
Materials & Design 219 (2022) 110753
Contents lists available at ScienceDirect

Materials & Design

journal homepage: www.elsevier .com/locate /matdes
In-situ analysis of the thermoelastic effect and its relation to the onset of
yielding of low carbon steel
https://doi.org/10.1016/j.matdes.2022.110753
0264-1275/� 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: simon.vitzthum@utg.de (S. Vitzthum).
Simon Vitzthuma,⇑, Joana Rebelo Kornmeier b, Michael Hofmann b, Maximilian Gruber a, Emad Maawad c,
António C. Batista d, Christoph Hartmann a, Wolfram Volk a

aChair of Metal Forming and Casting, Technical University of Munich, Garching near Munich, Germany
bHeinz Maier-Leibnitz Zentrum (MLZ), Technical University of Munich, Garching near Munich, Germany
cHelmholtz-Zentrum Hereon, Institute of Materials Physics, Geesthacht, Germany
dUniversity of Coimbra, CFisUC, Department of Physics, Coimbra, Portugal
h i g h l i g h t s
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The thermoelastic effect indicates the dependency of temperature and volume change in the material
and, due to the heat released during plastic deformation, a temperature minimum occurs in the region
of the onset of yielding. An experimental setup is presented for the microscopic analysis of the thermoe-
lastic effect, which allows high precision measurements of specimen. In-situ diffraction experiments
were performed for a single phase low carbon steel HC260Y using synchrotron diffraction at the High
Energy Material Science beamline P07 in Petra III, DESY. This allows a direct comparison of the onset
of yielding by observing the evolution of lattice strains and dislocations densities with the specimen tem-
perature in a continuous cyclic test having high measuring frequency and accuracy. Therefore, the lattice
strains are evaluated based on the peak shift of several lattice planes and the dislocation density is esti-
mated based on the micro strain due to peak broadening. The results prove existing assumptions about
the relation between the thermoelastic effect and the onset of yielding and clearly qualify the
temperature-based determination method for material characterization on a microstructural basis. The
usefulness of the temperature elasticity parameters is shown exemplarily with the determination of load-
ing moduli and compared to existing methods.
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1. Introduction

The increasing use of high-strength steels and the development
of even stronger steels make precise prediction of springback more
difficult and at the same time more important [1,2]. That is why
precise material parameters describing the elastic behavior are
crucial for modelling springback [3,4]. In theory, there is elastic
deformation up to a certain stress value at which elastic–plastic
deformation starts [5]. Based on this, the onset of yielding is
described by the deviation of the stress–strain curve from its initial
linear slope [6]. Unless this critical value is reached, the deforma-
tion should be mechanically and thermodynamically reversible,
i.e. the specimen returns to its initial geometry and virtually no
deformation work is released [7]. In reality, elastic deformation
shows nonlinear [8] and even anelastic behavior [9,10]. In any case
the question now arises of how the critical value of the onset of
yielding can be determined precisely. The most widely used
method is an empirical approach, in which the deviation from lin-
earity of the stress–strain curve is determined and an equivalent
yield strength is found [11]. For this, the yield strength at 0.2 %
plastic deformation is the one most commonly used. If one looks
into the prescribed procedure by the standards [12,13], it is found
that this determination has some limitations. For the determina-
tion, a parallel line to the linear initial slope is shifted to the respec-
tive plastic strain, in order to read off the associated stress value
[14]. However, especially mild steels show a very smooth elas-
tic–plastic transition and almost no linear region. Thus, the deter-
mination of the initial slope is not clearly apparent and strongly
depends on the chosen limits [15]. This results in a highly user-
dependent evaluation method with no real link between the
parameter and the physical behavior of the material.

An overview of several approaches to determine the onset of
yielding is given in [16]. Included are temperature-dependent
ones, based on the findings of Weber [17] in 1830 and especially
Joule and Thomson, who showed that their insights on the
volume-dependent temperature change are also valid for solids,
more specifically metallic materials [18,19]. This phenomena is
well known as the thermoelastic effect [20,21]. Due to the Poisson
ratio of around 0.3 for steel [22], the volume increases during elas-
tic elongation, which leads to a decrease in temperature. Since the
energy released by plastic deformation is to a large extent con-
verted to heat [23–25], the temperature increases during plastic
deformation. In addition to the original experimental confirmation
of these findings by Compton and Webster, in 1915 [26], several
studies around this topic were published more recently [27–29]
with an comprehensive overview and detailed descriptions given
in [30]. Due to the small temperature differences for metallic mate-
rials (<1 K), the measurement technology was initially the limiting
factor [31]. Belgen was the first to use an infrared camera to mea-
sure the effect [32], and in [31] miniature sensitive thermistors
were used to detect the temperature. Using those, it was possible
to measure a temperature minimum with a relative temperature
change of 0.35 K for a mild carbon steel. In the following, results
were published for austenitic steel, titanium and aluminum alloy
[33,34], as well as for stainless steel [35–37] and low carbon steel
[38]. Jocham et al. [39] used welded-on thermocouples and
showed results for biaxial experiments with a mild steel. In [40]
a clip-on device, based on the findings of [11], is presented with
an integrated PT1000 sensor for temperature measurement.

