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European foreword
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Results incorporated in this CWA received funding from the European Union’s HORIZON 2020 research
and innovation programme under grant agreement number 952908.
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Attention is drawn to the possibility that some elements of this document may be subject to patent rights.
CEN-CENELEC policy on patent rights is described in CEN-CENELEC Guide 8 “Guidelines for
Implementation of the Common IPR Policy on Patent”. CEN shall not be held responsible for identifying
any or all such patent rights.

Although the Workshop parties have made every effort to ensure the reliability and accuracy of technical
and non-technical descriptions, the Workshop is not able to guarantee, explicitly or implicitly, the
correctness of this document. Anyone who applies this CEN Workshop Agreement shall be aware that
neither the Workshop, nor CEN, can be held liable for damages or losses of any kind whatsoever. The use
of this CEN Workshop Agreement does not relieve users of their responsibility for their own actions, and

they apply this document at their own risk. The CEN Workshop Agreement should not be construed as
legal advice authoritatively endorsed by CEN.
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Introduction

Fast fatigue characterization methods are required to optimize the fatigue design of the components.
Having accurate fast fatigue characterization becomes a key point to include a maximum information on
fatigue properties of the grades, including process parameters.

In this document is presented one advanced fast fatigue characterization method. The objective is to
obtain accurate prediction of the fatigue properties of materials in a very limited time, to shorten the time
generally dedicated to standard fatigue characterization.

The method is based on the principle of measuring evolution of material properties under cyclic loadings
of increasing stress amplitudes. It is called self-heating measurements and is based on the temperature
evolution of a specimen which is representative to the progressive appearance of microplasticity leading
to failure by fatigue. It has initially been developed for steels but has been applied on a wide range of
materials [2] [3] [5] [6] [7] [9] [10].

The estimated endurance limit or fatigue limit and high cycle fatigue curve (S-N curve) obtained through
the self-heating method align excellently with values derived from standardised tests. This document
describes the experimental procedure and the limitations of the proposed approach.
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1 Scope

This document provides a fast fatigue characterization method to obtain accurate prediction of the
fatigue properties of materials in a very limited time. The method is based on the temperature evolution
of a specimen which is representative to the progressive appearance of microplasticity leading to failure
by fatigue. The document provides the guidelines for specimen preparation, testing and data post-
processing as well as the limitations of the method.

2 Normative references
The following documents are referred to in the text in such a way that some or all of their content

constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

IS0 1099:2017, Metallic materials — Fatigue testing — Axial force-controlled method

ISO/TS 21913:2022, Temperature verification method applied to dynamic fatigue testing

3 Symbols and abbreviations

3.1 Symbols
a Intensity of the primary regime
6 Intensity of the secondary regime
A Parameter of the Stromeyer model
m Weibull’s modulus
N Number of active sites
Pr Probability of failure
gob Mean temperature elevation
oD Mean steady-state temperature elevation
ZQE Mean endurance limit
2o Stress amplitude
So Scale parameter
Y max Maximum stress
Tiower grip Temperature of the lower grip
Tspecimen Temperature registered of the specimen
Tupper grip Temperature of the upper grip
\Y Volume
Vo Volume of one the site
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3.2 Abbreviations

EDM Electro-Discharge Machining

PPP Point Poisson Process

PSB Persistent Slip Bands

REV Representative Elementary Volume

S-N-P curves  Amplitude stress-number of cycles to failure-probability of failure

4 General

The use of self-heating measurements allows a prediction of S-N-P curves to be done in about less than
two days. 2 or 3 self-heating tests can be done to ensure the repeatability of the thermal response under
cyclic loading.

Low quantity of material is needed according to the number of tests and the geometry of the specimens.

A two scales probabilistic model with two dissipative mechanisms, describing a progressive appearance
of microplasticity at the origin of fatigue phenomena is proposed. With these tests and the model, several
parameters are identified:

— The mean endurance limit.

— The values of a and 6, giving information about the intensity of the primary and the secondary self-
heating regimes.

— The Weibull’'s modulus m, relating to the population of active sites in the model, and being the only
parameter dedicated to the standard deviation.

