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ABSTRACT

The objective of the present research is to study the self-heating behavior of a

dual-phase (DP) steel under ultrasonic fatigue loading and to investigate the

effect of frequency on intrinsic heat dissipation of the material. The steel studied

in this work is DP600 commercial DP steel. Fatigue tests were conducted using

an ultrasonic fatigue machine at a testing frequency of 20 kHz with flat

specimens. An infrared camera was used to measure the mean temperature

evolution during the tests. A specific form of heat diffusion equation was

adopted in this work to calculate the heat dissipation per cycle from temperature

measurements. The variation of this dissipation versus stress amplitude in cyclic

loading was also studied.
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Introduction

Since the first relevant conference in Paris in 1998 [1], the fatigue behavior of metallic
materials in the very high cycle fatigue (VHCF) regime (Nf� 107) has been investigated
by various research groups. Ultrasonic fatigue testing [2,3] is an effective tool to carry out
VHCF tests. Due to the extremely high loading frequency of 20 kHz, an ultrasonic fatigue
machine considerably reduces the testing time and makes it possible to investigate the
VHCF properties of different high-strength steels in a reasonable time. For instance, it
takes 14 h to reach 109 cycles with ultrasonic loading, while using a conventional fa-
tigue machine with a working frequency of 100Hz, a time period of four months is re-
quired to go up to 109 cycles. With regard to the application of the ultrasonic testing
frequency, most researchers believe that frequency effect itself is small in most cases at
low stress amplitudes and does not change the essence of fatigue [4–6]. However, the
frequency effect is not clear for all metallic materials such as ferritic-martensitic dual-
phase (DP) steels. Moreover, the thermal effect induced by loading with ultrasonic fre-
quency is still questionable. The aim of the present work is to conduct a thermography
study on a DP steel under ultrasonic fatigue loading at low stress amplitudes.

DP steels are a group of advanced steels that contain hard martensite islands
dispersed in a soft ferrite matrix. Due to its characteristics of high strength, good
ductility, and high initial work hardening rates, DP steel has a broad application in
the automotive industry.

In several research works, the dissipated energy was deduced from self-heating meas-
urements of DP steels during low-frequency fatigue loadings [7–11]. With respect to ul-
trasonic fatigue testing (20 kHz), Blanche et al. [12] as well as Ranc et al. [13] developed
methods to identify dissipative fields from infrared (IR) thermography measurements.
The method developed by Blanche et al. [14] was also applied to compare the dissipative
response during cycling of three single-phasemetals: copper, alpha-brass, and alpha-iron.

The present paper studies the thermal response of DP600 commercial steel
under ultrasonic fatigue loading. Successive fatigue tests with increasing stress
amplitude are carried out by means of an ultrasonic fatigue machine with the work-
ing frequency of 20 kHz. IR thermography is used to record the mean temperature
on the surface of the specimen. Self-heating diagrams are developed for this material
based on mean temperature. The mean dissipated energy per cycle is estimated as a
function of the stress amplitude.

Material and Experimental Procedure

MATERIAL CHARACTERIZATION

The material used in this study is DP600 steel that was received as sheets 3mm thick.
This commercial ferritic-martensitic DP steel contains 15 wt % martensite. Fig. 1 shows



the microstructure of the material obtained from scanning electron microscope (SEM)
observations. Table 1 presents the chemical composition of the material. The mechanical
properties of DP600 in the transverse direction are presented in Table 2.

ULTRASONIC FATIGUE LOADINGS

Fatigue tests are conducted with flat specimens using an ultrasonic fatigue machine
at a testing frequency of 20 kHz and by applying a sinusoidal displacement wave.
The specimen dimensions are calculated so that the free resonant frequency of the
specimen in the first longitudinal mode is 20 kHz. The specimens are machined
in the transverse direction. All specimens are mechanically and then electrolytical-
ly polished to remove all hardened layers on the specimen surface and, conse-
quently, to release the residual stresses. Fig. 2 illustrates the geometry of the
fatigue specimens.