In the meantime, in-situ diffraction experiments have evolved
further and high resolution continuous experiments are used to gain
insight into microstructural behavior [41–43]. Also, measurement
technology has improved and high-precision temperature measure-
ments are possible. However, the key question is which state in
the material the temperature minimum really describes. First
assumptions have already been made in [40], but since these are
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based on explanations in the microstructure, studies of the
microstructure are necessary. In this study, an experimental setup
is presented, which allows the correlation of macroscopic and micro-
scopic material values. The focus is on matching the thermoelastic
effect with the microscopic behavior of the material, in order to clar-
ify the significance of the temperature minimum regarding the onset
of yielding. For this purpose lattice strains are determined in a syn-
chrotron diffraction measurement for the material HC260Y. Addi-
tionally, dislocation densities are evaluated for the single phase
steel and compared with the temperature behavior. In this way,
the relationship between the temperature minimum and the mate-
rial behavior can be experimentally classified. The results support
the statements made in the preliminary work [40]. The determina-
tion of Young’s modulus is an excellent example showcasing the
potential of using the thermoelastic effect for material characteriza-
tion. It is a key parameter in describing the elastic material behavior
and its determination is complex. It is highly dependent on the cho-
sen determination approach and especially on the boundaries for the
linear fit [44]. The additional temperature elasticity parameters could
be used to introduce more robust methods for the elastic modulus
determination. Therefore, one possible application for the determina-
tion of a loading modulus is shown within this study. In general, the
objective is to better understand material behavior, and especially
the yielding of sheet metals. This is to provide a basis for the
improvement of existing material models in order to increase their
prediction accuracy. These models, although phenomenological-
based, are important in the field of material modelling [45].
2. Theory

2.1. Thermomechanical basics

Basically, a standard tensile test is a non-isothermal experi-
ment. The temperature change that occurs is based on complex
thermodynamic relationships in the material. For this reason, a
purely mechanical description of the elasticity is not fully compre-
hensive. The temperature change was described by Bottani and
Caglioti [11] and follows [46]. In the pure elastic range, the ther-
modynamic state of a material is stable, having virtually no change
in entropy. The material state is close to equilibrium and disloca-
tions are immobile. This state can be described using the strain
tensor and the prevailing temperature. New formation and migra-
tion of dislocations lead to a change in the dislocation density. This
change disturbs the equilibrium, since it must be considered as an
additional thermodynamic variable. Hence, the onset of plastic
yielding, where this occurs, is the point of time at which it is no
longer possible to describe the thermodynamic state by conven-
tional terms. [47].

The cooling of metallic materials leads to volume contraction.
Conversely, an increase in volume leads to cooling. During linear
elastic deformation the volume can be expressed with Eq. (1).

DV
V0

¼ 1� 2tð Þel ð1Þ

where V0 is the initial volume, m is Poisson’s ratio and el is the lon-
gitudinal strain. Thus, the volume is increasing during elastic elon-
gation. During elastic deformation, the relationship between the
temperature change DT and the initial temperature T0 can be
deduced from Eq. (2) using Maxwell’s relation [31].

DT
T0

¼ �c 1� 2tð Þel ð2Þ

Here c is the Grüneisen parameter, which is described by the
thermal expansion coefficient, the isothermal compressibility and
the specific heat capacity at constant volume [31]. Since it is
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complex to determine the Grüneisen parameter experimentally,
another derivation has proven useful to describe the thermoelastic
effect, which is based on Heinz’s generalized thermoelasticity
model [48] and is shown in [31]. Finally, after derivation one comes
to the following equation (3) proposed by W. Thomson [18].

DT ¼ �aT0Dr
C

ð3Þ

where T0 is the initial specimen temperature, a the linear coefficient
of thermal expansion, r the stress and C the heat capacity [49]. Con-
sequently, materials with a positive expansion show a decrease in
temperature during adiabatic elastic tension and an increase during
adiabatic elastic compression. The calculations based on this theory
showed reasonable results in comparison with experimental data
for various materials, such as ceramics, polymers, metals, alloys
and composites [50].

