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Digital image correlation and infrared measurements to
determine the influence of a uniaxial pre-strain on fatigue
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Abstract. The high cycle fatigue (HCF) is a major element for a great design of automotive parts. A wide part of the steel sheets for the automotive industry are stamped,
sometimes deeply. During this operation, the steel is plastically strained in different directions, so that a good prediction of the fatigue behavior requires the determination of the
fatigue properties of the pre-strained material. Nowadays, the evolution of HCF properties
is often neglected, because of prohibitive time dedicated to traditional fatigue campaigns.
To reduce the characterization time, self-heating measurements are used. This approach
permits to identify the influence of homogeneous pre-strain on fatigue properties. The aim
of this paper is to develop an original experimental test to identify this influence for a wide
range of pre-strain with only one specimen. The study of a particular case of specimen
with a constant gradient of pre-strain is presented. Digital image correlation is a way to
determine the heterogeneity of the plastic pre-strain on the specimen and infrared measurements with a ”1D” approach allows the determination of the influence of a plastic
pre-strain on the fatigue properties of the studied steel.

1 Introduction
Structures and chassis parts of a vehicle are designed for a Low Cycle or for a High Cycle Fatigue
mission. Concerning the high cycle fatigue, automotive components are obtained from high strength
steel sheets by primary stamping operations. During these drawing operations, the steel is severely
strained according to different directions or strain paths inducing thickness variations and cumulated
plastic strain variations. In other words, the material has changed and the fatigue properties of the prestrained steel are no more the same than the as received ones. Figure 1 and figure 2 show the change
of the fatigue properties between the initial dual phase steel and the dual phase steel pre-strained at
a level of 20%, for a zero mean stress Σm . The evolution of the fatigue properties is often neglected
in the industry, mainly because of the prohibitive time which is dedicated to traditional fatigue campaigns. For example, 25 specimens and one month at a load frequency fr of 30Hz are necessary to plot
a Wöhler curve that gives the number of cycle relating the stress amplitude. To considerably reduce
the time of characterization, self-heating measurements are used.
For several years, different working groups are using self-heating measurements [1] [2] [3] [4]
[5]. The principle consists in following the temperature evolution of the specimen during cyclic loadings. Successive series of sinusoidal loading, under the yield stress, are applied on a specimen. At
each level of stress, the mean stabilized temperature θ̄ is pointed out after 6000 cycles (figure 3). The
a
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Fig. 1. Wöhler curve of the DP600 steel without
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Fig. 2. Wöhler curve of the DP600 steel prestrained at a level of 20%.

temperature change is due to microplasticity activation. Finally, a self-heating curve, relating the temperature change to the applied stress amplitude Σ0 , can be plotted. One observes that beyond a given
stress level, that is closed to the fatigue limit, the steady-state temperature increase significantly (Figure 4). Recently, a two-scale probabilistic model has been proposed to identify HCF properties from
self-heating measurement [6].
Material: Dual Phase DP600
Σ = 0 ; f = 30Hz
m

14

r

Mean stabilized temperature, θ (K)

Temperature elevation, θ (K)

12
10
8
6
4
2
100
150
Time, t (s)

200

250

r

ε = 0%
p

ε = 10%
p

ε = 15%

10

p

5

0

50

m

15

θ

0
0

Material : Dual Phase DP600
Σ = 0, f = 30Hz

0

50 100 150 200 250 300 350
Stress amplitude, Σ (MPa)
0

Fig. 3. Temperature elevation during a cyclic
loading.

Fig. 4. Self-heating curves of a pre-strained
Dual Phase DP600 steel.

The influence on the fatigue properties of the studied steel can be determined by self-heating
measurements by using specimen with a constant section that have been uniformerly pre-strained
(figure 4). Ones observes that the increase of temperature is delayed by the applied pre-strain (i.e.,
an improve of fatigue properties). According to the results obtained from classical fatigue campaigns
and from self-heating measurements, a linear influence of the pre-strain on the endurance limit is
considered [7]
Σ ∞ (ε p ) = (1 + βε p )Σ ∞ (0%),
(1)
with β the parameter that drives the linear influence of the plastic pre-strain. Specimens with a constant
section allow the identification of the parameter β that drives the influence of a plastic pre-strain on
the fatigue properties. Nevertheless, this approach requires a specimen per level of plastic strain. It is
proposed, in this paper, to develop a particular specimen to identify this influence for a wide range of
pre-strain with one specimen.

37007-p.2

14th International Conference on Experimental Mechanics
This paper is divided into two main sections. In the first one, the geometry of a specific specimen
[8] which permits to obtain a constant gradient of pre-strain is determined. The pre-strain test is then
performed. To identify the level of plastic strain that has been reached in the gauge section of the
specimen, digital image correlation is used. The second section deals with a 1D approach for selfheating measurements. The principle of the resolution of the 1D heat equation conduction with the
influence of a plastic pre-strain will be presented. To take into account the heterogeneities of the
pre-strained specimen, an infrared camera is required. The comparison with the identification results
of HCF properties change obtained from specimens with a constant section validates the proposed
approach.

