the measured strains. As a basis for computing fatigue
damage the algorithm and software developed by Bannantine and Socie [3] is used. It is assumed that
three channels with recording strain histories data will be edited, as follows: channel 1 - 8x, channel 2
- £y, channel 3 - yxy. Since the signals in each of the three channels are not proportional, a definition
for multiaxial filtering level have to be chosen.
Several different possibilities were implemented in a computer code and have been tested:
-Filter level (FL) is constant value for each channel. The filter level for every channel must be
set up at the beginning of the analysis.
-The filter level is a function of the maximum range of every channel's signal, which is
calculated in advance. Then the three values of the filter level are different for every channel and
depend only on the loading history.
-The filter level depend on the material behaviour and especially on fatigue limit. The fatigue
limit is calculated according the Manson - Coffin equation for the material.
-A range limit (RL) is proposed, based on the assumption that the cycles within a range, limited
by plus and minus the value of the half fatigue limit are non-damaging.
Each possibility can be used, but it should be pointed out that any random strain-time history contains
information not only about the external loads but also about the dynamic response of the structure.
Therefore this measured data depends on the location where the history has been observed [5,10]. It
would be advantageous if the strains resulting from external loads are separated from these resulting
from the dynamic response of the structure. Also it is important that field measurements contain all
possible loading cases in the same time proportions as in service because, usually, measured data
must be extrapolated, since measurement time is limited in the practice.
Considering that the important task is to find out a criterion for optimal reduction of the loading
sequence and the testing time, as a parameter is decided to use the error of predicted fatigue life. The
problem for an optimal testing time reduction is solved in the following order: The editing procedure
starts with an equal increment of the filter level; the difference /change/ of the fatigue life prediction
error for current filter level and the error for the previous one is calculated; if this difference exceed a
user defined value, the editing out procedure is terminated. A change in the critical plane direction is
not allowable. The limit for the fatigue life prediction error can be set up, usually 5%.
Numerical analysis on a data sequence is carried out to test and verify the proposed ideas and
possibilities for reducing the fatigue testing time by omissions of the non-damaging cycles. A strain
history with irregularity coefficient i=0.3, which is the common one, is simulated using rainflow
reconstruction software and a 32-level matrix [11] for Gausian standard sequence. The received strain
data is shown in fig.2. In this paper the approach developed by Socie and co-workers [2-3] is applied
since it uses material parameters derived by simple tests in uniaxial and biaxial (torsion) loading and
it allows the location of the critical plane to be identified. Damage analysis using material properties
of three steels is performed. The mechanical properties are listed in Table 1. For example, material
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the editing SAE 1045 is chosen as it develops a shear type (Mode III) cracks. Some resuhs
representing the estimated error of predicted fatigue Ufe versus the normalised number of cycles in
one loading block are shown in fig. 3, where error is estimated as
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It is clear that for small filter legels both damage criteria give approximately the same fatigue life
predictions. But it can be seen too, that a reduction of the testihg programme with less than ~i specific
number of cycles per block will cause a rapid increase of the error of predicted fatigue life for this
material. Such reduction of the testing programme must be avoided. This fact is used as criterion to
stop cycle edition out of the loading block; therefore the value of the filtering level depends on a) the
loading/strain history, b) the material behaviour, c) assumed theory for damage accumulation.
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In fig. 4 the original and edited out paths of c - y are shown. Here it can be seen that the omitted
small cycles do not influence the loading path and can be neglected. In support of such judgement are
the results from fatigue life predictions. Figure 5 shows the damage distribution for different planes
and different filter levels. They show a critical plane has remain identical, for example 0 = 90 ° and
q0=130 ° for tensile model, and this means that the loading path is not affected. If any changes in
critical plane direction are observed, it means that no further edition of this loading history is possible.
Above described algorithm is applied for reduction of the testing time when a fork-lift truck was
tested [12] on a 4-channel road simulator. The movement on three different road surfaces: asphalt,
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Table 1. Material Data
Material
Parameter
E GPa
K' MPa
n'
cyt~ MPa
b'
of'
c'
1:i~ MPa
TI~

SAE 1045
[3]
206.9
1255.2
0.2
948.4
-0.092
0.26
-0.445
470
0.41

SS 304
[3]
183
1660
0.287
1000
-0.114
0.171
-0.402
709
0.413

Cycles
to failure

Enl5R
[16]
205
1336
0.17
1114
-0.097
0.259
-0.515
870.3
0.518

Steel 3
214
988
0.207
837
-0.100
0.557
-0.518
494
0.83
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Fig. 5. Damage distribution plot according Smith-Watson-Topper (SWT) and Socie damage
parameters.