2.2. Temperature-determined onset of yielding

In [40], the assumption was made that during purely elastic
loading, the temperature signal is linearly decreasing. Conse-
quently, a deviation of the temperature behavior from linearity
means that plastic deformation sets in. In the following, this idea
will be described in detail. For this purpose, the onset of yielding
is divided into three phases as a function of temperature (see
Fig. 1). The respective limits are represented by the parameters
YS0 and YSTmin. In the first elastic phase, reversible deformation
takes place. The crystal lattices are stretched, but no lattice defects
are formed [51]. Hence, in a diffraction experiment, the measured
elastic lattice strains are increasing rapidly during this phase
whereas there is no increase expected for the dislocation density.
The stress–strain curve increases linearly while the temperature
decreases linearly. At a certain point the temperature curve devi-
ates from linearity, which can be determined by the method intro-
duced in [40], which is further improved in the current study. The
deviation from linearity implies that the sample is heated by slight
plastic deformation, but this heating is still less than the elastic
cooling. The elastic deformation is therefore still predominant. This
point of deviation from linearity is assumed to be the onset of
yielding and that is why it is called yield stress at zero plastic strain
(YS0) here. It is the start of phase 2, the onset of yielding phase.
During this phase crystal lattices start to yield separately depen-
dent on their stiffness, which lead to more heat dissipation. Finally,
the temperature increase because of plastic deformation and the
decrease because of elastic deformation are in equilibrium. This
state can be characterized by the temperature minimum, which
is denoted as the parameter yield stress at temperature minimum
(YSTmin). In the elastic–plastic deformation phase the temperature
Fig. 1. True stress versus true strain and corresponding temperature versus true stra
parameters YS0 and YSTmin.
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rises again and approaches a linear behavior. In summary, it is
assumed that the onset of plastic deformation starts before the
minimum, but that the minimum describes the point in time from
which the plastic deformation is decisive. The objective of this
study is to investigate this assumption also on the micro scale
level.

The procedure to determine the parameter YS0 is similar to the
one shown in [40], but is improved in terms of robustness. Fig. 2 (a)
shows the true stress versus time and corresponding temperature
versus time curve for the material HC260Y, which were recorded
with the experimental setup described in more detail in Section 4,
with a strain rate of 1.5 � 10–4 s�1. The initial loading and the first
unloading-loading cycle are shown. Looking at the temperature
curve it can be seen that during elastic loading (el), elastic–plastic
loading (pl) and elastic unloading (eul) the slopes are approxi-
mately linear. This is confirmed by the temperature gradient curve
in Fig. 2 (b), as the horizontal course of the first derivative
describes linear behavior. For the temperature gradient, the simple
approach of finite differences was chosen to change the data as lit-
tle as possible. This results in the significantly larger noise of the
temperature derivative compared to the temperature curve. How-
ever, by averaging through the linear line fits, the influence on the
evaluation is negligible. The first derivative allows straightforward
determination of the transitions in the temperature. Therefore, two
regression lines have to be found [52] (yellow lines). For the hori-
zontal fit, the green marked values are used. For the vertical fit the
gradient values marked in blue from the temperature minimum
backwards are taken. The number of data points for the regression
depends on the measurement frequency. The point of time of the
intersection leads to the parameter YS0 via an angle bisector on
the data curve. In Fig. 2, it must be noted that the axes are strongly
scaled for better representation and the bisector of the angle is vir-
tually equal to the perpendicular in this case. It can be seen that
determination of the parameters for the second loading is even
clearer, which is analogue for all consecutive loadings (see Fig. 2
(b)).

During the tests, the following data were recorded syn-
chronously in time: macroscopic strain and stress, temperature,
as well as lattice strain and dislocation densities (see Section 5).
This time-synchronous detection of all data makes it possible to
link the parameters YS0 and YSTmin directly to the microscopic data
from the diffraction experiment.
3. Material

Low carbon interstitial free steel HC260Y with a sheet thickness
of 1 mm is considered in this study. The single phased, ferritic
HC260Y is a widely used deep drawing steel with high formability
in curve (HC260Y). Classification of the onset of yielding in three phases by the



Fig. 2. Initial loading and first unloading-loading cycle (HC260Y, strain rate 0.00015 1/s) for (a) stress – relative temperature versus time and (b) temperature gradient -
relative temperature versus time; Yield stress at temperature minimum (YSTmin) and yield stress with temperature gradient evaluation method (YS0) are marked.
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and yet relatively high yield strength, often used for complex inner
or outer car body panels. It has a yield strength at 0.2 % plastic
strain of 292 MPa and a tensile strength of 425 MPa. The
microstructure of the material is depicted in Fig. 3 (a). In compar-
ison to a ferritic-martensitic dual phase steel for example, the
HC260Y steel sample is rather coarse-grained (mean grain size
around below 20 lm). The chemical compositions of the materials
determined by Optical Emission Spectrometer (OES) are shown in
Table 1.

Cyclic tensile tests were performed within this study for inves-
tigation. For this purpose the specimen geometry was used accord-
ing to the German standard (DIN EN ISO 50152, Form H). It has a
parallel length of 75 mm, width of 12.5 mm and thickness of
1 mm (see Fig. 3 (b)). The initial marked length is 50 mm. This
Fig. 3. (a) Microstructure of the purely ferritic HC2
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geometry is used for all tests within this study. All specimens were
tested in the rolling direction.
4. Experimental setup

Microscopic in-situ synchrotron diffraction experiments are
performed to also extract information on a microscopic scale. From
the diffraction data, lattice strains and dislocation densities for the
purely ferritic HC260Y were evaluated for micro analysis. The
experiment was performed at the High Energy Materials Science
beamline HEMS, P07B, of Helmholz-Zentrum Hereon at PETRA III
(DESY, Hamburg). The high-energy x-ray beam was monochroma-
tized by a single bounce monochromator (SBM) with a flat water-
60Y; (b) Specimen geometry for tensile tests.



