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Abstract

The article examines the validity of the laws for predicting the life of welded points under variable amplitude loading, using
three steels (HE360D, XE360D and XES) supplied by ArcelorMittal to Renault for the manufacture of automobile chassis
parts. The fatigue tests revealed two modes of failure: cracking of the sheets at medium stresses and shearing of the molten
core at high forces. For lifespan prediction, three damage laws were studied: Miner's law, Mesmacque and Amrouche law, and
a proposed model. Miner's law, despite its simplicity and wide distribution, shows notable limitations in the presence of
variable loads, because it does not take into account the interactions between successive load levels. The law of Mesmacque
and Amrouche uses a damage indicator linked to the FN curve of the material, allowing a cycle by cycle estimation of the
residual lifespan. However, it remains non-conservative at low effort. The proposed model, based on Chaboche law, overcomes
some of its theoretical drawbacks, notably the dependence on the calibration parameters of the SN curve. By fitting this curve
within a specific calibration window, the model improves forecast accuracy by taking into account parameter variability. This
proposed model provides more reliable lifespan predictions that better correlate with experimental results, especially for low
effort levels where Miner's law fails. The validation approach is based on comparing the predictions of the damage laws with
the experimental results, by evaluating the deviation from the first bisector of the graphs. The results show that Miner's law is
unsuitable for effort levels, while the proposed model turns out to be the most precise and conservative. The law of
Mesmacque and Amrouche falls between the two, presenting a certain justice but remaining overall non-conservative. In
conclusion, the proposed model offers a better match with experimental data, making its predictions more reliable for industrial
applications.
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1. Introduction

The objective of this research is to compare the fatigue  emphasis is placed on the formalism of the new lifespan
damage laws with the real behavior of welded points subject-  calculation law proposed to the laboratory, and whose basic
ed to stresses of variable amplitude. The first part consists of  principle is analogous to that of Chaboche law [1, 2]. It re-
a presentation of the damage laws used in this study. The lates to the non-linear nature of the fatigue damage function
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and its accumulation, to the effect of the order of application
of the stress cycles (also called sequence effect), to the taking
into account of the stress average, and finally and above all to
the determination of the main parameters of the law, that is to
say to the identification of its parameters from the basic
properties of the material in fatigue (S-N curve). This last
point constitutes the particularity of the proposed model, the
integration of the damage under constant amplitude making it
possible to find the expression of the S-N curve of the mate-
rial, which was not the case with the Chaboche model [1, 3].
A notable point is the necessary transformation of the formal-
ism of damage laws usually translated in terms of stresses,
into laws expressed here in efforts to respond to the experi-
mental characterization of the fatigue resistance of welded
points under load ratio equal to 0, 1. The rest of this article is
devoted to the comparison with the experimental results and
the discussion of the predictions of the laws of Miner, of
Mesmacque and Amrouche and of that proposed, for the
three materials and the two types of stress of variable ampli-
tude (overloads of ratios 1, 4 and 2, 3).

2. Materials Tested

Three distinct steels named HE360D, XE360D and XES
were used for this experimental campaign. These steels are
produced by ArcelorMittal in the form of hot-rolled sheets
and are delivered to the automobile manufacturer Renault for
the manufacture of automobile chassis and/or ground connec-
tion parts. The thickness of the sheets of the HE360D steel
studied is 2, 5 mm while that of the sheets of the other two

mode 2

mode 1

Failure by crackingin ~

Failure by crackingin

steels is 1, 2 mm. All the test pieces used for this experi-
mental campaign were made from the sheets as delivered and
with welder settings corresponding to industrial practice [4-
6]. The static mechanical strength of the welded assemblies
was established through monotonic tensile tests carried out
until failure on each type of specimen. Table 1 summarizes
the maximum tensile force obtained for each material during
these monotonic tensile tests.

Table 1. Maximum tensile force of spot welded specimens.

