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Abstract Fatigue strength is of prior concern for automotiebassis parts design. In a reliability
framework, its assessment still requires long axgkeasive test campaigns. In particular, high-cyemhelurance
tests usually involve several specimens underguitigpn-cycle procedures.

In order to reduce the specimen number (e.g. expemsototypes) and to shorten testing procedures (
time-to-result delay), Accelerated Life Tests (Alaf¢ developed under the constraint of the needgt-h
reliability assessment.

This paper reviews a selected fatigue test procediurrently used in the automotive industry (i.e.
StairCase), then addresses a comparison of thedatdnestimation method (i.e. Dixon & Mood) and &IeT
application. Thus, numerical simulations are useaider to assess the reliability of these testcpoures and
to compare their performance. Finally, the applioatof ALT for chassis parts is introduced and deszd

1 INTRODUCTION

Automotive chassis parts are usually designed vagpect to multiple requirements, such as stiffness
noise and vibrations, mechanical strength undefics@nd dynamic loads, wear, etc. Among all these
requirements, reliability under cyclic loads is pfior concern. Actually most of the failure modes a
characterized by the high cycle fatigue phenom&ha. aim of this framework is to optimize fatigusttelans
with high reliability assessment.

Fatigue test procedures involve cyclic stressedieappluring a given number of cycles or up to fadlu
their objective is to guarantee a risk of failupevér than a threshold (e.g. failure probabilityl6f) which can
be related to fatigue strength during a refereifesgan (e.g. 10load cycles).

A probabilistic approach such as the Stress-Sthengithod [1, 2, 3 and 4], takes into account thesst
distribution and an acceptance risk leading taseuired strength distribution, which is usec aarget for the
fatigue test result.
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Figure 1:  Stress-Strength method — target characteristihefdtrength gk ,0r), as a result of the stress
distribution (i, 0c) and an acceptance risk

The testing methods in use at PSA PEUGEOT CITRO&RN StairCase, Locati and StairCase-Locati [5])
give an experimental measure of the strength Higion leading to an average calle,, and a standard
deviation calledsy; these parameters have to be compared with théreglqvaluesuk and og, respectively. At
present, these procedures involve some shortcuts:

«  Series of test runs can last up to 3 months. Aldpment and qualification time schedules are lyardl
reduced, procedure robustness should be checlsmhashypotheses are not respected anymore.

«  The number of test runs at PSA and its supplieestddatigue tests is very large (at least dfles / year),
so that their reduction would imply significant tag) of costs and delays.

. Finally, the procedures have not been updatechiolast 15 years, while academic researches oiesate

testing methods have been pursued with succepayiicular for the electronic industry [6].

Hence, in this paper we first focus on one PSAjtatitesting method (i.e. StairCase procedure aldtiga
standard result analysis provided by Dixon & Mo¢gIR). Then we consider an alternative result asislyased
on Accelerated Life Testing Model applied to Stais€ results (8.3). Their comparison is discussed by
numerical simulation. Discussions and perspectves(84).
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2 TESTING METHOD USED AT PSA
21 StairCase(SC) and Dixon& Mood (D& M) methods
The StairCase method [7] is a fatigue test proaedsed to estimate the fatigue strength for a sampf

parts. The method is based on an iterative priacigtveral parts are successively tested. Thenetste current
part depends on the result of the previous onshagn on the following scheme:

Stress level of the first pafdy

>
v v
< Failure beforeN cycles > < No failure beforeN cycles>
v v
Stress level of the next part Stress level of the next part
Stress level of the current par Stress level of the current par
-d +d
| |

Figure 2:  StairCase method algorithm

where:

* Fdy is the first stress level for the first part oéthample. At the beginning of the procedie; is set as
close as possible to the predicted fatigue stremggén.

» dis the stress step between two consecutive lex¢lthe beginning of the procedur,is set as close as
possible to the predicted fatigue strength standexdation.

« Nis the number of cycles to censure, it is seD&tycles.
In the literature there are many ways to estimhgefatigue strength with the StairCase result9]8at

PSA, the Dixon & Mood (D&M) method [7] is applie@ihus, the mean and the standard deviation of tiguta

strength are calculated as follows:

— A2
m{FO +d_( A ilﬂ ; s= 162.d{Ne§ezA + o,ozgj 1,2)
Ne 2
where the latter is applied only if: M > 03 3)
Ne2 '

with:
 Fy the lowest stress level used in the test
* N total number of the least frequent event (specifaéged or not) for the overall test

e
e A=Zin used in the average calculation
« B=Zi®n, used inthe standard deviation calculation

o i integer counter identifying the stress level,@Hevel corresponds 6,
e N occurrence of the least frequent event af theel

e 12 if the failure is thdeast frequent event

e +1/2 if the failure is themost frequent event

Please note that PSA usually needs for 7 partsderdo estimate the fatigue strength mean, wheteas
standard deviation of the fatigue strength is distunt determined with this testing method.