Table 1
Chemical composition of the materials in [%] - mass fractions.

C Si Mn P S Al Ti Nb

HC260Y 0.004 0.123 0.770 0.063 0.007 0.046 0.046 0.030

Fig. 4. (a) Test setup for in-situ synchrotron measurement at HEMS (DESY, Hamburg); (b) Schematic representation of the measurement data acquisition.
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cooled Laue crystal Si (220), set to achieve a wavelength of
0.14235 Å. The beam size was 0.7 � 0.7 mm2.

Fig. 4 (a) shows the sketch of the beam line setup with the
mounted tensile rig on two linear displacement stages (horizontal
and vertical). A Perkin Elmer XRD 1621 flat panel was used for fast
data collecting, having 2048 � 2048 pixels with a pixel size of
200 � 200 lm2. With a specimen to detector distance of
1062 mm, six complete Debye-Scherrer rings could be obtained
per second. Between 1700 and 2500 diffraction patterns were mea-
sured during the cyclic tensile test along the load–elongation
curve. The misalignment and the distance to the sample from
detector was calibrated using Fit2d software with a standard Lan-
thanhexaborid (LaB6) powder with 1 mm thickness to match
approximately the specimen thickness [53].

The specimen was mounted in a test rig dedicated for diffrac-
tion experiments [54]. Special clamping jaws having as little clear-
ance as possible were developed to ensure accurate measurement
during the loading and unloading cycles. Hardened, high friction
clamping inserts prevent the specimen from slipping. The macro-
scopic strain was measured using special high-elongation strain
gages (KYOWA KFEM-5–120-C1). The load is recorded via a load
cell, which is installed in the test machine. Platinum-based resis-
tance thermometers (PT1000, precision class B) measure the spec-
imen temperature. The PT1000 sensor is applied to the specimen
by a commercially available clamp and connected to the data
acquisition system HBM QuantumX. The load and displacement
signals of the tensile test machine are also transferred to the
HBM QuantumX, to get synchronized data and prevent a measur-
ing error due to triggering. All 0–10 V measuring channels are
finally converted to the respective physical units. The data acquisi-
tion system is triggered to the microscopic synchrotron measure-
ment, ensuring that all data is synchronized (Fig. 4 (b)). The
measuring frequency of the macroscopic data is 10 Hz and the fre-
quency of the microscopic diffraction data is 1 Hz, which is reason-
able for this kind of experiment. With this test setup, a standard
deviation of 2 MPa for YSTmin can be achieved as shown in a series
of cyclic tensile tests with a homogeneous mild steel (DC06) per-
formed in the laboratory before the synchrotron measurements.
5

During the tensile tests only the temperature difference (rela-
tive temperature) between the current temperature T and the ini-
tial temperature T0 of the specimen is measured, as this dispenses
with an otherwise complicated calibration of the absolute temper-
ature. Hence, all temperature curves shown in the following indi-
cate DT = T-T0. The temperature in the beam line housing is kept
constant at a temperature of 20 �C throughout the measurements
by an air conditioning system. After inserting the specimen and
attaching the sensor, a 10 min waiting period takes place for the
temperature signal to stabilize. The specimen was loaded and
unloaded using position control to 1.5 mm travel of the crosshead
and then in 3 mm steps until around 15 % engineering strain, while
continuously recording diffraction data. The strain rate was set to
0.00015 s�1. To guarantee precise local measurement, the XYZ
position stage with the tensile test machine was moved in the
opposite tensile direction at half speed.

5. Evaluation methods

An area detector image with the Debye-Scherrer rings and the
corresponding integrated 1D-diffraction pattern is shown in
Fig. 5 for the unloaded state. Crystallographic parameters of the
measured materials, like lattice strains on basis of d-spacing val-
ues, the crystallographic texture and dislocation information on
basis of micro strain broadening could be obtained from the
diffraction data. In order to extract the information on the grains
oriented in the loading (LD) and transversal direction (TD), a sector
of ± 10� along the specific directions of the complete Debye–Scher-
rer ring are integrated using Fit2d software (Fig. 5).

This generates a diffraction profile for each individual measure-
ment and thus the profile evolution during the cyclic tensile test
can be evaluated by using an appropriate peak shape function.
The lattice spacing dhkl for the diffraction profiles at the specific
2hhkl angles for the (hkl) lattice planes (200), (211), (220) and
(310) is calculated using Bragg’s law (equation (4)) [55].

nk ¼ 2dhklsinhhkl ð4Þ



Fig. 5. Schematic diagram for the evaluation of the microscopic X-ray data.
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The lattice strain ehkl can be calculated from the measured lat-
tice spacing dhkl, as the ratio between the change of the lattice dis-
tance due to the loading and the initial distance (equation (5))
[56,57].

ehkl ¼ dhkl � d0
hkl

d0
hkl

ð5Þ

For evaluating the elastic strains from the d-spacing, the respec-
tive values at initial state (load of 0 MPa) were taken as reference.