Material HE 360D XE 360D XES

Maximum effort 24270 N 12540 N 9480 N

3. Modes of Fatigue Failure of Specimens

Two modes of failure of the specimens are observed dur-
ing the tests carried out until rupture. The first mode results
in cracking of the sheets in the part transmitting the tensile
force to the molten core connecting the two sheets; the sec-
ond mode is shearing of the molten core in the plane com-
mon to the two sheets. Figure 1 shows two test pieces broken
according to the two distinct modes of failure: (a) by com-
plete cracking and rupture of one of the two sheets, (b) by
rupture of the molten core of the welded point in its mini-
mum cross section.

Failure by cracking in
mode 1

r4

~

>4

Figure 1. Failure by cracking (al), failure by shearing (a2), and the experimental sites of initiation and cracking of the specimen (b).

Preferred field

81


http://www.sciencepg.com/journal/ajee

American Journal of Energy Engineering

http://www.sciencepg.com/journal/ajee

8000

000 » = a

6000

5000

Effort (N}

4000

3000

2000

10000 100000

= Bast. all points
— — Bast. points valid
¢ Broken points
©  Unbroken points
Sheared points

1000000

10000000

N (cycles)

Figure 2. Preferred domain of the two modes of fatigue failure of spot-welded HE360D steel specimens according to the loading level.

4. Damage Laws Used for Lifespan
Prediction

Predicting the fatigue life of structures under variable am-
plitude stress is a necessity in the field of automobile manu-
facturing because, to be competitive, the solution must be
optimized as closely as possible in order to meet ever more
demanding specifications. The progressive degradation of the
properties of materials, linked to the application of variable
forces over time, the repetition of which can lead to breakage
by cracking of the part or structure, has today become an
essential concern in any approach to sizing. The hazards of
the road (potholes, sidewalks, cobblestones, etc.) on which
the vehicle rolls give rise to occasional overloads on the
chassis elements assembled by means of spot welding. These
overloads, generated by deterioration in road conditions and
the way the vehicle is driven, are likely to have a significant
influence on the lifespan of the sheets bonded by welding [7].

To improve structures from the point of view of fatigue re-
sistance, the design office must equip itself with sizing tools
allowing it to predict, during design, their fatigue behavior
under variable loading and thus reduce the costs and delays
in the stages of prototype development. Among the fatigue
design tools are the laws of damage and accumulation of
damage which are put to the test here on the welded points
stressed in tension-shear. This paragraph presents, on the
basis of work carried out in the laboratory and relating to
nonlinear damage laws [8], a fatigue damage law proposed
when the F-N curve of the material is described by the
Basquin model. This proposes formalism close to that of
Chaboche with regard to the effect of the order of appearance
of the stress cycles, the influence of the average stress and
the non-linear nature of the accumulation of damage. Two
other laws are also used, that of Mesmacque and Amrouche
as well as that of Miner [9, 10]. Miner's law is linear, the
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other two are non-linear and cumulative damage is also non-
linear. The damage laws make it possible, in general, once
the lifespan of the material relative to each extracted cycle
has been determined, to calculate the corresponding damage
and add it up. This cumulative damage leads to the estima-
tion of the lifespan of the material in terms of the number of
cycles at the initiation of a macroscopic crack. Three damage
laws expressed in forces are tested against the results of fa-
tigue tests with overload carried out as part of this work.

4.1. Miner Law

The lifespan of the material is defined by the number of
cycles at the initiation of a crack (or rupture) Ng. Thus, the
application of n cycles (n < Ng) results in partial deterioration
or damage of the material. Knowledge of this damage is
important because it makes it possible to evaluate the residu-
al lifespan and to decide whether or not to replace the com-
ponent to avoid fatigue damage.

The simplest rule for evaluating the degradation of the fa-
tigue resistance capabilities of the material consists of con-
sidering a linear evolution of the damage. It stipulates that
the damage suffered by the material at each cycle is a func-
tion of the level of effort representative of this cycle. For n
cycles applied, the quantity is called damage [10]:

Y

D=2k di- i (1)
where: ni is the number of applied cycles identical to that
considered,

Ni is the number of cycles supported by the material at the
initiation of a crack.

According to this concept, the initiation of a crack appears
in theory when the damage D is equal to unity.