In all of the tests, the loading ratio is R¼�1. During the tests, an IR camera
with a spatial resolution of 0.024mm per pixel is used to monitor the temperature
field on the specimen surface. The acquisition frequency of the camera is 10Hz.
The specimen surface is painted in matte black to have a uniform surface emissivity
close to 1. From the temperature measurements, the intrinsic dissipation is

FIG. 1 SEM micrograph of the DP600 sample. (Bright grains are martensite and dark

grains are ferrite.)

TABLE 1 DP600 chemical composition [15].

Alloying Element Mn P Si Cr C S Nb

% weight 0.93 0.04 0.213 0.727 0.0748 0.001 0.0425



determined using a heat diffusion model as explained in the following section. Fig. 3

shows the ultrasonic equipment and the camera.
Successive steps of fatigue tests are conducted by increasing the stress ampli-

tude from 57 MPa to 241 MPa, as shown schematically in Fig. 4. The tests are limit-
ed to low stress amplitudes (i.e., the stress values below the conventional fatigue
limit, which equals 250 MPa) [15]. At each stress amplitude, the fatigue test is car-
ried out up to 107 cycles, and the mean temperature evolutions are registered during
the tests. At the end of each step, the testing machine is stopped and temperature
measurements are continued for 2min to record the cooling of the specimen after
unloading. Between the two steps that follow, there is a time gap of around 10min
to restart at equilibrium. In all cases, the temperature is measured at the center of
the gage part of the specimen.

DETERMINATION OF THE DISSIPATED ENERGY

In this study, the specific form of heat diffusion equation proposed by Boulanger
et al. [7] is adopted to calculate the intrinsic dissipation from temperature meas-
urements. Assuming there is no coupling between microstructure and temperature,
and neglecting the convective terms, the heat diffusion equation (Eq 1) is written:

qC _T � div k grad Tð Þ
� �

¼ sthe þ d1 þ r (1)

where:
q¼ the mass density,
C¼ the specific heat,

TABLE 2 Mechanical properties of DP600 steel [15].

Young Modulus, GPa Yield Strength, MPa Ultimate Tensile Strength, MPa Elongation, %

210 420 610 20

FIG. 2 Fatigue test specimen geometry (all dimensions are in mm).



_T ¼ the time derivative of temperature,
k¼ the conduction coefficient,
sthe¼ the thermoelastic source,
d1¼ the intrinsic heat dissipation, and
r¼ the external volume heat supply.

For the DP600 steel, q ¼ 7800 kg=m3 and C ¼ 460 J=kg=�C.

FIG. 3 Ultrasonic fatigue testing equipment.

Ultrasonic Horn

Infrared Camera

Flat Specimen

FIG. 4 Successive fatigue loadings (each block consists of 107 cycles).



It is assumed that the volume heat source is time independent so it is expressed
in Eq 2 as:

r ¼ �kT0 (2)

in which T0 is the initial equilibrium temperature. By assuming the material parame-
ters q, C, and k to be constant and by introducing the temperature increase
h ¼ T � T0, the heat diffusion equation (Eq 3) can be rewritten as:

qC _h� kDh ¼ sthe þ d1 (3)

where D is the Laplace operator.
As suggested by Boulanger et al. [7], for symmetric boundary conditions and

initial conditions corresponding to an uniform temperature field, it can be assumed
that heat losses are linear with respect to the temperature variation. Therefore, it
can be assumed that �kDh ¼ qC h

s, where s is a time constant describing the ther-
mal exchanges between the specimen and its environment. The heat diffusion equa-
tion is therefore rewritten as:

qC _hþ qC
h
s
¼ sthe þ d1: (4)

The thermal boundary conditions are not symmetrical in the present case be-
cause one end of the specimen is fixed to the horn and the other end is free, as dis-
cussed in Blanche et al. [12]. However, the thermographic images show that the
specimen temperature field is symmetrical, as will be presented in the following sec-
tion. That is why Eq 4 is considered here.