With regard to the onset of yielding, besides the peak shift addi-
tional information can be extracted from the diffraction peak shape
profiles. Frequently used to evaluate peak broadening are integral
breadth (IB) methods [58]. These are particularly suitable when
trends in the microstructural behavior are of interest and should
be compared during an experiment [59]. The broadening of a Bragg
reflection peak contains besides the instrumental resolution also
effects due micro strain, or distortion and crystallite size [60].
The Williamson-Hall method allows to separate the broadening
due to size-effects and to micro strains by bringing the peak broad-
ening into relation with the 2h angle [61]. The elastic anisotropy of
the alpha ferrite under consideration is not taken into account in
the classical Williamson-Hall method in contrast to the modified
method [62]. For the following reasons, the more complex modi-
fied method was not used in this study. First, an additional analysis
of the type of dislocation, which is possible via the contrast factor
of the modified method [62], is not the aim of the present study.
The objective is to match the general dislocation formation with
the parameters YS0 and YSTmin, so that the correlation with the
onset of yielding can be investigated. On the other hand, mainly
lattice planes of higher order are affected by elastically anisotropic
behavior [63]. However, since the lattice plane (310) showed
Fig. 6. (211) - profile peak and its Gaussian fit for the initial material (at 0 MPa) and t
(dashed line) is fitted in the (211) peak to see the instrumental resolution. The intensit
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essentially linear behavior in the WH plot even at high strains
(see Fig. 7 a), the classical method was considered sufficient. For
the chosen method, the IBs of the specimen in question have to
be corrected by the instrumental resolution. For this, Lanthanhex-
aborid (LaB6) powder matching the specimen thickness (1 mm)
was measured and the IBs of the considered lattice planes were
corrected with the corresponding LaB6 IBs. Fig. 6 exemplary shows
the peak profile for the lattice plane (211). Represented is a Gaus-
sian fit for the initial condition at 0 MPa with associated measure-
ment points, as well as after the 6th loading (also at 0 MPa).
Furthermore, the dashed line is the fit for LaB6, which is assumed
to represent the instrumental resolution. For comparison the LaB6
peak has been shifted to the (211) peak position and the intensity
is normalized. It is noteworthy that the difference of the peak for
the initial state at 0 MPa and the instrumental resolution is negli-
gible. However, at the 6th loading, a clear broadening is visible.
Furthermore, it is apparent that using a Gaussian peak profile, an
excellent agreement between fit and measurement points is
achieved.

Using a Gaussian fit, the integral breadth b is composed as fol-
lows [64].
b2 ¼ b2
size þ b2

strain þ b2
instrument ð6Þ

For validity reasons, also a Voigt function, i.e. a convolution of a
Lorentzian and Gaussian peak shape function, was used for the fits.
However, the results showed essentially no Lorentzian contribu-
tion was found for the peak profile and the goodness of the fit
was equal to that of a pure Gaussian fit. Therefore, it is assumed
that a Gaussian fit was sufficient to describe the evolution of the
peak broadening of the samples measured here.
he prestrained material after 6 loadings (at 0 MPa). The corresponding LaB6 peak
ies are normalized.



Fig. 7. (a) Williamson-Hall plot for four lattice planes for the stress states shown in (b).
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On basis of IBs for at least two lattice planes of different orders,

a root mean square strain he2i1=2 (RMS) can be determined by a
Williamson-Hall plot [65,66]. The Williamson-Hall equation for
the real space and a pure Gaussian fit results in.

bcoshð Þ2 ¼ k2

D2 þ 16 � e2 � sinhð Þ2 ð7Þ

where k is the wavelength, D is the crystallite size and h the
Bragg angle. The RMS is related to the micro strain e as

he2i1=2 ¼ 2=pð Þ1=2 � e [67]. As Equation (7) is a linear function when

plotting b cos hð Þ2 versus sin hð Þ2, the RMS can be extracted from
the slope, while the crystallite size can be determined by the inter-
cept of the linear function. Fig. 7 (a) shows the Williamson-Hall
plot for the stress states shown in Fig. 7 (b). The linear regression
was calculated using the four Bragg reflections (110), (211),
(220) and (310), respectively. The regression lines pass close
through the origin, which indicates that size-effects can be
neglected and thus, the peak broadening is mainly caused by micro
strains and hence, dislocations [68].