With the addition of some fatigue test on standard fatigue specimens at a low number of cycles (high
stress amplitude, i.e.,, ~100 000 cycles), the median curve of the fatigue behaviour can be identified,
depending on a Stromeyer model.

5 Self-heating measurements

Self-heating measurements are based on the evolution of the temperature of a specimen under cyclic
loading. This temperature elevation is caused by the mechanisms at the origin of fatigue phenomena. This
method allows thus to predict the fatigue properties through this temperature evolution in a very limited
time (several hours in comparison with almost one month with conventional fatigue tests).

At the origin, Stromeyer [1] used self-heating measurements (thanks to a differential temperature
measuring device) to estimate the fatigue limit of a material under rotative bending. Over the years, the
method has evolved, numerous materials have been tested (steels, aluminium, rubbers or composites [2]
[31[5][6][7][9] [10]) and the evolution of measurement devices such as infrared cameras has open new
perspectives.

In parallel, some models have been developed to account for thermal dissipation under cyclic loading
with the objective to predict the fatigue properties of tested materials. A two scales probabilistic model
[4] [10], developed for steels and using two dissipative phenomena, is used to this purpose.

In this section is first presented the self-heating procedure, including the geometry of the specimens and
the testing device. In a second part, the two scales probabilistic model is exposed, initially developed to
account for the fatigue behaviour of steel grades. In a third part, the way to identify the model’s
parameters is showed.
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Regarding specifications for testing control, equipment or measurements consideration should be given
to ISO 1099 when applicable. Additionally, when applicable, consideration should be given to ISO/TS
21913 on verification of temperature measurement systems for fatigue testing.

5.1 Self-heating procedure

In this section are presented the different necessary ingredients to be used to perform self-heating tests.

5.1.1 Geometry of the specimen

For metallic materials (sheets), the shape of the specimen is generally a strip of 10 mm width, 120 mm
length and the thickness of the sheet (Figure 1). In fact, having a constant section is pertinent to consider
a mean temperature of the specimen. Any geometry can be chosen but must be coherent with:

— A uniaxial stress field.

— A microstructure fine enough so that the volume can be considered as a Representative Elementary
Volume (REV).

— No residual stresses induced by the machining of the specimens. For metallic materials, Electro-
Discharge Machining (EDM) is used.

120

100 ¥ 0T

Figure 1 — Geometry of the specimen used for self-heating measurements. Dimensions are
expressed in millimetres

The useful area is of about 40 mm length, the rest being inside the grips.

The tests are performed at the load ratio R = -1, which implies a compressive load. Due to the length of
the specimen, buckling can occur during the test for the lowest thicknesses. An anti-buckling device,
based on the one used for axial stress-controlled fatigue tests shown in ISO 1099, is used (Figure 2). It
consists in 2 Aluminium reinforcement and Teflon sheets of 0,5 mm to limit friction between the
specimen and the reinforcements.
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Figure 2 — Use of an anti-buckling device atR =-1

5.1.2 Temperature measurement

To account for the temperature evolution of the specimen under cyclic loading, simple thermocouples
are sufficient as a mean temperature of the specimen is required. It can be attached to the specimen as
shown in the Figure 3. The temperature registered for the specimen is denoted Tspecimen

Figure 3 — Thermocouple fixed at the center of the specimen

To account for the loss by conduction and by the environment, it is also necessary to fix thermocouples
on each grip as shown in the Figure 4. The temperature measured on each grip is denoted Tiower grip and

Tupper_grip-
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Figure 4 — Thermocouples fixed on the hydraulic grips

In the end, the temperature elevation of the specimen is denoted 6°° and is given by:

Tlower grip + Tupper grip

6 (1)

= Tspecimen - 2

Temperature measurements must be performed at a frequency of 1 or 2 Hz which is the specific response
time for the thermocouples.

A thermal insulation must be placed around the grips during the tests to limit disturbance of the
environment (Figure 5).