2.2  Numerical Simulation of the SC with D&M Analysis

In order to assess the efficiency of the SC metmohmerical simulations are built up: this approach
provides a comparing tool with respect to the dquaif the estimation (i.e. convergence and biakintainto
account the cost (e.g. number of parts) and the (@g. number of cycles) needed for every test. Nereover,
we will check if some parameters or hypothesiscaftiee final result in an unreliable way.

We generate samples, i.e. tests results, based on:

1. anormal distribution,
2. atheoretical fatigue strength distributiqno,
3. anumber of parts (considering 7 up to 1000iapets).

The computer simulation is designed to analyze 1@®8 of the procedure, giving 1000 results of each
sample size in order to provide a distribution @talated averages and standard deviations.
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Here, these simulations are made according to Iideat conditions in order to check the convergenc

this means a starting stress leVd, equal to the real fatigue strength averagand a step stress,equal to the
real fatigue strength standard deviation,

Let us consider a strength (i.e. Normal distribuitjpe=100 ; 0=8]). The simulation drives a SC protocol,
applying the D&M approach, which leads to the chdtad fatigue strength distribution parametersurfig3

shows the distribution of the mean and the standddiation estimations obtained for 1000 StairCase
simulations for a 1000 sample size.
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Figure 3: Distribution parameters of 1000 runs of a 1000 p&arsize StairCase simulation.

We can assess the convergence of the method hinpltdte mean of each parameter estimates (mean and
standard deviation) as a function of the sample digures 4 and 5).
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Figure 4: Error percentage on mean Figure 5 _ Error percentage on standar(_j
average estimates as a function of the deviation average estimates as a function
sample size. of the sample size.

Figures 4 & 5 show that the StairCase method isy@@ing indeed; the error trends toward zero as the
sample size increases, both for the mean anddhdatd deviation of the fatigue strength.

For very small samples, the method gives acceptaligts for mean estimates only. For a sampledfize
7, we note an error on the average of the meamatilower than 0.1%, whereas the maximum errother
1000 simulations is about 10% (figure 6, left). Gidering the standard deviation estimation, we sa@ a
significant error up to 50% on the standard deorativerage, as shown on figure 6 right.
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Figure 6: Mean and Std deviation distributions of 1000 rwfsa 7 sample size StairCase simulation.
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Thus, for small samples, the most common situatiandustry, we recover some limits of the D&M ajpption

on SC results:
1. the true mean value is never found as a result) gtbe result population histogram is centeredhan

theoretical value;
2. the D&M method applied to a small sample only giparse values;
3. a more reliable estimator is supposed to be ugetthéostandard deviation.

3 METHOD BASED ON ACCELERATED LIFE TESTING MODEL

3.1 Accelerated Life Testing (ALT) Model

Accelerated Life Testing Models [10, 11] are basadh transfer function and lead to obtain the bdlis
curve from test results at stresses higher thangbal stress (see figure 7).

A

Rsa(t) Under stress n

&«— Rs(t) under stress 2

Rs:(t) under stress 1

transfer finctior

:"4/ Rso(t) estimation of the

% reliability function under nominal
SJ hssssssEEEEEEEEEEEEEEEEEEEEEEEEE O IDIITILD

> Log(t)
Figure 7:  ALT testing principle.

We suppose that we have stresses depending on time:
s=s(t), with t =0and s[J [O,oo[ ()
The lifesparil ) of a part under constant stress s(.) is a stachzamtable whose reliability function is
R, (t) = prob(T,, >t), t=0 (8)

Let R, be the reliability under usual stress; L1&, L1 £ (&, a set of constant stress over time), and

R,, " its inverse function. The transfer function isided by:

f:[0+0o]xe — [0+00] (t.s0) ~ 1ts0)=(Ra = Ro ) ©)
and permits to evaluate the reliability under usiedsses experimentally unavailable, from theabdity under
higher stresses.
The standard ALT model is defined ovérif there is a function such as for evé(y)Dé‘ :
d
a fs() (t) = r[S(t)] (20)
The functionr defines a degradation rate. The ALT model stdtasthe rate of resource used at tintkepends
only on the value of the applied stress at tinTehe equation (10) involves:

Ry(t)=R, U; r[s(r)]d r) (1)

A special case IS(T) = s=const, for which :

R(0)=R_(r()0) a2

So, the stress affects only the scale parametde thatr(sy)=1. If the functionr is completely unknown, the
reliability functionRgo cannot be estimated. Therefore, the functiggchosen to belong to particular classes of
function. In survival analysis, the log-linear mtddefining the ALT models are frequently used egression
models [12].
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R(t)= Reo(r(s)-1)

t r(s).t >t
Figure 8:  Definition of time transfer regression model r(s).