Simple and very widely used, this method of predicting
lifespan according to Miner presents proven and recognized

defects in the presence of "low-high" and "high-low" type
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loadings, that is to say loadings at increasing or decreasing
loading amplitude respectively. Miner's law ignores the
interactions, from a fatigue point of view, between the dif-
ferent successive loading levels. What is more, the forecast
error generated by Miner's law is approximately of the same
order but with opposite trends for these two types of "ex-
treme" loading, with monotonous variation in amplitude.
When these two trends are encountered during the same
loading history, the successive forecast errors partially
compensate for each other. This explains the success still
encountered today by this law of fatigue damage of variable
amplitude.

4.2. Mesmacque and Amrouche Law

The law of Mesmacque and Amrouche is based on a dam-
age indicator linked cycle after cycle to the F-N curve of the
material. This indicator, called damaged effort, corresponds
to the instantaneous residual life [9]:

- e e

M

Fied - Fi

1= Fy-F @)
Where: Fieq is the damaged effort,
Fi and Fu are respectively the force applied at level i and
the ultimate force of the material,
D; is the damage variable.
When D is equal to unity, the material reaches its maxi-
mum damage level, which corresponds to the initiation of a
crack.

4.3. Law Proposed to the Laboratory

a) Justification for the modification of Chaboche law

The disadvantage of Chaboche law lies in the differences
in lifespans that we obtain for a given material, depending on
the calibration domain used, when its S-N curve, transferred
into Chaboche space, is assimilated to a straight line (figure 3)
[11]. The lifespan prediction by this law is therefore depend-
ent on the calibration domain used (figure 4).

Log(N'K)

Log(a.)

Figure 3. Principle of calibration of Chaboche law.

Log(N*K)

\ -
T Points expeérimentaux

Log(o.)

Figure 4. Sensitivity of the calibration of Chaboche law to the
window used of the S-N curve.
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To try to remedy this drawback of Chaboche's law, a new
law was proposed to achieve the accumulation of fatigue
damage under loading of variable amplitude. The formalism
of the law essentially has the characteristic of restoring the
expression of the S-N curve specific to the material when the
integration of the damage is carried out under a loading of
constant amplitude. This is how a particular formalism was
proposed for each type of classic S-N curve: Wdhler,
Basquin, Stromeyer or Bastenaire models [8].

b) Transformation into effort of the proposed model, based
on Basquin's F-N curve

The principle of the proposed model is a differential form
of fatigue damage whose integration under constant ampli-
tude loading leads to the F-N curve modeled by Basquin. For
reasons of difficulty in defining a representative stress level
within the welded point itself or in the sheets assembled in
the vicinity of the welded point, we linked the damage varia-
ble to the maximum force of the cycle applied to the speci-
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men. The damage is thus established using the force cycle
(distinguishing the average part of the amplitude).
c) Differential expression of the law

Fu- Fp

The general expression which reflects the evolution of fa-
tigue damage is expressed in differential form by:

oD = [1 -(1- D)B+1]“(Flna»FD,Fu) '

Where:

3D is the increase in damage D of the material, due to 8N
identical cycle(s),

F, is the maximum tensile breaking strength of the speci-
men,

Fc is the conventional endurance limit at 2.10° cycles,

Fp is the endurance limit determined by smoothing the ex-
perimental points of the F-N curve using the ESOPE soft-
ware,

The coefficient o, function of the maximum effort F.,, the
conventional endurance limit F¢, the endurance limits Fp and
the maximum tensile resistance Fu, reflects the non-linearity
of the accumulation of damage; it is defined by:

Fmax - Fc

a=1-a Fy- Fp

(4)

a, A, B and M, are coefficients specific to the material.

d) Integration of the proposed damage law

The accumulation of damage is carried out step by step for
all the cycles encountered during loading. The lifespan of the
material is established by integration of the differential dam-
age law written in the form:

p
(1-Df Fy- Fp E
D [ [ [y ®)
[I -(1 -D)[H]] Fmax - Fc JMO(I_QiﬁTa*)
-B
& Noo | ©
Nj R (1‘15/?5?&*)