Thermal insulation

Hydraulic grips

Figure 5 — Thermal insulation to avoid environmental disturbances

5.1.3 Testing protocol

The methodology employs identical loading conditions of the ISO 1099, encompassing, loading mode,
control mode, frequency, waveform, stress ratio (R = -1), and gripping system. Under cyclic loading at a
given stress amplitude, the temperature 6 evolves to generally reach a stabilized value (6000 cycles are
sufficient in metallic materials) as shown in the Figure 6. This steady-state temperature is determined
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for the stress amplitude of the tests. It is denoted 0°P . Then, there is a return at thermal equilibrium
without any loading during an equivalent time to the one for the cyclic loading.

Dual phase steel
Grade A
X,=290MPa,R=-1,f =30Hz

Mean temperature elevation, 6°° (K)

£l iTimc(s)

Time, T (s)

Figure 6 — Example of the evolution of the mean temperature during a loading for 6000 cycles
at a given stress amplitude for a dual phase steel

For a complete self-heating test, successive series of cyclic loading with increasing stress amplitudes of
10 MPa between each successive block must be applied to the specimen. They are composed by an
alternance of cyclic loadings and returns at thermal equilibrium (Figure 7).

6 000 cycles per step of loading
l |

-

Stress Amplitude, 3, (MPa)

e e 0
Time, T (s)

Figure 7 — Successive series of cyclic loading with increasing stress amplitude

Once the test is done, the evolution of the temperature 6 can be plotted for each series, as shown in the
Figure 8. There is an increase of the temperature in accordance with the increase in stress amplitude.

10
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The test is generally stopped when the temperature is no more stabilized after 6000 cycles, or if the
temperature increase is higher than 10 °C.
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Figure 8 — Example of the evolution of the mean temperature for each series of cyclic loading
for a dual phase steel

For each series, the mean steady-state temperature elevation can be determined according to Figure 6. A
self-heating curve representing the mean steady state temperature elevation relating to the stress
amplitude can be plotted (Figure 9).
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Figure 9 — Example of a self-heating curve and presence of two dissipative regimes for a dual
phase steel (log-log scales for the graph at the right)
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Even for low stress amplitudes, there is a non-negligible temperature evolution. Then, at about 250 MPa
(example of the Figure 9), there is a more significant temperature increase. It can be put in obvious in a
log-log diagram as seen in the right graph of the Figure 9. Two dissipative regimes exist, the first one
being present for the lowest stress amplitudes while a second appears with the increase in stress
amplitude.

For each steel grade, it has been systematically observed that the primary regime has a slope of 2 in a log-
log diagram.

5.2 Determination of the mean endurance limit

Different levels of post-processing can be done with the self-heating curve. The first and the easiest
consists in an empirical approach. The intersection between the asymptotic line to the end of the self-
heating curve and the abscissa axis can be considered as the mean endurance limit usually defined in the

range of 106 cycles [10]. The result is shown in the Figure 10.
The ability of this strategy to be a good estimator of the mean endurance limit has been demonstrated

over the years [10] [3] [7].

Dual phase steel DP600
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Figure 10 — Example of the determination of the mean endurance limit using an empirical
approach

5.3 Two scales probabilistic model

A second level for the post-processing of the self-heating curve consists, for steels, in considering a two
scales probabilistic model. The objective of this model is to account for microplasticity in steels leading
to the emergence of Persistent Slip Bands (PSB) and crack initiation at the surface of the metal.

To achieve that goal, an elasto-plastic behaviour of the matrix is considered. Even below the macroscopic
yield stress, some microplastic activity can be observed [11]. This behaviour accounts for the first
dissipative regime observed during self-heating tests.

After a given macroscopic stress amplitude, elasto-plastic inclusions start to activate and to dissipate
more energy. The activation of these inclusions follows a Point Poisson Process (PPP) [4]. This behaviour
is the one which accounts for the secondary regime observe during self-heating tests and describes the
progressive emergence of PSB [8] [11]. The number of active sites in the volume V is thus given by

12
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Z m
N(ﬂ):ViLS—OJ xV (2)
0 0

With Vi the volume of the site, So the scale parameter of the Weibull’s model and m the Weibull’s modulus.

The two contributions of this model are explained in the Figure 11.