The log-linear models specify the effect of the aristes as a multiplicative factor for the hazeaatkr a scale
change, or a location shift for the reliability fition, respectively. So the generalization of theded becomes:

Ry(t)= R, ( j; e %y rj or R.(t)= R, (e”TZ) (13,14)

with B=(Bo...Bm)" a parameters vectcZ = (¢0 (S),..,¢m (S))T with the functionsg; based on the different

stresses and with the first componegptegual to 1. Several models, as Arrhenius, invemeger, generalized
Eyring and so on, can be obtained as a particalse of this general form [12].

3.2 Application of ALT Model on Stair Case results

The StairCase method is extensively applied, thaokiés independence from physical parameters and
because of it provides reliable results using fangy thus involving low testing time. Nevertheless described
before (8.2), the D&M estimation of StairCase reswoes not permit to obtain a reliable estimatibrihe
scatter parameter for the fatigue strength, whichn essential feature for the overall failure nsmagement.
Moreover, we even search for a more reliable matimation.

In the sequel, we want to overcame these drawbbygkdetermining the distribution parameters of the
lifespan at a specific usual stress (e.g. the vafube fatigue strength) using an ALT Model.

Considering the ALT application to the fatigue pberena, the reliability functiofs(n), with n the
number of cycles, is defined by a Log-normal dsttion:

R,(n)=1-¢ log (gju . (n,0>0) (15)

with ¢ the cumulative distribution function of the startlanormal distribution,7 and v the distribution
parameters.
So, for a constant stressthe reliability law defined by the equation (1<)
v Bz
r\s)th €
Rs(n):l— log (L =1-¢log
4

R(n)=1- ‘{Iog(MD (18)

where y = (y,,00y,,), ¥, =log(7)-B,. ¥, =-B and o =1/v

Considering the magnitude of a cyclic stress a®ttg factor, the Basquin law and the Miner’s ridad to
write the reliability function at a constant stregsfact the Basquin law is chosen to describeWignler curve
in high cycle fatigue, by the following relation:

NS = A, or log(S)= %(Iog(A)— log(N)) (19)

According t08.2.1, let us consider a StairCase procedure with adiress level, Rdand a step stress, d at
the end of the procedure we have:
- istress level§ (= Fd, Fa+ d, Fq + 2d, Fd—d, ...),
- ateach level we obserygested parts,
N;; are the numbers of cycles to failure at &ievel for the parj,
- C the number of part censured at C:agcles at the stress lev@l
Following the example below:

(16,17)

50f 8



Fatigue Design 2011 — November 23 & 24 — Senlisanée
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Figure 9: Example of a StairCase simulation results.

From (18) and (19) we can deduce the Likelihood fiom:

. _1[ tog(Ny)-y 2 Y’ 4 \\C
(oo ez ]
g

Ly, =
Va)=MT1| 572
with y'z" = IOg(A)—b[ﬂog(Sl), then y, = IOg(A), et )y, =b. Applying the Maximum Likelihood

1 1

method we determine thgand 8 parameters estimation.
Then we will conclude on the reliability functiohthe usual stress:

_ T5(0)
R%(N)zl—{log(N)é_yz j (20)

where Z(O) corresponds to the nominal (usual) stress condition

3.3 Numerical Simulation of ALT Model applied to SC results

We now apply ALT method to the results of StairCasrulations as an alternative of Dixon & Mood
estimation procedure. These simulations are diiivéhe same way as describedBi.2.But contrary to D&M
estimation, the ALT model needs for the numbersyafes to failure of each part, or the censured remof
cycles, in order to estimate the strength.

The simulating method follows.

At a StairCase stress lev8l we set a random probability of failupg, according the theoretical fatigue

strength normal distributioN(,uth,ath). We deduce the equivalent stress to faikiteAs shown on the figure

10.a if the equivalent stress is upper than the teess level ; > S) there is no failure at the censured time
(10°) but if F; < S, we observe a failure &; cycles, withN; < 10.

hypothesis:

S

Hin(10%)

Fi (10%)

. ben(10°)
- Fi (10°)

. N N
Ni? N=10°
(a) - way to find of a failure appearance before aige (b) — iso-probability curves

Figure 10: Simulating method in order to obtain the numbecyafles to failure in a StairCase test plan

The number of cycles de failuM; has to be computed. The iso-probability curvescaresidered different
for each part. We determine the parameters for eacle equation (see figu.b) with respect to the PSA
hypothesis: the fatigue curve follows a Basquin etahd the coefficient of variation of the fatiggength is
constant. So, we have:
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{ F (10°)= o7 (p |, (10°) 0, (10°))