The time constant s can be determined at the end of the test, just after the
unloading when there is no applied stress; at that moment, the thermoelastic and
intrinsic dissipation heat sources are zero, while the temperature increase is not null
(h 6¼ 0). Therefore, the heat equation is reduced to:

qC _hþ qC
h
s
¼ 0: (5)

Solving Eq 5, the theoretical relation for temperature increase is obtained as:

h tð Þ ¼ hf exp
�t
s

� �
(6)

where hf is the temperature increase measured when the loading stops. Thus, s is
estimated by fitting the experimental data with the theoretical evolution of h.

Moreover because the loading frequency is high, due to the temporal inertia, it
is not possible to measure the instantaneous value of h but only its average value
per cycle determined over numerous loading cycles, therefore, by denoting:

~u ¼ 1
nT1

ðtþnT1

t

udt ¼ f
n

ðtþT1

t

udt (7)



where T1 is the period of the loading, f is the loading frequency, and n a number of
cycles (Eq 7). The heat diffusion equation after the integration explained earlier is re-
written in Eq 8 as:

qC _~hþqC
~h
s
¼ ~sthe þ ~d1: (8)

As stated by Boulanger et al. [7], the sum of the thermoelastic power over one
loading cycle is null (~sthe ¼ 0); thus, the final form of the heat diffusion equation is
obtained in Eq 9:

qC _~hþqC
~h
s
¼ ~d1: (9)

Therefore, in the stabilized regime, when _~h ¼ 0, the average dissipation per
cycle is easily determined from Eq 10 as:

qC
~h
s
¼ ~d1: (10)

The mean dissipated energy per cycle can be obtained as ~d1=f , where f is the
loading frequency.

Results

Fig. 5 shows the evolution of the temperature for some of the loading steps. This fig-
ure shows that, for each loading step, the temperature increases suddenly in the

FIG. 5 Evolution of the mean temperature during several series of ultrasonic cyclic

loadings.



early stages of loading (after around 106 cycles) and then gradually reaches a steady
state. In fact, the stabilization of the temperature corresponds to a balance between
the mechanical energy dissipated into heat and the energy lost by convection and
radiation at the specimen surface and by conduction inside the specimen. The
higher the stress amplitude, the higher is the rate of temperature increase. The
mean steady-state temperature elevation for each loading step defined as
hf ¼ Tsteady � Tinitial is plotted versus stress amplitude in Fig. 6. From this figure, it
is clear that, by increasing the stress amplitude, the temperature elevation increases;
for stress amplitudes lower than 60 MPa, the temperature increase remains lower
than 10 �C. However, it reaches around 70 �C for higher stress amplitudes. As an
instance, the specimen steady-state temperature field obtained from IR thermogra-
phy is depicted in Fig. 7 for the stress amplitude of 102 Mpa. This figure shows that
the temperature distribution is symmetrical.

Fig. 8 shows the values of the time constant s obtained by matching Eq 6 and
the evolution curve of temperature with time after the stop of the fatigue test for the
various stress amplitudes displayed in Fig. 5. By increasing the stress amplitude up to
127 MPa, s decreases from 20.5 s to 8 s; however, after this point, it reaches a plateau
and remains approximately constant by increasing the stress. Taking into account
the value of s for the different stress amplitudes, the mean dissipated energy per cy-
cle is calculated from the steady-state temperature. Fig. 9 depicts the change in dissi-
pated energy per cycle as a function of stress amplitude. From this figure, it is clear
that the higher the stress amplitude, the higher is the dissipated energy. Moreover,
the dissipated energy per cycle is a quadratic function of stress amplitude.

FIG. 6 Temperature increase versus stress amplitude for DP600 steel under ultrasonic

fatigue loading.



FIG. 7 Temperature field on the specimen surface for ra¼ 102 Mpa at N¼8� 106 cycles.