)

>

REV

Z() g .
Elasto-plastic matrix

Figure 11 — Principle for the two scales probabilistic model

Mean steady-state
temperature elevation. 6°°

>

Stress Amplitude. }

5.4 Identification of the model parameters

According to the two scales probabilistic model with two dissipative phenomena, the mean steady-state
temperature elevation can be expressed as

5 2 5 m+2
6=a>{ 0 J +8x[ 0 J (3)
Zmax Zmax

With o and & being respectively the intensity of the primary and the secondary regime. The slope of the
primary regime follows a power 2 of the stress amplitude, as observed experimentally and the slope for
the secondary regime is equal to m+2 in a log-log diagram.

The 3 parameters (a, 6§ and m) can thus be identified on the self-heating curve. The comparison between
the model and the experimental self-heating curve is provided in the Figure 12. A good agreement is
obtained for both dissipative regimes.

13
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Dual phase steel DP600

Grade A
! 16 R=-1,f =30Hz ~— T ] 100 ——————
’ T '
14 — &  Experimental points ===~ < o

Model:

,,,,,,,,,

10

0 50 100 150 200

Mean steady-state temperature elevation. 8°° (K)

Stress Amplitude,

Dual phase steel DP600

Grade A
R=-1,f =30Hz
Experimental points

Model

1 1 1 ! 1 )

0.1

250 300 350 100

ED (MPa)

Stres

Mean steady-state temperature elevation. 6°° (K)

1000
s Amplitude, ¥, (MPa)

Figure 12 — Example of the identification of the model's parameters on the self-heating curve

5.5 Building of an S-N-P curve

At this stage, we have:

— The mean endurance limit (4.2)

for a dual phase steel

— The parameters of the two scales probabilistic model (a, § and m) (4.4).

To build S-N-P curves, several fatigue specimens are tested up to failure at a high stress amplitude,
generally the one used at the last series of cyclic loading performed for the self-heating tests. The failure
is generally obtained after about 100 000 cycles (which represents about less than one day of tests).

Stress Amplitude, Y}, (MPa)
1
8

=
max

Buildind of a S-N curve

b4 5 specimens to failure

I . T Median curve

'
1 1 IILlLlJ 1 lllll]ll 1 1 1

L R=-1 T

11111

10* 10° 10°

Number of cycles to failure, N

107

Figure 13 — Construction of the median S-N curve with the use of the mean endurance limit and
several fatigue specimens to failure
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With the two scales probabilistic model, by using also the weakest link theory (if one site becomes active,
after a given time, the specimen will fail) and an energetic criterion, the following equation can be
obtained:

e A "

AE
z, -4

It is the expression of the Stromeyer model used for standard fatigue tests. With several fatigue points to
failure, the value of A can be identified.

With the two scales probabilistic model and the use of a critical dissipated energy, a given probability of
failure (Pr) can be written only with a dependency to the fatigue limit obtained from self-heating
measurements (giving the fatigue limit for a probability of failure of 50%) and m as follows:

_ (5)

[t can thus be observed that the parameter m, determined from self-heating measurements accounts for
the standard deviation in fatigue. According to the values of m, if it is high, the transition between the two
dissipative mechanisms is abrupt and account for a quasi-deterministic model. The standard deviation in
fatigue will be low. On the contrary, a low value of m will describe a smooth transition between both
regimes and account for a higher standard deviation in fatigue.

With these assumptions, the mean endurance limit for the probabilities of failure at 10 and 90% can be
obtained, which authorizes to plot the iso-probabilities of failure one the S-N curve (with the same value
of A than the median curve), giving S-N-P curves (Figure 14).

DP600 grade A

450 R=-1

A unbroken
A broken
Model P] = 50%

400 f=eemrmmmnen \ R TTEEPTPPPPT
————— Model I’I =90%

_ — — Model P_= 10%
350 i

300 fmeemeeereccencnnan . W o W

Stress Amplitude, ¥,  (MPa)

—_— —— .

250 1 sl 1 Ll 1 L1111l

10* 10° 10° 107

Number of cycles to failure, N

Figure 14 — Example of the construction of complete S-N-P curves from self-heating parameters
for a dual phase steel
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