pavement I and pavement II was simulated. To evaluate the non-damaging cycles in a hot spot of the
fork-lift truck were measured and recorded three strain histories from a strain gage rosette for these
road surfaces. The strain histories are shown in fig. 6. The strain data was used for subsequent fatigue
testing. Damages were calculated for the used material steel 3 and SAE1045. Since a slightly different
critical plane is predicted for asphalt, the order of the loading block sequence was examined. The
results show that the order can be important and the service conditions should be followed strictly. If
there is not enough information for the service conditions, for example on the design stage, a
"randomised" loading block can be used. Fig. 7 shows the relationship between error of the predicted
fatigue life and the normalised testing time for asphalt, pavement I, pavement II and a joint
randomised sequence.
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CONCLUSION
An important problem is considered: reduction of the time for fatigue testing of materials and
components. A new criterion for optimal filter level value is proposed. It allows to be implemented
easily and decision for the value of the filter level would be made after few fatigue life calculations
using a rule for damage accumulation under multiaxial state of stresses. Editing out of strain time
histories under multiaxial stresses conditions and omission of small cycles have been proposed. The
results are encouraging, this technique permits reducing of the necessary time by a factor from 2 to 8.
Different possibilities about the filter level have been suggested and tested on a strain sequence.
Further reduction of the chosen testing programme can be done by proportional increasing of the load.
This interdisciplinary field will be ever more important and it will be supported from technical people
able to understand the integration with experimental experience and the new developed
methodologies.
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STANDARD FATIGUE TESTS FOR COMPONENTS
L P POOK
University College London
Department of Mechanical Engineering, Torrington Place, London WCIE 7JE, UK

ABSTRACT
A recent review of current British Standards showed that there are at least 52 documents which
contain clauses requiring acceptance fatigue testing of components. Most of these clauses appear in
product standards. Six acceptance fatigue tests are outHned and discussed. The examples chosen
include components from both industrial and consumer items, and are: high strength steel bolts,
hydraulic filter housings, light alloy car wheels, electrical switches, cookware handles, and heels of
ladies' shoes. It is concluded that the tests are a compromise between accurate representation of
service conditions, and the need to keep the cost and duration of testing to a minimum. In particular,
constant amplitude loading is generally employed.

KEYWORDS
Components, Fatigue tests. Standards, Bolts, Hydraulic filters. Car wheels. Electrical switches,
Cookware, Shoes.

INTRODUCTION
There are three main approaches to the fatigue asessment of components[4]; an analytic aproach, use
of a standard design procedure, and service loading testing. In practice, some combination of these is
normally used. Whatever approach is used, allowance must be made for the inevitable scatter in the
fatigue lives of specimens and components, and factors such as uncertainties in service loads and stress
analysis.
An analytic approach makes use of information on service loads and material properties, and applied
mechanics. It requires expert knowledge. The fatigue crack initiation and propagation phases must be
considered separately, although in practice one or the other usually predominates. Typically, elaborate
calculations are necessary, and the approach may fail because not all the detailed information required
is available. From the designer's viewpoint standard design procedures are the most satisfactory. These
range from informally established 'good practice' in a particular design office to elaborate codes, often
imposed by regulatory authorities. Standard design methods have the advantage that less expert
knowledge is required, and they can conveniently be incorporated in software packages.
Modem test equipment permits the appHcation of virtually any desired load history, so service loading
203

http://simcongroup.ir

204

L. P. Pook

testing can be used for fatigue asessment when an analytic approach and standard design procedures
fail[4]. Fatigue testing of prototypes, or production samples, before components are put into service, is
widely used as an acceptance test for critical components[3]. It is sometimes a requirement of
regulatory authorities, and has the advantage that its basis is easily understood by laymen. Another
advantage is that weak points in a design can be identified and rectified at the prototype stage.
A striking feature of analysis of documents issued by the British Standards Institution[5, 6]. is the large
number which include clauses requiring acceptance fatigue testing of components. A review (February
1995) of current British Standards showed that there are at least 52 documents which contain such
clauses. Most of them are product standards. The documents located are listed in the Appendix.
Six acceptance fatigue tests are outlined and discussed. The examples chosen include components from
both industrial and consumer items, and are: high strength steel bolts, hydraulic filter housings, light
alloy car wheels, electrical switches, cookware handles, and heels of ladies' shoes.