Ny is the number of cycles necessary for the initiation of
a crack within the material under a loading of constant
amplitude described by the maximum force cycle Fmaxi. It
is therefore an expression of the F-N curve of the material.
The identification of this expression with the F-N curve
intrinsic to the spot-welded specimens therefore makes it
possible to determine the coefficients of the proposed dam-
age law.

e) ldentification of model parameters

The application of this new damage law, like other laws
used elsewhere, requires knowledge of the F-N curve of the
material. The analytical expression of the F-N curve used for
this application is that of Basquin (this is the choice of the car
manufacturer). For each of the three steel grades studied (HE

Fmax - Fc
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SN (3)

Fa
\/Mo(l-“ﬁ‘:““)-(l -D)

360 D, XE 360 D, The ESOPE software then made it possi-
ble to establish the coefficients of the Basquin model which
smoothes and describes all the experimental results of the
established F-N curve. The proposed damage law itself leads,
under constant amplitude, to an equation of the F-N curve
identical to that of Basquin; the identification in practice of
the material coefficients is done by term-by-term comparison
of the experimental Basquin curve and that induced by the
law. Table 2. brings together the values thus obtained for the
parameters for each of the three steels studied.

Table 2. Parameters of the damage law proposed for the three steel
grades studied.

Steels grades

Parameter

HE 360D XE 360D XES
B 0,3194 0,2761 0,1306
aM;)O-SB 0,2336 0,2782 0,5021

5. Estimated Lifespan of Spot-Welded
Specimens Under Variable Amplitude
Loading

The regular incidental overloads to which the spot-welded
specimens are subjected in fact lead to a loading of variable
amplitude. This is particular since only two distinct cycles
constitute the applied loading (the so-called "basic™ cycle and
the overload cycle which is applied regularly). The objective
of the work carried out and presented in this paragraph is
therefore to study the effectiveness of the damage laws pre-
sented in the previous paragraph through their ability to pre-
dict the evolution of the fatigue behavior of spot welded
specimens subjected to the different types of overloads.

5.1. Damage Laws Validation Approach

The validity of a damage law is measured by the relative
difference between its prediction and the experimental results
which serve as a "judge of the peace”. Taking into account
the order of appearance of the cycles (sequence effect), the
average part of the cycles, the non-linear evolution of the
damage are all points which, on a theoretical level, help to
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bring the forecasts closer together. of the model of the ob-
served experimental trends. Quantitatively, it is the relative
difference in the lifespans obtained which materializes the
accuracy of the law. We therefore use the following criterion
to establish the prediction error of a damage model with
regard to the lifespan obtained experimentally:

Nexg -Nmod
Nexp

ERP = ( ) x100 ™

Where: Ny, is the experimental lifespan,

Nmog IS the lifespan provided for by the damage law.

The interpretation of the ERP error index is as follows:

1) if ERP > 0, the forecast is conservative and places the
designer "safe" (since the calculated lifespan is lower
than that obtained experimentally).

2) if ERP < 0, the forecast is non-conservative, the
lifespan forecast from the model is greater than that ob-
tained experimentally.

In what follows we evaluate the quality or relevance of the
three damage laws studied (Miner, Mesmacque and Am-
rouche, and the proposed model) for each of the three materi-
als tested experimentally and with the two overload ratios 1,
4 and 2, 3.

The dispersion of fatigue test results leads to very variable
lifespans for the same level of effort, while the prediction of
lifespan by a damage law is based on the data of the F-N
curve, estimated for a survival probability of 50% by the
ESOPE software. Comparing the lifespan estimated by a
damage law at a given effort level with all the experimental
results obtained for this loading level would lead to masking
the accuracy "in deterministic prediction” of the law by the
dispersion of the experimental lifespan inherent to the fatigue
phenomenon. Consequently, to have a clearer vision of the
validity of the damage laws, the experimental curve
smoothed by the ESOPE software is compared with the
curves corresponding to the lifespan predictions for each of
the laws of Miner, Mesmacque and Amrouche and of that
proposed in the laboratory. This is therefore the comparison
of Gassner curves where the total number of cycles applied to
the initiation of a crack appear on the abscissa and on the

ordinate, the level representative of the loading, that is to say
the force maximum corresponding to the basic cycles of this
loading. The superposition of the four Gassner curves within
a graph thus makes it possible to establish by comparison the
respective validity of each model.