2 Pre-straining test of a specific specimen
The studied material is a dual phase steel sheet so that the thickness of the proposed specimen is
constant (2.55 mm). The half-width b(x) of this specimen is chosen to obtain a constant pre-strain
gradient.
2.1 Geometry of the specific specimen

To determine the half-width b(x) of the specimen, the plastic incompressibility of the steel is used.
With S 0 (x) the initial section, S’(x) the section after pre-straining and u(x) the displacement of this
section
u(x + dx) − u(x)
du(x)
S 0 (x)
=1+
=1+
.
(2)
S ′ (x)
dx
dx
The true stress σV (x) is then given by
!
F0
S 0 (x)
F0
du(x)
F0
=
× ′
=
× 1+
,
(3)
σV (x) = ′
S (x) S 0 (x) S (x) 2b(x)e0
dx
with F0 the maximum strength applied during the pre-strain test and e0 the initial thickness of the
sheet. To find the expression of the displacement, the hypothesis of a constant gradient K of plastic
strain obtained after pre-straining are considered
ǫ p (x) = K (x + u(x)) ,
with
ǫ p (x) = ln 1 +

!
du(x)
.
dx

(4)
(5)

It leads to a differential equation that can be solved. The displacement u(x) is then given by
u(x) = −x −

1
ln (1 − K x) .
K

(6)

To complete the analytical formulation of the half width b(x), an approximation on the plastic
behavior law of the steel is determined (figure 5) and finally
b(x) =

F0
1
.
2e0 σV (x) 1 − K x

(7)

The value of the parameter K is defined by the maximum of plastic pre-strain that will be reach at the
center of the specimen. In order to have a valid approximation of the behavior law, the maximum value
of pre-strain is 20%. The profile of a symmetric specimen can be then calculated (figure 6).
Finite elements calculation can be made by using the profile of the specimen and the behavior law
of the steel, in order to check the distribution of the plastic pre-strain on the specimen, with a displacement imposed (figure 7). We can observe a distribution by bands. Furthermore, a light localization of
the strain can be observed at the center of the specimen. To avoid this phenomenon and keep a uniform value of strain along the width, only about 17% of plastic pre-strain will be reached during the
pre-strain test.
37007-p.3
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Fig. 7. Distribution of the plastic pre-strain on the specimen to reach 20% (PEEQ = cumulated plastic strain).

2.2 Identification of the constant gradient of pre-strain by digital image correlation

Digital correlation image is used, on the one hand, to validate the constant pre-strain gradient, and the
other hand, to identify the experimental value of plastic pre-strain gradient. The difference between
the theoretical and experimental value is due to the influence of tension machine rigidity on the mechanical response during the test.
pixels

CCD Camera

Specimen with
a spray pattern

Fig. 8. Experimental device for the pre-strain test.

Fig. 9. Displacement (pixels) obtained with CorreliLMT.

The principle of digital image correlation consists in following the displacement of a specific zone
on successive images taken by a CCD camera (8 million pixels). To ensure a good quality of the re-
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sults, a particular attention is paid to the contrast between the different pixels of the images. Thus, the
specimen has a spray pattern (black paint with random white points). Software for displacement field
measurements by digital image correlation, CorreliLMT [9], is used. The displacement field obtained
at the end of the test is given in pixels (figure 9). The displacement is constant by bands. Indeed, by
using the analytical expression of the displacement u(x), the gradient of plastic pre-strain Kid can be
identified (figure 10).
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Fig. 11. Error map representing the difference (in
%) between the identified displacement and the experimental one.

To check the validity of the approximation, an error map can be plotted, representing the difference (in %) between the analytical identification and the results obtained with CorreliLMT (figure
11). Finally, the identified parameter Kid gives information about the level of plastic pre-strain that has
been reached during the pre-straining test. With the value of the experimental displacement really performed during the test, another FE computation can be performed using it as input data. The identified
analytical distribution are in accordance with the numerical distribution of the plastic pre-strain (figure
10). The small differences obtained can be explained on the one hand by the boundary conditions that
are not taken into account among the hypothesis and on the other hand by the approximation of the
behavior law of the dual phase steel.

3 Self heating measurements with a 1D approach
To take into account the heterogeneities of the specimen (section variations inducing stress variations,
plastic pre-strain distribution), a 1D approach with an infrared camera is required (Flir Systems MWIR
9705, resolution: 320 x 256 pixels, medium wave with a 3 − 5µm spectral range) to analyze the selfheating measurement.
3.1 Solving of the 1D heat conduction equation

For a 1D thermal diffusion problem, the local heat equation conduction is written as [10]
ρC θ̇(x, t) − λ′