EXAMPLES
High Strength Steel Bolts
The example chosen is: BS A 241: 1973. General requirements for steel protruding-head bolts of
tensile strength 1250 MPa (180 000 Ibf/in^) or greater. This gives requirements for high strength steel
bolts for aerospace use. The acceptance fatigue test specified is a tension-tension test. A suitable test
rig is shown schematically in Fig. 1. The maximum load is the stress area of the bolt x 650 MPa for
bolts with a tensile strength of 1250-1380 MPa, and the stress area x 900 MPa for bolts with a tensile
strength of 1800-1930 MPa. The minimum load is 10 per cent of the maximum load. The test
frequency is 500-12,500 cycles per minute, and tests are continued to 130,000 cycles, or to failure,
whichever occurs first. The number of bolts in the samples tested depends on the size of the batch
being evaluated. For example, for a batch size of 501-1300 the first sample size is 7, and the second
sample size is 14.
Test results are evaluated as follows. For the first sample the batch is accepted if the geometric mean
life of the sample is > 65,000 cycles, and if the minimum individual bolt life is > 45,000 cycles. It is
rejected if the geometric mean life is < 65,000 cycles, or if two or more bolts have lives of < 32,500
cycles. A second sample is taken only if the batch is neither accepted nor rejected on the basis of the
test results from the first sample. For the second sample the batch is accepted if the geometric mean
life of the combined samples is > 65,000 cycles, and if the minimum individual bolt life in the second
sample is > 32,500 cycles. It is rejected if the geometric mean life of the combined samples is < 65,000
cycles, or if the minimum individual bolt life in the second sample is < 32,500 cycles. In all cases the
geometric mean life is calculated from the actual cycles to failure, or 130,000 cycles, whichever is the
lesser.
Comment. A bolt is a ubiquitous engineering component. It is not surprising that a long established
standard for high quality high strength steel bolts includes an acceptance fatigue test. Sophisticated
statistical criteria are used to determine the acceptability of a particular batch of bolts. The constant
amplitude loading specified is obviously not intended to represent any particular service loading. The
maximum test duration is AVi hours.
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Fig. 1. Fatigue test rig for a bolt.
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Hydraulic Filter Housings
The example chosen is: BS 7268: 1990. Method for determination of fatigue pressure rating of metal
pressure containing envelopes in hydraulic fluid power systems. This was prepared as the result of
research, during which it became apparent that both the frequency and the wavefonn have a
pronounced effect on the internal pressure fatigue life of metal hydraulic fluid power components.
The standard includes an acceptance test for determination of the fatigue pressure rating of various
components including hydraulic filter housings. The fatigue pressure rating is the specified number of
housings which have been tested to a specified number of cycles at a specified cyclic pressure range at
a specified cycling rate, for example '5 at 2 x 10^ at 315 bar at 1.2 Hz'. At least three housings must be
tested for type approval. The pressure cycle has the waveform shown in Fig. 2. The minimum pressure
must not exceed 10 per cent of the cycUc pressure range or 16 bar. The maximum permissible viscosity
of the pressurizing medium is 60 centistokes at the test temperature, and the pressure cycling rate must
not exceed 1.5 Hz. Providing that failure does not occur earlier the test is continued for 10^ cycles
(unless otherwise specified). Failure is defined as the structural fracture of a housing or the production
of any fatigue crack produced by pressure cycling, as found by normal crack detection techniques.
Comment. A hydraulic filter housing is an example is of a safety related industrial component. The
standard, which also covers other hydraulic components was developed from an earlier standard issued
by the British Ruid Power Association[7, 8]. The constant amplitude loading specified does not
represent any particular service loading. The standard uses fatigue tests to define a fatigue pressure
rating rather than precise acceptance criteria. The maximum test duration is 8 days, assuming that 10^
cycles are applied. This is the default number of cycles recommended in the standard. A trapezoidal
waveform is specified for historical reasons. It cannot readily be changed because internal pressure
fatigue behaviour is waveform dependent[8].

Light Alloy Car Wheels
The example chosen is: BS AU 50, Part 2, Section 5b: 1976. Road wheels manufactured wholly or
partly of cast light alloy for passenger cars. This includes a radial fatigue aceptance test. For this test
the wheel is fitted with an appropriate tyre, inflated to not more than 455 kPa, and a constant radial
force, which rotates around the wheel, is applied. This force is 2.25 x the design maximum static
loading. The sampling procedure is not specified. There is no description of a suitable test rig, and no
test frequency is specified. The wheel must withstand 500,000 cycles, and at completion of the test
there must be no evidence of fatigue cracks anywhere on the wheel, as indicated by a dye penetrant
test.
Comment. A car wheel is an example of a safety related vehicle component. It is not surprising that a
long established standard for car wheels includes an acceptance fatigue test. A constant amplitude
loading is only representative of a vehicle running at constant speed on a straight and level road. The
number of cycles specified is small compared with the number of service cycles, but as compensation a
high load is specified. Assuming a test frequency of 1 Hz, the maximum test duration is 6 days.

Electrical Switches
The example chosen is: BS 3676. Switches for household and similar fixed electrical installations. Part
1: 1989. Specification for general requirements. This includes a normal operation acceptance test. In
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this test switches make and break a resistive load equal to their rated current, at their rated voltage, in
a substantially non-inductive a. c. circuit. Three samples are tested for type approval. Switches are
operated for a specified number of operations (30,000 for a rated current < 16 A), at a rate of 10-12
operations per minute with the 'on' and 'off periods being approximately equal. A suitable test test rig
for a tumbler switch is shown schematically in Fig. 3. The acceptance criterion is that a switch must
remain operational, and mechanically and electrically sound, throughout a test.
Comment. An electrical switch is an example of an electrical component with mechanical parts which
might fail in fatigue due to repeated operation. The test specified is defined in terms of a number of
normal operations. It is effectively a constant amplitude fatigue test on the mechanical components of
the switch. The number of operations specified appears to be realistic for, for example, a domestic light
switch. The maximum test duration is 50 hours.