For a more quantitative relative comparison of real and es-
timated lifespans, the ERP error index is calculated, for each
law, for several values of the maximum effort of the basic
cycles. A table groups the values obtained for each pair (ma-
terial, overload ratio) and a histogram provides graphic sup-
port for these different calculations.

5.2. Presentation of the Results of the Damage
Laws for Each Material and Each Type of
Overload

All six material-loading pairs of variable amplitude tested
experimentally serve as the basis for a validity test of the
three damage laws studied. The experimental Gassher curve
is plotted on a graph where the predictions of the three laws
studied are also plotted. For several particular values of the
maximum force of the basic cycle (from 3500 N to 6000 N in
general with a step of 500 N), the experimental lifespan
(from the smoothing of the experimental points given by the
ESOPE software) is compared to the lifespans given by the
three damage laws used. A table brings together the lifespans
obtained (expressed in cycles) for each value representative
of the loading (expressed in N). A histogram gives a Carte-
sian scale representation of the lifespan forecast errors specif-
ic to each law.

For each material-overload ratio pair are therefore given
successively:

1) the Gassner curves following the three damage models

studied as well as the experimental Gassner curve,

2) a summary table of the experimental and calculated
lifespans for several loading values corresponding to
the basic cycles,

3) a histogram showing the relative forecast errors (ERP)
of the three models.

Material HE 360 D — Overload ratio: 1, 4

B000

FO00
z =
£ 6000 x“\'_ — - Mesmacque and Amrouche
2 A
= HOOD e — + Proposedmodel
E el
E ﬁ%::':-‘:'i;:-‘"‘ Experimental
5 4000 C = ——+H —— Expenmental curve
2 SR

3000 = -==- Miner

2000

100000 1000000 10000000
N [Cycles)

Figure 5. HE 360 D material, ratio 1.4 overloads: Gassner curves.
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Table 3. Material HE 360 D, ratio overloads 1.4: prediction errors of damage laws.

i . Miner Mesmacque and Amrouche  Proposed model
Maximum effort  Experimental
of the basic cycle lifespan . . .
lifespan ERP (%) lifespan ERP (%) lifespan ERP (%)
3500 3032400 36 800 000 -1113,6 6 393 400 -110,8 2196 600 27,6
4000 1422 100 4525 300 -218,2 2 323 400 -63,4 1085 200 23,7
4500 727 600 1378 500 -89,5 1007 800 -38,5 586 000 19,5
5000 409 600 539 100 -31,6 495 000 -20,8 368 500 10,0
5500 261 800 272 900 -4,2 276 500 -5,6 244 700 6,5
6000 176 200 159 400 9,5 164 000 6,9 171 200 2,8

The prediction error of Miner's law for a maximum effort of the base cycle equal to 3500 N is so large that this loading case
does not appear in the representation histogram in figure 7. The errors in the other cases being significantly smaller, they

would be disproportionate and therefore difficult to read.

A
| 5500 6000
|
g |
= |
r |
-1
= |
= i
g |
Maximum effort ()
OMiner OMesmacqueand Anmuouche OProposedmodel

Figure 6. Material HE 360 D overloads of ratio 1, 4: representation of the prediction errors of the damage laws.

The proposed model is the only one to be consistently con-
servative among the three lifespan prediction models studied;
Miner's law and that of Mesmacque and Amrouche are non-
conservative except for high loading levels. The lifespan
prediction differences are much greater for low loading levels
than for high levels; there is even a convergence of model

predictions and the experimental curve towards a loading

level equal to 5800 N. Miner's model is very far, from the

point of view of calculated lifespans, from the real behavior

of the specimens welded by point for low effort loading.
Material HE 360 D — Overload ratio: 2, 3

Table 4. Material HE 360 D, ratio overloads 2, 3: prediction errors of damage laws.