The RMS were determined for each diffraction measurement in
the described way and dislocation densities were estimated by
using the Williamson-Smallman dislocation model, as described
by the following equation [69].

q ¼ K2 � he2i
D � b2 ð8Þ

In this equation K is a constant (K ¼ 6p) and b is the burgers
vector for the considered slip system, in this case h111i direction.
D is the coherent domain size, but as already stated, it is assumed
that there are no size-effects. According to Williamson and Small-
man [69] it is valid, for the simplest evaluation of the dislocation
density to assume D ¼ 1.
6. Results

The experimental setting allowed in-situ synchrotron diffrac-
tion measurements with high resolution and synchronous temper-
ature measurement on the same specimen to investigate the link
between the thermoelastic effect and the onset of yielding. Accord-
ingly, the recorded diffraction data can be directly compared to the
temperature and the macroscopic stress and strain. This makes it
possible to link the micro structural state during yielding to the
temperature minimum and YSTmin, respectively. In addition, the
usefulness of the parameter YS0 can be validated. The determina-
tion of YSTmin and YS0 is shown in Section 2.2 and is analogue for
all further loading cycles. Four lattice strains longitudinal and
7

transversal to the loading direction are evaluated in parallel for
the material HC260Y within this study.
6.1. Lattice strains

Fig. 8 shows the lattice strain versus true macroscopic strain for
the lattice planes (200), (211), (310) and (220) for the initial
loading in the longitudinal and transversal direction (HC260Y).
Each circle in the figure represents a synchrotron data point. The
measured d-spacing values at the beginning were used as refer-
ence values for the lattice strain evaluation. The figure illustrates
when the individual grains with the corresponding lattice planes
oriented in either the loading or transversal direction plasticize.
In diffraction experiments, only elastic strain leads to a measurable
peak shift of the Bragg reflection. After the slip system is activated
for a grain oriented in the corresponding load direction, i.e. the
onset of yielding, no further peak shift can be detected and thus
no further linear increase in lattice strain is observed. In Fig. 8, cor-
respondingly the grain is fully plastically deformed when the lat-
tice strain curve approaches a horizontal one [60]. The blue line
in the same figure represents the relative temperature curve with
the two parameters YSTmin and YS0 (vertical lines) were deter-
mined from this, as described above.

The (211) and (220) planes show similar behavior, the (310)
plane behavior differs slightly and the (200) plane show significant
different behavior, as to be expected. In both, longitudinal and
transversal directions the (200) plane is the most compliant and
has the lowest diffraction elastic constant (DEC), which is both in
good agreement with the results in [70], confirming the assump-
tion of the (200) plane being more elastic. Furthermore, all lattice
planes show a smooth transition from the linearly increasing strain
in the beginning to the approximate horizontal behavior for both
loading directions. The blue temperature line also shows this
smooth transition. Note that at the temperature minimum there
is a rather flattened region before the temperature increases again.
Little plastic work is necessary to elongate the HC260Y. Thus, the
dissipated heat is also low, and the temperature increases slowly.
When the temperature increases again, the negligible Bragg peak
shifts indicate almost no increase in lattice strain. Accordingly, it
can be concluded that at this point all lattice planes are in the plas-
tic range. This behavior is seen for the longitudinal as well as for
the transversal direction.

Fig. 9 shows lattice strain versus true macroscopic strain curves
for further loadings of the cyclic tensile test. The 3rd, 6th and 8th
loading are presented, which are at true strains of around 3 %,
9 % and 15 %. Again, the (200) lattice plane clearly shows the
steepest slope in the elastic range, which is equivalent to the low-
est DEC. The behavior of the planes approaches a horizontal. Fur-



Fig. 9. Lattice strain versus macroscopic true strain for four lattice planes for three further loadings at different prestrains of the cyclic tensile test (HC260Y) and
corresponding relative specimen temperature versus time curve (blue lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 8. Lattice strain versus macroscopic true strain for four lattice planes for the initial loading (HC260Y) in (a) longitudinal and (b) transversal direction to the tension
direction and corresponding relative specimen temperature versus time curve (blue line). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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thermore, the elastic–plastic transition is not as smooth as it was
for the initial loading. Plasticized grains can explain this, because
slip systems have already been activated. Now the elastic–plastic
transition is sharper, which is also evident from the temperature
showing a more pronounced temperature minimum than it was
for the initial loading (Fig. 8). The temperature minima of the
specific loadings represent the point in time from which on the lat-
tice planes no longer absorb any strain. This is the same for all
loadings of the cyclic tensile test indicating that the temperature
behavior can be correlated to the material behavior on a micro
scale. This can be interpreted that the parameter YSTmin indicates
the point in time at which the plastic deformation becomes pre-
dominant, but it is not the onset of yielding, as already assumed
in [40]. The lattice strain behavior makes it evident that the grains
start to plasticize beforehand.