Rotating shaft

Sliding block

Fig 3. Normal operation test rig for a tumbler switch.
Cookware Handles
The example chosen is: BS 6743: 1987. Performance of handles and handle assemblies attached to
cookware. This was prepared in response to accident statistics which demonstrate that serious
accidents can occur as the result of the premature failure of handles of domestic or commercial
cookware. It sets levels of performance for cookware for use on top of a stove, cooker or hob by the
accelerated simulation of hazards experienced in normal use. The acceptance fatigue test specified
involves continuously raising and lowering a loaded item of cookware from a level surface once per
minute by means of its handle. The load is 40 mm diameter metal spheres placed in the cookware,
whose mass is equivalent to 2.25 times the mass of water at the gross capacity. A suitable test rig for a
pan with a single straight handle is shown schematically in Fig. 4. Similar equipment is used for other
types of handle. Two samples are tested for type approval. Each handle is required to withstand 1500
raising and lowering cycles without permanent distortion or loosening of the handle or its fixing
system.
Comment. A cookware handle is an example of a safety related item in both commercial and domestic
use. A constant amplitude test is specified. The number of cycles applied is quite small compared with
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the likely number of service cycles, but in compensation a high load is specified. The way the load is
applied is a realistic representation of service loading. A square waveform is used for experimental
convenience. The maximum test duration is 25 hours.

Hinged lever

Clamps

Pan

Rotating cam

Table

Fig 4. Fatigue test rig for a pan with a single straight handle.

Pendulum
Point of impact

Striker head

Fig. 5. Fatigue test rig for a heel.

Heels of Ladies' Shoes
The example chosen is: BS 5131, Part 4, Section 4.9: 1991. Fatigue resistance of heels of ladies'
shoes. This describes a method for determining the ability of heels of ladies' shoes to withstand the
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repeated small impacts imposed by normal walking. It is particularly useful for injection moulded
plastic heels which incorporate a steel dowel reinforcement. The acceptance fatigue test specified
involves subjecting the heel to impacts 6 mm from the heel tip, delivered by a pendulum at the rate of
one blow per second. The pendulum dimensions and fall height are specified, and each impact has an
energy of 0.78 J. A suitable test rig is shown schematically in Fig. 5. Three samples are tested for type
approval. The number of impacts to failure is noted, and a test is discontinued after 20,000 impacts.
Any damage which develops is described.
Comment A ladies' shoe heel is an example of a safety related consumer item. A constant amplitude
test is specified. The number of cycles applied is small compared with the likely number of service
cycles, but in compensation a severe impact is specified. The impact velocity is not specified, but is
controlled through other parameters The way the load is applied is a realistic representation of service
loading. The maximum test duration is SVi hours.

DISCUSSION
Fatigue failures of components are always a nuisance, and can be expensive and dangerous. It is
therefore not surprising that there are a large number of standards, written by various organisations,
which contain clauses on acceptance fatigue testing of components[5, 6]. Discussion is restricted to
documents issued by the British Standards Institution. It is appreciated that documents issued by other
standards writing organisation, for example the (American) Society of Automotive Engineers, are also
in use in the UK.
It is well known[2] that constant amplitude tests, as compared with realistic variable amplitude tests,
can give a misleading impression of the relative fatigue strengths of components, especially when the
detail design or the material is changed. Nevertheless, constant amplitude loading is specified in all the
acceptance fatigue tests for components contained in documents listed in Appendix 1. This apparent
contradiction is resolved when commercial considerations are taken into account. From a commercial
viewpoint, an acceptance fatigue test needs to be simple, quick, and cheap. The risk of a fatigue failure
in service may be kept low by making a simple test relatively severe. In many situations this will
minimise the overall product cost, despite possible overdesign. The 6 tests outlined were chosen to be
representative of those described in British Standards. In all of them the maximum test duration is
relatively short, which minimises both the duration and cost of testing. It is only in industries where
minimum weight design is important, such as the aircraft industry[l], that expensive and time
consuming variable amplitude tests are economically justified.
As is well known[2], for many metallic materials the results of a fatigue test are largely independent of
the test frequency and waveform. Sinusoidal loading is conventional in most constant amplitude fatigue
testing of specimens and components and, although not explicitly specified, is used for the acceptance
tests on bolts and car wheels. A square waveform is used for the cookware test for experimental
convenience. The electrical switch test is an operational test, so the waveform is not specified
explicitly. Internal pressure fatigue behaviour is both frequency and waveform dependent[8]. This is a
result of the time required for the pressurizing fluid to flow into and out of any fatigue cracks that may
form. A trapezoidal waveform is conventionally used for internal pressure fatigue tests for historical
reasons[8], and is therefore specified for the filter housings. Plastics are often strain rate sensitive[9],
an impact fatigue test is therefore specified for the heels of ladies' shoes as a realistic representation of
service loading.
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CONCLUSIONS
There are a large number of standards, written by various organisations, which contain clauses on
acceptance fatigue testing of components. Acceptance fatigue tests are a compromise between
accurate representation of service conditions, and the need to keep the cost and duration of testing to a
minimum. In particular, constant amplitude loading is generally specified in British Standards. Constant
amplitude tests can give a misleading impression of the relative fatigue strengths of components.
However, the risk of a fatigue failure in service may be kept low by making a constant amplitude test
relatively severe. In many situations this will minimise the overall product cost, despite possible
overdesign. The existence of accceptance fatigue testing standards has undoubtedly reduced the
number of fatigue failures in service. For example, 35 years ago fatigue failures in motor vehicles were
commonplace, but this is no longer the case.
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APPENDIX BRITISH STANDARDS
Documents, issued by the British Standards Institution, which contain clauses on acceptance fatigue
testing are listed below. The list was updated in February 1995.