. . Miner Mesmacque and Amrouche  Proposed model
Maximum effort Experimental
of the basic cycle lifespan . . .
lifespan ERP (%) lifespan ERP (%) lifespan ERP (%)
3500 3008 600 19 882 500 -560,8 4 895 400 -62,7 2 166 600 27,5
4000 1431900 3016 800 -110,7 1988 300 -38,9 1248 500 12,8
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Maximum effort Experimental
of the basic cycle lifespan

4500
5000
5500
6000

Miner
lifespan ERP (%)
718 600 974 600 -35,6
410600 415 800 -1,3
251 800 213 700 15,1
177 200 120 800 31,8
7000
6500
6000
z
aag 5500
5000
:
B 4500
g
= 4000
3500
3000
100000 1000000
N (cycles)

Mesmacque and Amrouche  Proposed model

lifespan

867 100
447 800
245700
149 600

10000000

ERP (%) lifespan ERP (%)
-20,7 643 700 10,4

91 385 800 6,0

2,4 244700 2,8

15,6 176 600 0,3

— - Mesmacque and Amrouche
— . Proposed model

— Experimental curve

Miner

Figure 7. Material HE 360 D overloads of ratio 2, 3: Gassner curves.

As previously, the case of the maximum force of 3500 N for the basic cycle is not transcribed in the histogram which fol-
lows, due to the too great disproportion observed in this case for the prediction of Miner's law.

g

Error index (%)
S

0

V%

Ohiiner

“Tooh

Maximum effort (N}

OMesmacqgue and Amrouche

5500 6000

0 Proposed model

Figure 8. Material HE 360D, overloads of ratio 2, 3: representation of prediction errors of damage laws.

The observations of the comparison of lifespan predictions
—actual lifespans are quite similar for this overload ratio of 2,
3 as for the overload ratio of 1, 4:

1) the proposed model is the only one to always be con-

servative compared to the experimental Gassner curve,

2) Miner's law and the Mesmacque and Amrouche model
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are non-conservative at low loading levels and con-
servative at high effort levels,

3)the convergence of the three models and the experi-
mental curve is observed at a slightly lower level than in
the previous case, that is to say around 5300 N.

4) the predictions given by Miner's law are very far from
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reality for low loading levels.

Maximum effort

7000
b
6500 %
%:EDOD &

Table 5. Material XE 360 D, ratio overloads 1.4: prediction errors of damage laws.

of the basic cycle  lifespan

3500
4000
4500
5000
5500
6000

3033400
1430 100
731900
413 600
252 800
172 000

Experimental

\\\
4000 “\
~ ,
2500 L Miner
e
3000 N
100000 1000000 10000000

N (cycles)

& a0 \ — Mesmacque and Amrouche
g 5000

— Proposed model

— Experimental curve

Figure 9. Material XE 360 D, overloads of ratio 1.4: Gassner curves.

Miner Mesmacque and Amrouche
lifespan ERP (%) lifespan ERP (%)
35700 300 -1076,9 4682 100 -54,3
3965 600 -177,3 1836 600 -28,4
1098 600 -50,1 822 000 -12,3

412 500 0,3 408 800 1,2

197 700 21,8 233700 7,6

117 800 315 139 600 18,8

Material XE 360 D — Overload ratio: 1.4

Proposed model

lifespan

2998 900
1426 500
733 000
423 600
261100
182 100

ERP (%)

11
03

-0,2
-2,4
-33
-5,9

As for the HE 360 D material, the case of the maximum force of the basic cycle equal to 3500 N is not indicated in the his-
togram which follows for a reason of disproportion of the life expectancy by the law of Mine in this case.