The YS0 parameter has been determined above, as indicating the
onset of yielding. The parameter represents the upper linear elastic
limit and the beginning of yielding, respectively. However, this
does not imply that all lattice planes begin to plasticize at this
point. On the contrary, it is clearly evident that the more elastic
(200) plane is still in the elastic range at stresses higher than YS0
(Fig. 8). Thus, comparison of the lattice strains in Fig. 8 reveals that
the grains in different lattice orientations differ in their elastic–
plastic transition. Deviation from linearity around YS0 is visible
for (310), (220) and (211) planes, indicating that yielding is initi-
Fig. 10. True stress versus square root of dislocation density qavg (HC260Y) in (a) longit
curves and the corresponding YS0 and YSTmin of the cyclic tensile test.
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ated. The same trend is found in the transversal direction. For all
subsequent loading cycles, the YS0 represents the point in time
when the lattice strains leave linearity as shown in Fig. 9. These
findings emphasize that the parameter YS0 actually does reflect
the onset of yielding and is not chosen arbitrarily. Furthermore,
the onset of yielding phase - or grain to grain yielding [70] -
between YS0 and YSTmin can be confirmed by the different behavior
of the lattice planes. It is obvious that this behavior leads to the
steady transition from elastic to elastic–plastic deformation.

6.2. Dislocation densities

In theory, the stress is increasing linearly during purely elastic
deformation and no lattice defects are produced [5,71]. After the
onset of yielding the number of crystal defects (i.e. dislocations)
rises with increasing strain, which has been shown for example
in [70]. Hence, the dislocation density seems to be a further appro-
priate value to describe the onset of yielding on the micro scale
level. Furthermore, it is related to intra-grain micro strain and thus
contributes only to the peak broadening and not to the peak shift
like in the case of lattice strains stemming predominately from
grain to grain (inter-granular) interactions. Fig. 10 shows the true
stress versus the square root of the dislocation densities (SRD)
for the initial, the 3rd, 6th and 8th loading in longitudinal (a) and
transversal (b) direction. Again, the parameters YS0 and YSTmin
udinal and (b) transversal direction. Shown are the initial, 3rd, 6th and 8th loading
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are shown with vertical lines. To better identify the position of YS0,
a dashed horizontal line has been added for this value. Looking at
the initial loading for longitudinal and transversal direction one
can see that in longitudinal direction the SRD increases slightly
from 0 MPa on and changes slope at a certain point. This change
in slope is at the time of YS0. Afterwards the SRD increases further
until YSTmin. For the transversal direction, the SRD increases hardly
with strongly increasing true stress. The parameters YS0 and YSTmin

are very close to each other and represent the point in time, where
the SRD starts to increase. It must be noted here that due to the
resolution of the experiment (see Fig. 6), which is similar to the ini-
tial peak width of the material, measurement inaccuracies in the
intial loading are greater. This may explain the different behavior.
However, material-specific reasons cannot be excluded. The 3rd,
6th and 8th loading show similar behavior for both evaluation
directions. The transition from elastic to plastic behavior can be
clearly seen in the plots. In addition, a certain jump in the SRD
can be seen in this transition. Subsequently, the SRD and hence
the dislocation density continues to increase steadily. The YS0 is
always in the range of this jump. The YSTmin, in turn, matches the
point in time from which the SRD seem to rise in constant manner.
A likely explanation is that the jump represents the activation of
the slip system and YS0 describes this state. The results of the lat-
tice strains indicate a change in the microstructural behavior (grain
to grain yielding) between YS0 and YSTmin. The dislocation behavior
shows again that there are changes in the microstructure in this
area. It is a clear evidence that the two temperature parameters
are related to and can characterize the onset of yielding as
assumed on the basis of macroscopic data in [40]. The results
and findings for all other loadings were found to be simliar.

Looking closely at Fig. 10 (a), it becomes evident that at higher
prestrains, there is even a minimal decrease in density until YS0 in
Fig. 11. (a) Comparison of the parameters YSTmin, YS0 and YS0.2%; (b) Comparison of stra
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longitudinal direction. These phenomena need to be investigated
in more detail in future work with regard to anelastic material
behavior, since the correlation between anelastic behavior and dis-
location densities has already been stated in several studies [72–
74]. There are also a number of micro-plasticity models that
attempt to represent the nonlinear elastic material behavior as
accurately as possible [75–77]. In these, nonlinearity is often asso-
ciated with mobile dislocations [10]. Hence, these results and fur-
ther evaluation can lead to a better material understanding and a
possible improvement of the models.