Automative Components
BS AU 24a: 1989. Towing connections for trailers up to 5000 kg gross mass.
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BS AU 50. Tyres and wheels. Part 2. Wheels and rims. Section 5b: 1976. Road wheels manufactured
wholly or partly of cast light alloy for passenger cars.
BS AU 50. Tyres and wheels. Part 2. Wheels and rims. Section 6: 1983. Road wheels manufactured
wholly or partly of cast light alloy for mopeds and motor cycles.
BS AU 114b: 1979. Strength requirements of towing brackets and coupling balls for caravans and light
trailers.
BS AU 235. Fifth wheel couplings for commercial vehicles. Part 1: 1989. Test conditions and strength
requirements.

Bolts
BS A 101: 1969. General requirements for titanium bolts.
BS A 241: 1973. General requirements for steel protruding-head bolts of tensile strength 1250 MPa
(180 000 Ibf/in^) or greater.
BS A 274: 1981. Procurement of alloy steel bolts, metric, with a minmum tensile strength of 1100
MPa.

Electrical Switches
BS 3676. Switches for household and similar fixed electrical installations. Part 1: 1989. Specification
for general requirements.
BS EN 2495: 1991. Single-pole circuit breakers temperature compensated rated currents up to 25 A.
BS EN 2592: 1991. Three-pole circuit breakers temperature compensated rated currents up to 25 A.
Footwear Parts
BS 5131. Methods of test for footwear and footwear materials. Part 4. Other components. Section 4.9:
1991. Fatigue resistance of heels of ladies' shoes.
BS 5131. Methods of test for footwear and footwear materials. Part 5. Tests of complete footwear.
Section 5.7: 1978. Fatigue tests for rigid units and shoe bottoms.

Hydraulic Components
BS 3832: 1991. Wire reinforced rubber hoses and hose assemblies for hydraulic installations.
BS 4368. Carbon and stainless steel compression couplings for tubes. Part 4: 1984. Type test
requirements.
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BS 4552. Fuel filters, strainers and sedimentors for compression ignition engines. Part 1: 1979.
Methods of test.
BS 5173. Methods of test for rubber and plastics hoses and hose assemblies. Section 102.5: 1985.
Pressure impulse test for high pressure hydraulic hoses.
BS 5173. Methods of test for rubber and plastics hoses and hose assemblies. Section 102.7: 1988.
Pressure impulse test with flexing for high pressure hydraulic hoses (half omega configuration).
BS 5173. Methods of test for rubber and plastics hoses and hose assemblies. Section 102.8: 1987.
Pressure impulse test for rigid hehx reinforced thermoplastics hoses.
BS 6275. Hydraulic fluid power filter elements. Part 2: 1984. Methods of test to verify structural
integrity.
BS 6501. Flexible metallic hose assemblies. Part 1: 1991. Corrugated hose assemblies.
BS 6784: 1986. Rubber hoses and hose assemblies for automobile power steering systems.
BS 7268: 1990. Method for determination of fatigue pressure rating of metal pressure containing
envelopes in hydraulic fluid power systems.
BS EN 26802: 1993. Rubber and plastics hose assemblies - Wire reinforced - Hydraulic impulse test
with flexing.
BS EN 28029: 1993. Rubber and/or plastics hose assemblies for airless paint spraying.
BS M 55: 1984. Rotary flexure testing of hydraulic tubing joints and fittings for aerospace use.
BS 2M 60: 1993. Separable tube fittings 24" cone, for fluid systems.
BS M 65: 1987. Pressure compensated variable delivery hydraulic pumps.
Miscellaneous Components
BS 4831: 1985. Shackle type connector units for chain conveyors for mining.
BS 5950. Structural use of steel work in building. Part 4: 1994. Code of practice for design of
composite slabs with profiled steel sheeting.
BS 6743: 1987. Performance of handles and handle assemblies attached to cookware.
BS 6888: 1988. Methods for calibration of bonded electrical resistance strain gauges.
DD 171: 1987. Guide to specifying performance requirements for hinged or pivoted doors (including
test methods).
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Orthopaedics Prostheses
BS 7251. Orthopaedic joint prostheses. Part 5: 1990. Method for determination of endurance
properties of stemmed femoral components of hip joint prostheses with application of torsion.
BS 7251. Orthopaedic joint prostheses. Part 6: 1990. Method for determination of endurance
properties of stemmed femoral components of hip joint prostheses without application of torsion.
BS 7251. Orthopaedic joint prostheses. Part 10: 1992. Method of determination of endurance
properties of the head and neck region of stemmed femoral components of hip joint prostheses.
BS 7251. Orthopaedic joint prostheses. Part 11: 1993. Endurance of stemmed femoral components
without application of torsion.