For this second material with the overload ratio of 1, 4,
Miner's law leads to lifespan predictions very far from the
experimental lifespans for low loading levels. On the contra-
ry, the proposed law gives forecasts that are particularly well

o_o}:DEb_m

Errorindex (%)

-200 :
Maximum effort (N)

S | N
5500 6000

OMiner  OMesmacque andAmrouche O Proposedmodel

Figure 10. Material XE 360 D, ratio overloads 1, 4: representation of prediction errors of damage laws.
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correlated with experimentation, slightly conservative at a
low level of effort and slightly non-conservative at a higher
level. The law of Mesmacque and Amrouche and that of
Miner present an opposite trend (non-conservative at low
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level and conservative at high level of effort).

The damage models all three converge significantly to-

basic cycle force of around 4800 N.

wards the experimental lifespans for a maximum value of the

Maximum effort
of the basic cycle

3500
4000
4500
5000
5500
6000

For the three damage laws, the largest relative differences
are observed for the lowest loading levels. Miner's law gives
lifespan predictions that are furthest from actual lifespans.

. B0OO

Maximum effort (N)

5500

7000

6500

5000
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(¥ E
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Figure 11. Material XE 360 D, overloads of ratio 2, 3: Gassner curves.
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Table 6. Material XE 360 D, ratio overload 2, 3: prediction errors of damage laws.

Experimental

lifespan
3037 000
1469 100
708 700
413 600
258800
178200
50
0
*E -50
=
8- |
E -100
-150

Figure 12. Material XE 360 D, overloads of ratio 2, 3: representation of prediction errors of damage laws.

Miner Mesmacque and Amrouche
lifespan ERP (%) lifespan ERP (%)
6 443 900 -102,3 4752 800 -56,5
2427 400 -65,2 1929 600 -31,3
1 065 200 -50,3 862 000 -21,6
484 600 -17,2 439 800 -6,3
247 500 4,4 245 000 53
152 200 14,6 149 700 16,0
. - B r“1__L__
U@J 50 | ss00 | 6000
Maximum effort (1)
OMiner OMesmacque andAmrouche OProposedmodel
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Proposed model

lifespan

3462 700
1718 900
770 600
423 500
263 200
179700

ERP (%)

-23,3
-17,0
-8,7
-2,4
-1,7
-0,8

The laws of Miner and of Mesmacque and Amrouche are
non-conservative at low effort levels and conservative at
higher levels while the proposed law is non-conservative
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whatever the level of effort analyzed. The difference ob-
served with the actual lifespans is, as for the overload ratio of
1, 4, particularly small for the proposed model. The conver-
gence of all the models and experimental lifetimes is ob-
served for a force level of around 5300 N.

The predictions of the three damage laws are generally
quite satisfactory over all tested levels of the experimental
Gassner curve. Miner's law is this time systematically con-
servative and is particularly in agreement with the experi-
mental lifetimes for high levels of effort. The two other laws
tested are non-conservative at low level of effort and con-
servative at high level. The convergence of the models stud-
ied and the experimental curve takes place here for a maxi-
mum value of the effort of the basic cycles of the order of
5300N.

6. Respective Validity of the Damage
Laws Used

A perhaps even more explicit description of the validity of
the damage laws which were used to establish the lifespan of
spot-welded specimens under variable amplitude loading con-
sists of representing the lifespans obtained experimentally as a
function of those calculated. For each material-overload ratio
pair, the lack of validity of a law is measured by the distance of
the curve obtained from the first bisector of the graph thus
established. When the characteristic obtained is to the right of
the first bisector of the graph, find them to the left of this bi-
sector. Figures 13 to 18 give these representations for the three
materials HE 360 D, XE 360 D and XES successively and, for
each of them, for the two overload ratios 1, 4 and 2, 3.
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_____ Miner — = MesmacqueandAmrouche — .. Proposed model

Figure 13. Material HE 360 D, ratio overload 1.4: experimental lifespans vs lifespans calculated by the three models studied.
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Figure 14. Material HE 360 Ds, ratio overload 2,3: experimental lifespans vs lifespans calculated by the three models studied.
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Figure 15. Material XE 360 D, ratio overload 1, 4: experimental lifespans vs lifespans calculated by the three models studied.
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Figure 16. Material XE 360 D, ratio overload 2,3: experimental lifespans and lifespans calculated by the three models studied.
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Figure 17. Material XES 360 D, ratio overload 1, 4: experimental lifespans and lifespans calculated by the three models studied.
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Figure 18. Material XES 360 D, ratio overload 2, 3: experimental lifespans and lifespans calculated by the three models studied.