- (21)
F (106 ) =0 1(pi |,Uth (106 )’ O (106 ))
From Basquin law and the equation (21) it follows:
5+b, og(F, (10°)) = log(A)) (22)
6+b, Oog(F (10°))=log(A ) (23)
From (22) and (23) we can deduce the parametdreafurve:
L 11+h m;g(s (105 )E$ (106 ))
b =— ; A =10 2 (24,25)
[ 6
log S
S (10°
and then calculate the number of cycles to faifare part at a StairCase stress leyel
_A
i T b (26)

The same numerical results as used in the Dixon @od/study are used here, in order to assess the
efficiency of the ALT method. So, we consider theuits of StairCase simulations driven in “ideadhditions.
The test conditions to apply ALT model are giveMable 1:

Median of Standard ) Number of
kJNS g?r:];f“ue the number | deviation of | Basquin Basquin cycles to CN:nns]B?é dOf
distribution) | O €ycles to | log-number | slope paramete(A) .\ | failure for ~rts at ai
) failure at § | of cycles at | (b) (A =N, 5, ) thej" part at | P
MSy;d) 0 . level
(No) S (9 ani level
A(100;8) 10° 0,3 8 16 N; C
Table 1: Parameters and conditions applied for the Maximukelihood optimisation.

We analyze the data as describe®iB.2 by Maximum Likelihood Optimization to find the @ameters
estimatorsf/andﬁ (equation19), which give the parameters’ estimations of thg-haimber of cycles to failure

distribution /i and J atS,, determining:

it = Iog(A)— b Oog(S, ). with Iog(A) =, andb = . 27)
This simulation and calculation are computed sduvimees, so that we can observe the distributioreach
parameter (i.efl and G ).

Mean estimation

For a large sample size (i.e. 500 parts) we obsarverror on the mean estimation of the log-cyoks
about 0.05% and a maximum error of 4% (see fidure). This represent an average error of 5 000 cyates
the mean time to failure at the usual stress, antheimum error of 100 000 cycles. The error on rifean
estimates of a 7 parts sample is not higher, ab®&% for the average of the mean, and a maximuar ef
about 10% (see figurkl.h =

— Population
— Theoretical mean
— Calculated mean

— Population
u —— Theoretical mean
—— Calculated mean

T T
5.85 590

| 15 620 625 sa | ss 58 | 6o

mean estimat (log N)
b) (7 sample size mean error.

T T
595 6.00 6.05 -6 6.8

6.10 6.
mean estimat (log N)
(a) — 500 sample size mean error.

Figure 11: Mean log-cycles distribution at the usual stresldor: (a) 200, (b) 7 sample size.

Standard deviation estimation:

For a large sample size we observe an error avenaghe standard deviation less than 2% and oftabou
13% for the maximum error made on standard deviagtimation (see figurg2.g. Whereas for small samples
the average error is about 25 % and the estimatafd lead for some cases at an extreme error@¥10
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- — Population
——Theoretical
= — = standard deviation
= yEg —— Calculated
u standard deviation

L

032 o4

Standard deviation estima Standard deviation estimatés
(a) — 500 sample size standard deviation error. ) (@ sample size standard deviation error.

1
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Figure 12: Std deviation distribution of log-cycles at the aisstress level for: (a) 200, (b) 7 sample size.
4  CONCLUSIONSAND PERSPECTIVES

The approach based on ALT Model give results mobeist than Dixon & Mood applied to a StairCase test
plan under “ideal” conditions. In fact, the estimatof the cycles to failure distribution at a ulssiaess seems to
be more reliable than the estimation of the fatiginength at a given number of cycles. MoreoverT Aads to
a better estimation of the scatter than Dixon & Mlagstimation. These assessments are supportedeby th
following comparison table:

Maximum error on estimation Average error on estiom
L Sample ALT model Dixon & Mood ALT model Dixon & Mood
Estimation : S o L L
size estimation error estimation error estimation error | estimation error

Mean 7 10 % 10 % 0,02 % 0,03 %

500 3% 2% 0,05 % 0,01 %
Standard | 7 100 % Morethan 150 % 25 % 50 %
deviation | 500 13% 30% 2% 2%

Table 2: Comparison of the error made by the ALT and D&Mnestion methods.

Please note that the analysis should be complgteddomparison of the risk engaged by each estimati
method. This will be based on a new definitiontaf problem: in fact, based on the stress-strengtihod, we
are supposed to define the stress distributionialserms of number of cycles.

Moreover, complementary analyses are expectedeAlti application in order to assess its relevamey;
fact, to observe any bias of the method it is intgoarto check the method results in not “ideal” ditions, i.e.
offset procedure conditions, that is:

1. the starting stress levéd, is different from the true average,

2. the step stress valugjs different from the true standard deviation,

Finally, the ALT application is supposed to be exited to other testing methods (e.g. Locati, StaeClaocati).
Afterwards, if the ALT analysis confirms its effezicy and robustness, an optimized test plan shmulalilt up
(e.g. constant stress test plan, step stresslégt p
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