Passenger Lift and Conveyor Components
BS 5655. Lifts and Service Lifts. Part 1: 1979. Safety rules for the construction and installation of
electric lifts. (Remains current.)
BS 5655. Lifts and Service Lifts. Part 1: 1986. Safety rules for the construction and installation of
electric lifts.
BS 5655. Lifts and Service Lifts. Part 2: 1988. Safety rules for the construction and installation of
hydraulic lifts.
BS 5656: 1983. Safety rules for the construction and installation of escalators and passenger
conveyors.

Small Craft Steering System Components
BS EN 28848: 1993. Small craft - Remote steering systems.
BS EN 29775: 1993. Small craft - Remote steering systems for single outboard motors of 15 kW to 40
kW power.

Wires, Wire Ropes, Rods, Etc
BS 302. Stranded steel wire ropes. Part 1: 1987. General requirements.
BS 2763: 1982. Round carbon steel wire for wire ropes.
BS 4447: 1973. The performance of prestressing anchorages for post-tensioned construction.
BS 4449: 1988. Carbon steel bars for the reinforcement of concrete.
BS 5281: 1975. Ferrule secured eye terminations for wire ropes.
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BS 5896: 1980. High tensile steel wire and strand for the prestressing of concrete.
BS 7035: 1989. Code of practice for socketing of stranded steel wire ropes.
BS 7166: 1989. Wedge and socket anchorages for wire ropes.
BS EN 2569: 1991. Control cable fittings and tumbarrels.
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ABSTRACT
Motivated by the failure of several giant bolts, a new method to improve the fatigue strength of bolts
has been developed. The new method is named CD bolt and stands for "Critical Design for Fracture".
Improved thread profile greatly reduces the peak stresses. Fatigue limit testing has confirmed that the
new profile approximately doubles the fatigue strength of bolts as compared to more traditional
profiles. Improved strength is for both the pre-stressed and non pre-stressed conditions.

KEY WORDS
Bolt, Nut, Screw, Fatigue life improvement, Critical design, CD bolt

INTRODUCTION
Abrupt failure due to fatigue ocurred in two giant bolts, called tie rods, in a rolling mill. Outside thread
diameter was 478 mm and the bolt length was 13,975 mm. Motivated by this incident, the authors
studied numerous failed bolts. It is not an understatement that the smooth operation of machines at
industrial plants is often dependent on a single bolt and that bolt failure is most often attributable to
fatigue.
Effects of thread profile and other factors on fatigue strength have been investigated for bolts showing
low strength. Failure can be attributed to uneven load sharing among the threads, concentration of
tensile and bending stresses, and localized loading. A new method for improvement of fatigue strength
of bolts has been developed. The above method is named CD bolt and stands for "Critical Design for
Fracture" and relys on a uniquly optimized thread profile.

EXPERIMENTS
Chemical composition of the materials used for the test are listed in Table 1. Materials used for the nut
and bolt are mainly SCM440 and SNCM630. In addition, $20C was used to study the effect of partial
damage of the nut on the fatigue strength. All specimens were taken at the depth of 200 mm from the
surface of the bar in such a way that the longitudinal direction of the bar became the central axis of the
specimen. Threads were introduced by turning. Mechanical properties of the materials are listed in
Table 2. Fatigue tests have been conducted to determine the effect of four items: thread type, root
radius, nut and bolt material, and prestressing.
215
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Table 1. Chemical composition of material used (wt%)
Mn
P
Si
C
steel
0.73
0.0013
0.35
SCM440 ((t) 455)* 0.41
0.25
0.44
0.009
0.29
SNC630 ((|) 470)
0.01
0.41
0.008
0.19
S20C ((|) 40)
numbers in parenthesis denote the size of the material