7. Application of the YS0 elasticity parameter

Young’s modulus is one of the key influencing factors regarding
springback, and therefore a reliable determination is crucial for
precise springback prediction [44]. For several mechanical proper-
ties, such as the plastic yield curve, the value of Young’s modulus is
necessary [78]. Materials differ significantly in the elastic–plastic
transition. As a result, no lower or upper limits for the determina-
tion in tensile tests are defined in the standards [12,13]. However,
the choice of the limits strongly influences the result [15]. In [79]
four different approaches for the determination of limits are sug-
gested, but none has a real physical basis. With the parameters
YS0 and YSTmin, there are new possibilities describing the elastic–
plastic material behavior. In the current study, it was shown that
the parameter YS0 reflects the onset of yielding and thus represents
the upper elastic limit. Therefore, it seems obvious to use this limit
as an upper limit for determination of Young’s modulus. Fig. 11 (a)
shows the true stress versus true strain curve of HC260Y steel for
five loading–unloading cycles. The temperature elasticity parame-
ters YS0 and YSTmin, as well as the commonly used yield stress cri-
terion at 0.2 % plastic strain (YS0.2%) are marked. For the
in-dependency of the loading modulus based on different determination methods.
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determination YS0.2% fitting of the elastic slope is necessary [12],
which is a clear disadvantage compared to the YSTmin. In the fol-
lowing, the YS0-modulus is chosen as a upper limit for the linear
fit of the YS0.2% determination. The stress at 5 % of the tensile
strength was chosen as the lower limit, as suggested in [79], to
overcome possible acceleration effects in the beginning of the load-
ing. Finally, the loading modulus is determined using a simple lin-
ear regression between this lower limit and the specific YS0 value
for each loading. Clearly, YS0.2% is higher in the stress–strain curve
than the YS0 and the YSTmin, which is obvious, because YS0 is at
zero plastic strain and the YSTmin is at a very early state of yielding.
Fig. 11 (b) shows the loading moduli of the first six loadings deter-
mined by different evaluation approaches. It has to be stated that
the focus of the experiment was not the determination of Young’s
modulus, so the experiment does not meet the requirements of the
standards for Young’s modulus determination [12,13], but it is
appropriate for an exemplary comparison. It is evident that the
resulting loading moduli significantly differ. Compared are the
results from a dynamical regression method, which analyzes the
loading curve using different numbers of data points and selects
the area of least error in the fit as the modulus. Furthermore,
results from two determination approaches are shown, which are
based on lower and upper limits dependent on the tensile strength.
One is based on the linear regression between 5 % and 18 % of the
tensile strength, as suggested by [79]. For the other one the limit
were changed to 10 % and 40 %, respectively. Fig. 11 (b) indicated
clearly the dependency of the elastic modulus on the determina-
tion method. The HC260Y steel has a smooth elastic–plastic transi-
tion, which on closer inspection is not linear. Because of the
nonlinear convex shape of the loading curve, determination meth-
ods using the lower area of the loading curve provide higher val-
ues. On the other hand, the moduli derived based on the YS0
approach show reasonable results with an initial modulus close
to 210 GPa with a slight decrease with increasing prestrain. This
behavior is well known from literature [80,81]. The advantage
compared to the more standard methods is that the upper limit
was not found or chosen arbitrarily, but is based on a material-
dependent relationship. With regard to reliable results and their
simplicity in determination, the YS0-modulus is more robust and
therefore to be preferred.
8. Conclusion

Within this study, an experimental setup is introduced, which
allows to measure the specimen temperature during tensile tests
with high precision and synchronously track diffraction data with
synchrotron radiation. Thus, the thermoelastic effect and its rela-
tion to the onset of yielding can be investigated on microstructural
level and compared to macroscopic material behavior. This inves-
tigation provides the basis for using the thermoelastic effect, i.e.
by using the minimum in the temperature curve as a material
parameter. Furthermore, an evaluation method using the temper-
ature gradient is comprehensibly evaluated and qualified. The
focus of the study is to show the link between the thermoelastic
effect and the onset of yielding in detail elucidating the material
dependency of the yield stress at temperature minimum (YSTmin)
and maximum yield stress at zero plastic strain (YS0) parameters.
This was possible by in-situ synchrotron diffraction experiments.
Finally, with the determination of the elastic loading modulus, a
possible application for the parameters was shown and indicate
that modulus determination based on YS0 would be preferably.
The findings of the work can be summarized as follows:
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� In-situ diffraction experiments substantiate the relation of the
temperature minimum and the onset of yielding. Correlating
the measured lattice strains with the temperature signal
showed that the material is globally in the elastic–plastic defor-
mation state at temperature minimum.

� It was demonstrated that an additional yield stress parameter
YS0 can be determined using the first derivative of the temper-
ature signal and it represents the upper linear elastic stress
limit.

� Comparison of the dislocation density evolution in the material
with the temperature behavior strongly corroborate the find-
ings from the stain measurements. The YS0 reflected the point
in time where the dislocation density starts to increase rapidly.
The dislocation behavior also showed that their behavior chan-
ged at the time of both parameters YS0 and YSTmin respectively.

� Based on the parameter YS0, a method to determine the elastic
loading modulus was introduced. Taking the YS0 value as the
upper limit for the determination of Young’s modulus has the
advantage that it is a material-dependent value and can be
determined by a simple macroscopic tensile test. In comparison
with other determination methods, this method is less sensitive
to the choice of boundary conditions.

In summary, the YSTmin seems to be a suitable material param-
eter and in contrast to the widely used YS0.2%, it is a directly mea-
surable value, and less error-prone. Furthermore, it was shown
that it is significantly closer to the onset of yielding than the
YS0.2%. The introduced temperature measurement provides great
potential for material characterization, as shown by the parameter
YS0. In a next step, the impact of this method on existing material
models must be investigated and it might be used to expand and
improve some of those models.
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