7. Overall Analysis of the Results
Obtained

The HE 360 D material appears to be particularly discrim-
inating for the three damage laws used for lifespan calcula-
tions, and this for each of the two overload ratios 1.4 and 2.3.
Miner's law appears unsuitable because it is highly non-
conservative for long lifespans (low effort levels). It also
tends to be the most conservative of the three laws used for
lifespans of around 2,105 cycles (high stress levels of the
experimental F-N curves). The proposed damage model
appears conservative and relatively fair in terms of lifespan
prediction. The Mesmacque and Amrouche model is rather
non-conservative over the entire range of tested lifetimes and
is also relatively close to the experimental lifetimes.

The second material, XE 360 D, is discriminating for the
overload ratio equal to 1.4. In this case, Miner's law appears
unsuitable to describe the fatigue damage of the material both
for long lifespans (threshold of unlimited endurance, low
effort levels) and for significant loadings (lifetime of the
order of 2.10° cycles). The proposed law is the one which
best correlates all the experimental results, for each of the
two overload ratios. The Mesmacque and Amrouche law also
gives good results for predicting the lifespan of this material.

8. Conclusion

The presented study highlights the limitations and perfor-
mances of the different laws for predicting the life of welded
points under variable amplitude loading. The tests carried out
on three different steels (HE360D, XE360D, XES) revealed
two main modes of fatigue failure: sheet metal cracking at
medium stresses and shearing of the molten core at high
stresses. Among the damage laws analyzed, the Miner law,
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although simple and widely used, is unsuitable, especially for
low loading levels, due to its inability to take into account the
interactions between successive load cycles. The Mesmacque
and Amrouche law, although more accurate, remains non-
conservative at low stresses, thus presenting a certain inade-
quacy with the experimental results. The proposed damage
model, an adaptation of the Chaboche law, stands out for its
ability to offer more reliable and consistent predictions. By
integrating a specific SN curve calibration approach, this
model overcomes the inherent weaknesses of the fluctuating
parameters of Chaboche's law. Experimental results confirm
that this model provides particularly well-correlated life
predictions, even for variable amplitude loadings. In short,
the proposed model appears to be the most robust and accu-
rate method for predicting the life of welded points under
variable loading, outperforming the other laws studied. These
results open promising perspectives for improving prediction
methods in design offices, thus contributing to better reliabil-
ity and safety of welded structures in industrial environments.

The study presented highlights the limitations and perfor-
mances of the different laws for predicting the lifespan of
welded points under loading of variable amplitude. Tests
carried out on three distinct steels (HE360D, XE360D,
Among the damage laws analyzed, Miner's law, although
simple and widely used, proves unsuitable, particularly for
low loading levels, due to its inability to take into account the
interactions between successive loading cycles. The law of
Mesmacque and Amrouche, although more precise, remains
non-conservative at low forces, thus presenting a certain
inadequacy with the experimental results. The proposed
damage model, an adaptation of Chaboche’s law, is distin-
guished by its ability to provide more reliable and consistent
predictions. By integrating a specific calibration approach of
the SN curve, this model manages to overcome the weak-
nesses inherent in the fluctuating parameters of Chaboche’s
law. Experimental results confirm that this model provides
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particularly well-correlated service life predictions, even for
variable amplitude loads. In short, the proposed model ap-
pears to be the most robust and accurate method for predict-
ing the service life of welded points under variable loading,
outperforming the other laws studied. These results open up
promising prospects for improving prediction methods in
design offices, thus contributing to better reliability and safe-
ty of welded structures in industrial environments. A criteri-
on-based approach [12] and the consideration of residual
stresses [13] will be a major asset to guarantee the reliability
and safety of welded structures.

Abbreviations

D Damage

F-N  Force-Lifespan

S-N  Constraint-Lifespan
ERP  The Prediction Error
Ng Breaking Life
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