S
0.020
0.006
0.005

Ni
0.08
2.97

Cr
1.02
2.98

Mo
0.21
0.59

Table 2. Mechanical properties
steel
SCM440
SNC630
S20C
specified value

yield strength
(MPa)
582
892
>245*

tensile
strength (MPa)
791
1009
>402*

elongation
(%)
21.0
22.0
>28*

reduction
in area (%)
61.4
(Hv 10)203

impact value (J)
vE20°C
uE20°C
26.5
100.9

Effect of Type of Thread
The effects of triangular thread, trapezoidal thread, positive buttress thread and negative buttress thread
on fatigue strength of bolts have been studied. Profiles of these thread types are shown in Fig. 1. The
outside diameter and root radius differred slightly for some of the threads but the root diameter of all
the threads was a constant 25 mm.
Effect of Root Radius
Three root radii r -0.30, 0.50 and 0.70 mm - were selected for the triangular thread. The outline profile
of thread with different root radii are shown in Fig. 2.
Effect of Nut and Bolt Materials
In most tests, both nut and bolt were made of SCM440 steel. A study was also carried out using a
steel with higher strength (SNCM630) for the bolt and a material with lower strength (S20C) for the
nut.
Effect of Prestressing
Prestressing is an effective means of improving fatigue resistance, but it is not widely adopted on site.
Prior to fatigue testing, an axial tensile stress was statically applied to the nut and bolt. Prestresses of
421 and 363 MPa were selected for the combination of nut and bolt made of SNCM630 and for the
combination of bolt made of SNCM630 and nut made of S20C, respectively. All stresses were
presented by the nominal stresses at the root diameter (25mm). All specimens were subjected to
partially tensile pulsating fatigue test with a mean stress Gm. For the test, a servo-type fatigue test
machine (±392kN) was used. The frequency was 500 cycles/min. The S-N curves were obtained for
all specimens. The fatigue strength of the specimens at 2x10^ cycles was compared.
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Pitch = 3 mm

Root radius

Triangular thread

r=0.30

Pitch - 3 mm
/•=0.20, H
i

"mnsMXj
''7//////A

(a) Root radius/-= 0.30 mm

\ Trapezoidal thread
Pitch = 4 mm

r=0.50

fvTTSv r = 0 30

(c) Positive buttress thread
, Pitch = 4 mm
r=0.40

(c) Root radius/•= 0.70 mm

Fig. 1. Outline of thread profile of
various types of thread.

Fig. 2. Outline of thread profile with
different root radii.

RESULTS AND DISCUSSION
Factors Related to the Fatigue Strength of Bolts
Figure 3 shows the effect of different kinds of screws on fatigue strength. In the case of the triangular
thread which is the most widely used, fatigue strength at 2x10^ cycles is 59 MPa, which is considered
here as the "fatigue limit" unless otherwise specified. A fatigue strength of 59 MPa is consistent with
other published values [1,2] for turned threads. Fatigue limit for positive buttress threads was nearly
equal to that of the triangular threads, but the fatigue strength of trapezoidal and negative buttress
threads were slightly higher. This may be attributed to the relaxation of stress concentration at the root.
Machining a negative buttress thread, however, is rather difficult and, at the present time, lacks wide
applicability because of the machining difficulty. In any case, the fatigue characteristics of a threaded
connector cannot be significantly improved even if the type of thread is changed. If workability is
taken into account, the triangular thread is an excellent compromise.
Figure 4 shows the effect of root radius on the fatigue limit. In this test, the root radius r was limited to
0.30-0.70 mm, and the conclusions drawn here may not be applicable to all cases. From this figure it is
seen that the root radius has little effect on fatigue strength. Some variation is observed even for
threads with the same raidii. In all cases, the fatigue limit is 59 MPa. The stress concentration at the
root decreases with increasing root radius. However, if the root radius is increased, the rigidity of the
threads is increased and localized contact with the internal threads is more likely to increase. It is
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considered that these effects cancel each other, causing a little change in the fatigue limit. Further tests
using a wider variation in root radius are necessary to make further conclusions. If the root radius is
changed, the tensile strength of the bolt may be decreased. Accordingly, an improvement in fatigue
strength may only produce an adverse static effect and thread profile should be optimized by
considering all factors involved.
The effect of bolt material on the fatigue strength is shown in Fig. 5. The tensile strength is increased
by about 25% from 800 to 1,000 MPa by changing the material. In this case, there is a little difference
in fatigue limit between the two materials. However, the fatigue strength of SNCM630 is lower by
about one-fifth in terms of the number of cycles. It is widely known that the fatigue strength can be
improved by increasing the tensile strength. However, the results shown in Fig. 5 are the opposite. The
effect shown in Fig. 5 is attributed to two factors. The first is that the bolt is a kind of notched
specimen. In ordinary fatigue, the fatigue limit of a plain specimens tends to increase with increasing
tensile strength. However, even if the tensile strength is increased with decreasing notch radius, this
difference in tensile strength does not have a noticeable effect on the fatigue limit [3]. Notch sensitivity
also increases with increasing tensile strength and the fatigue strength of this specimen decreases more
than for a plain specimen. The second factor is that of force transmission in the bolt though contact
between the external threads and the internal threads. If the tensile strength is increased, the contact
between the nut and bolt is apt to become one-side microscopically, although this contact seems to
remain changed macroscopically. In other words, the effect shown in Fig. 5 is partly attributed to
localized contact. If the tensile strength of the material is high, localized contact is not relaxed as the
material does not yield.
Figure 6 shows the effect of changing nut material on the fatigue strength. The fatigue limit for S20C
(69MPa) is a 17% improvement as compared to that for SNCM630 (59MPa). Furthermore, the fatigue
strength is increased by about ten times in terms of the number of cycles. A nut will have a larger root
diameter than the bolt and is subject to compressive stresses as compared to the tensile stress in a bolt.
Accordingly, a considerable effect can be expected by making the nut material softer than the bolt
material. Some researchers are of the opinion that the fatigue strength can be greatly improved by
using a cast iron nut which has a lower elastic coefficient than carbon steel [3]. The use of cast iron
nuts aims to equalize the load sharing between threads thus decreasing the internal peak stress in a bolt.