∂2 θ(x, t)
∂θ(x, t) ∂S (x) 1
= S t (x, t),
− λ′
∂x
∂x S (x)
∂x2

(8)

with ρ the mass density, C the specific heat capacity, λ′ the isotropic thermal conductivity and S t the
heat source. Due to the noise of the thermal signal and the regularizing effect of heat diffusion, the
reconstruction of heat source maps is still a difficult task. In this paper, to handle the inverse problem,
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the theoretical result of the heat source is used to build a theoretical temperature field from a particular
basis proposed by [10]. In this case, the identification of the heat source consists in minimizing the
difference between the calculated temperature and the experimental one. The considered basis for the
determination of the theoretical temperature field is based on a combination of two bases: a Fourier
basis completed with a two order polynomial. The two order polynomial describes the local behavior
of the temperature and the components of the Fourier basis describe the local fluctuations of the signal.
The stabilized temperature field is then expanded as follows
!
!
X
2kπx
2kπx
2
′
′
θ(x) = ax + bx + c +
θak cos
+ θbk sin
,
(9)
L
L
k>0
′
′
with a, b, c parameters that have to be identified and θak
and θbk
functions of the components of the
Fourier basis [10]. To include the influence of a plastic pre-strain, the modification of the intensity of
the process, that drives the scenario of microplasticity appearance, leads to consider a thermal source

S t (x) = δ fr

Σ0 (x)m+2
,
(1 + βǫ p (x))m

(10)

with δ a parameter and m the Weibull modulus [6].
The parameter b drives the dissymmetry of the temperature fields. As the symmetry can be made
by considering the difference of the temperature, b is often equal to 0. With these information, the heat
equation conduction can be projected on this basis and written as a matrix
 



  a 
 −2(1 + g0 )
−ωk h2Lak
ωk h2Lbk
 S t0 
P
P
  ′ 
ω
ω
 S  = λ′  −2g
j
j
2
ωk + 2L (hb j−k + hb j+k − hbk− j ) − 2L (ha j−k + ha j+k − hak− j )   θak


ak
 tak 
P
P ωj
 ′ 
ω
j
S tbk
ω2k − 2L (−hb j−k + hb j+k − hbk− j ) θbk
−2gbk
2L (ha j−k − ha j+k + hak− j )
(11)
with L the length of the active zone of the specimen, k the number of components of the Fourier basis,
ωk = 2kπ/L and gi and hi are the components on the Fourier basis of the functions
h(x) =

∂S (x) x
∂S (x) L
and g(x) =
.
∂x S (x)
∂x S (x)

(12)

Finally, by entering initial values of the parameters in the thermal sources (m and β), and with an
inversion of the previous matrix, a temperature can be calculated. By successive iterations, the adjustment of the parameters will be made to minimize the difference between the calculated temperature
and the experimental one and the value of β will give the influence of the plastic pre-strain.
3.2 Results

Some precautions have to be taken with the use of one infrared camera. The surface of the specimen
has to be painted with a dark paint in order to obtain a high constant emissivity. Then, an infrared
measurement is made and the surrondings of the specimen have to be protected in order to avoid the
stray radiations. The experimental dispositive is presented on the figure 12. Self-heating measurement
can be made with successive series of loading. One film corresponds to one level of stress. On each
film, the detection of the stabilized temperature is made (figure 13).
For each film, a meaning along the width is made, the difference between the experimental temperature and the calculated one is minimized and the values of the parameters are identified. For example
figure 14 shows the results of the minimization and the differences between the experimental and identified temperature fields are very weak. As previously, it is possible to consider an error map on the
studied zone to ensure the uniformity of the temperature (figure 15). The error is less than 3% which
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validates the expression of the calculated temperature.
Finally, the influence of a plastic pre-strain is identified and compared with the values obtained on
specimens with a constant section that have been pre-strained in tension mode [7] (table 1). A good
agreement is obtained.
Table 1. Comparison between the values of the parameter β obtained.
Specimen with a specific profile

Pre-straining in traction mode

β=1.34

β=1.3

4 Conclusions and perspectives
In this study, two experimental techniques are put in place. Digital image correlation allows to validate
the design of the specific specimen and to identify the value of the constant plastic strain gradient.
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Self-heating measurements with an infrared camera allows the determination of the heat source field
of heterogeneous pre-strained specimen.
The challenge of this study was to determine the influence of a uniaxial plastic pre-strain on HCF
properties for the studied dual-phase steel. By using a specific specimen and a 1D approach to handle
the reconstruction of heat source maps, the identification of plastic pre-strain influence is performed
on a wide range (from 6% to 17%). The value of the β parameter obtained with this approach is very
close to the one determined with traditional fatigue campaigns which validates the approach.
Finally, with only one specimen and only on self-heating measurement, this method allows the
determination of the influence of a uniaxial plastic pre-strain on the fatigue properties of a DP600
steel. Every experimental technique and every tool for the treatment of the datas have been validated
so that it is possible to apply this approach for others steel grades.
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5. C. Doudard, S. Calloch, F. Hild, P. Cugy and A. Galtier ”Identification of the scatter in high cycle
fatigue from temperature measurements,” C.R. Mécanique 332 [10], (2004) 795-801.
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