FIG. 8 The time constant, s, versus stress amplitude.
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Discussion

For low stress amplitudes, below 250 MPa, the change in self-heating and dissi-
pated energy per cycle with increasing temperature displays a quadratic form;
therefore, a gradual increase in the slope of the curve is observed. Considering
that the dissipated energy is due to an anelastic or inelastic material behavior
characterized by constant properties leads to the following expressions for the dis-
sipated energy [16]; assuming a prescribed sinusoidal stress with the amplitude ra

and a Kelvin-Voigt model (spring and dashpot in parallel), the dissipated energy
per cycle is written as [16]:

~d1
f
¼ 1

f
2g prað Þ2

l2

f 2
þ 4p2g2

(11)

where l and g are the elastic and viscous moduli, respectively.
In the case of a pure inelastic behavior and a zero mean stress, the dissipated

energy per cycle is written as [16]:

~d1
f
¼ 1

f
ra

2

2g
: (12)

In both cases, in the case of constant material properties (l and g), the dissipated
energy per cycle is a quadratic function of the stress amplitude. In this work, as the

FIG. 9 Mean dissipated energy per cycle versus stress amplitude for the DP600 steel

under ultrasonic loading.



dissipated energy per cycle is found to be a quadratic function of the stress amplitude
for low stress amplitudes, it can be assumed that the material internal state remains
nearly the same during cyclic loading. Because the hardness of the martensite
is much higher than ferrite, dislocations are assumed to move only in the fer-
ritic phase, which has a body-centered cubic (bcc) structure. In bcc metals,
the flow stress strongly depends on temperature and strain rate at low tem-
peratures. Mughrabi, Herz, and Stark [17] describe the temperature-dependent de-
formation of bcc metals by introducing two deformation modes based on a transition
temperature, T0. In the low-temperature (or thermally activated) mode (T<T0), the
screw dislocations are immobile and the edge dislocations move to and fro in a non-
hardening quasi-recoverable manner. On the other hand, in the athermal mode
(T>T0), mobilities of the screw and edge dislocations are comparable, and screw
dislocations can cross slip easily. In this mode, strain localization can occur on slip
bands, and more energy can be dissipated because of high dislocation mobilities.
The transition temperature, T0, largely depends on strain rate and can be shifted to
higher values at high strain rates. For instance, according to the flow behavior dia-
gram reported by Campbell and Ferguson [18] for a 12 wt % carbon mild steel, T0

would shift from 25 �C to 100 �C by increasing the strain rate from 0.01 s�1 to 1 s�1.
For ultrasonic fatigue loadings at low stress amplitudes from 60 to 247 MPa, the
maximum strain rate ranges from 34 s�1 to 141 s�1. Therefore, for such high
strain rates, the transition temperature for the DP600 should be higher than
room temperature. As a result, and as suggested by Favier et al. [14] for alpha-
iron, the thermally activated mode, which is typical of a bcc structure, prevails at
room temperature for a 20-kHz cyclic loading at low stress amplitudes. There-
fore, the dissipated energy probably results from the to-and-fro motion of dislo-
cations that result in slight changes in the material internal state and are
consistent with Eqs 11 and 12.

In addition, the estimated values for dissipated energy per cycle are in agree-
ment with results reported in the literature for alpha-iron. For instance, for the
stress amplitude of 200 MPa, which is equal to 30 % of the ultimate stress ampli-
tude, the dissipated energy per cycle is 800 J=m3=cycle. This is consistent with the
results obtained by Favier et al. for alpha-iron [14].

Conclusions

In this work, ultrasonic fatigue tests along with in situ IR thermography are con-
ducted on flat specimens of DP600 steel. The self-heating diagrams are devel-
oped under ultrasonic loading for low stress amplitudes, and the dissipated
energy per cycle is also determined. It is observed that, at low stress amplitudes,
the dissipated energy per cycle is a quadratic function of the stress amplitude.
The to-and-fro glide of the edge dislocations is considered to be the main dissi-
pative mechanism. This motion is quasi-recoverable and leaves a quasi-constant
dislocation structure (no cyclic hardening).
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