A New Method to Improve The Fatigue Strength of Bolts
The new method for markedly improving the fatigue strength of bolts for both pre-stressed and non
pre-stressed applications has been developed. A typical shape of the optimized CD bolt is shown in
Fig. 7. Shown here is the CD bolt with nominal diameter body, but the concept of the CD bolt is also
applicable to bolts with a pitch diameter body and bolts with reduced shanks.
CD bolt is the trade name of a bolt manufacturer [4]. CD stands for "Critical Design for Fracture", and
represents the best fatigue resistant profile of a thread known to the authors [5-7]. This design is not
only effective for improved fatigue properties but also for delayed fracture.
Low fatigue strength in conventional bolts is attributable to four factors:
1) uneven load sharing among the threads,
2) concentration of tensile stress,
3) concentration of bending stress, and
4) localized loading.
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The CD bolt has been developed from the dynamic standpoint to improve the fatigue characteristic of
bolts and incorporates all the measures necessary for the improvement of the fatigue strength of bolts.
Accordingly, there is a marked difference in effect between the CD bolt and conventional bolts. The
unique profile:
1) uniformly shares load between threads,
2) the height of the threads in engagement with the nut is decreased and the corresponding tensile
stress concentration is reduced,
3) as the height of the thread is reduced, the distance between the loaded portion of the thread and the
thread root is decreased and, if the threads are assumed to be cantilevers, the bending stress
concentration at the root is reduced.
4) as the contact surface is increased, the contact area between the bolt and the nut is more easily
deformed and contact is made between the bolt thread and the tip of the thread on the nut side which
is more likely to be deflected. Accordingly, localized loading due to thread shape inaccuracies or
other factors is reduced.
In other words, the CD bolt addresses all feaures which tend to lower the fatigue strength of traditional
bolts.

Fatigue Strength of The CD Bolt
The fatigue strength of the CD bolt (2x10^ cycles) is shown in Fig. 8 and is compared with the other
bolts in Table 3. As shown in this table, the fatigue strength of the CD bolt is nearly double that of a
bolt with triangular thread, 108 MPa vs. 59 MPa. In the pre-stressed condition, the CD bolt has an
fatigue strength of 118 MPa vs. 88 MPa for a triangular thread. Figure 9 shows an example of
analytical results by FEM about the difference of localized loading between the conventional bolt and
the CD bolt. Though the result is not necessarily exact solution, the localized loading of the CD bolt
becomes rather qualitatively smaller than that of the conventional one. As the CD bolt, particularly the
threaded part, has a higher fatigue strength, fracture of the CD bolt occurs under the head where the
fatigue strength is considered to be high, while fracture of the conventional bolt initiates at the end
section of the nut (see Fig. 10). Figure 11 summarizes the factors affecting the fatigue strength of bolts
and some possible countermeasures.

CONCLUSIONS
The main results obtained in this development are as follows:
1) Fatigue strength of screws is only marginally improved by changing the type of thread, root radius,
and nut and bolt materials. The traditional triangular thread has an excellent total balance when
considering static strength, machinability, and fatigue strength.
2) A new method for improving the fatigue strength of bolts has been presented. Fatigue limit for the
optimized bolt is about twice that of conventional bolts for the stress amplitude. Improvement is
observed whether or not a pre-stress is applied.
3) For a typical coarse threaded bolt of nominal size, the gradient of the thread part shaped by CD is
about 6/100 and the incomplete thread is almost completely removed. In addition, the thread is
connected to the body by a gentle arc of 10 mm radius. The optimum end section of the nut is such
that about 70% of the CD-shaped part of the bolt goes into the nut.
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CD shaping

Fig. 7. Typical shape of CD bolt [ ref. Fig. 10(a) ]
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